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High-order behavior of the perturbative expansion for short-distance observables in QCD is intimately
related to the contributions of small momenta in the corresponding Feynman diagrams and this
correspondence provides one with a useful tool to investigate power-suppressed nonperturbative
corrections. We use this technique to study the structure of power corrections to parton quasi- and
pseudo-GPDs which are used in lattice calculations of generalized parton distributions. As the main result,
we predict the functional dependence of the leading power corrections to quasi(pseudo)-GPDs on x
variable for nonzero skewedness parameter £ The kinematic point x = =£¢ turns out to be special. We find
that the nonperturbative corrections to quasi-GPDs at this point are suppressed by the first power of the
hard scale only. These contributions come from soft momenta and have nothing to do with the known UV
renormalon in the Wilson line. We also show that power corrections can be strongly suppressed by the

normalization procedure.
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I. INTRODUCTION

Generalized parton distributions (GPDs) [1-4] have
emerged as an important research object which incorpo-
rates the information on the transverse distance separation
of quark and gluons in the hadron, in dependence on their
momentum fractions. Their determination is a major part
of ambitious research program at JLAB [5] and the
planned Electron Ion Collider (EIC) [6] aiming to under-
stand the proton structure in three dimensions, sometimes
referred to as “nucleon tomography.” Advances in detector
technologies and a very high luminosity of these machines
will allow one to study hard exclusive and semi-inclusive
reactions with identified particles in the final state with
unprecedented precision and are expected to make such
studies fully quantitative. The deeply-virtual Compton
scattering (DVCS) [7,8] is universally accepted as the
theoretically cleanest reaction that would have the highest
potential impact for the transverse distance imaging. It
will be aided by the input from timelike DVCS [9], hard
exclusive meson production [10] and more sophisticated
2 — 3 exclusive processes [11-21]. The main challenge of
these studies is that GPDs are functions of three variables
(not counting the scale dependence). Their extraction
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requires massive amount of data and very high precision
for both experimental and theory inputs.

By this reason, any additional information on GPDs
from first-principles lattice calculations would be extre-
mely important and used in global fits in combination with
the experimental data, see e.g. [22] for an exploratory
study. Lattice calculations of the lowest moments of GPDs
defined through matrix elements of local composite
operators have been performed for a long time already
and are gaining maturity [23-25]. These calculations are
mostly restricted at present to the second moments that are
related to the gravitational form factors of the proton and
are receiving a lot of attention, see [26] for a recent review.
An alternative approach, originally suggested in [27], is to
calculate on the lattice nucleon (hadron) matrix elements
of gauge-invariant nonlocal operators, usually referred to
as “quasi” or “pseudo” distributions, qGPDs and pGPDs,
respectively. For large hadron momenta they can be related
to GPDs in the framework of collinear factorization in
continuum, see [28,29] for a review and further references.
The specific application of this approach to GPDs was
worked out in [30-33] and the first proof-of-the-principle
lattice calculations of qGPDs have been performed
recently [34-39]. Once the main methodical issues for
these new methods are established and the lattice simu-
lations start moving from exploratory stage toward pre-
cision calculations, the question of possible size and the
structure of the higher-twist (power suppressed) correc-
tions to qGPDs and pGPDs has to be addressed.
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On the one hand, there exist “kinematic” power correc-
tions to p(q)GPDs that are conceptually similar but more
complicated as compared to the well-known Wandzura-
Wilczek [40] contributions to the structure functions in
polarized deep-inelastic scattering. Their role is in particu-
lar to ensure that GPD extractions from qPDFs and pPDFs
do not depend on the chosen quark and antiquark positions,
the problem noticed in Ref. [38]. Kinematic twist-three
contributions to qPDFs and pPDFs have been scrutinized
recently [41] (see also [42]) and kinematic twist-four
contributions for the moments of pPDFs and qPDFs can
be inferred from [43].

On the other hand, there exist “genuine” higher-twist
contributions that are due to quark and gluon correlations in
the hadron and involve new nontrivial nonperturbative input.
The purpose of this work is study the structure and possible
kinematic enhancements of such genuine nonperturbative
contributions using the concept of renormalons [44,45]. This
technique exploits the fact that operators of different twist
mix with each other under renormalization, due to the
violation of QCD scale invariance through the running of
the coupling constant. This mixing is explicit in cutoff
schemes, whereas in dimensional regularization, it manifests
itself in factorial growth of the coefficients in the perturba-
tive series at high orders. Independence of a physical
observable on the factorization scale implies intricate can-
cellations between different twists—the cancellation of
renormalon ambiguities. In turn, the existence of these
ambiguities in the leading-twist expressions can be used
to estimate the size of power-suppressed corrections.
Conceptually, it is similar to the conventional estimation
of the accuracy of fixed-order perturbative results by the
logarithmic scale dependence.

Renormalons and power corrections to meson pseudo-
distribution amplitudes, pseudo- and quasi-PDFs have been
considered already in Refs. [46—48]. The present case is
more complicated because of the off-forward kinematics. In
particular the point x = £ on the boundary of the DGLAP
and ERBL regions requires special treatment and is not
directly accessible by the twist expansion. In order to avoid
proliferation of Lorentz and Dirac structures in this work
we consider qGPDs/pGPDs for the spin-zero targets only,
however, the conclusions are expected to be valid for the
spin-1/2 targets (nucleon) as well.

The presentation is organized as follows. The forth-
coming Sec. II and Sec. III are introductory, we collect
there the necessary definitions and explain our notation. In
Sec. IV we present our results for the Borel transform of the
relevant matrix element and the leading renormalon ambi-
guities in different representations. The corresponding
numerical study employing a simple GPD model is carried
out in Sec. V. Renormalon singularities for qGPDs at the
kinematic point x = £ require special treatment and are
discussed in Sec. VI. The final Sec. VII is reserved for a
summary and conclusions.

II. PSEUDO-GPDS AND QUASI-GPDS

The GPD of a spin-zero particle is defined as an off-
forward matrix element of the renormalized leading-twist
light-ray operator

1 (50 )a((=5n ) o) 2P 8%,
(6.6.0%0) = [ dvemH(x 8%, (1)

where z € R, u is the renormalization scale and n# is an
auxiliary lightlike vector, n? = 0. The Wilson line between
the quarks is implied. The relevant kinematic variables are

1

P:—(p—l-p/),

A=(p —p).
5 (»'=p)

t=z(Pn) (2)

and the “skewedness” parameter ¢ is defined as

(np) — (np) (nA)
°= ~ " 2(nP) ®)

We will assume that the normalization is chosen such that
I(t=0,6=0,A?=0) = 1 (number of quarks), and will
not show the dependence on the momentum transfer A% and
the renormalization scale ¢ in what follows.

GPDs can be determined, at least in principle, from the
lattice calculations of Euclidean correlation functions
obtained from (1) by a replacement of the lightlike vector
n* by a spacelike vector v*, under the condition that

2| Ajep < 1, z(vP) = O(1), (4)
which requires that the hadron momentum must be large
[27,49]. For definiteness, we assume that (vP) > 0. For
scalar targets there exist three Lorentz structures which can
be chosen, e.g., as

W50 )ra( =50 )Im=200m) 57 262

+2 <P” - (vP)Z—Z)IL(%,Z:,ZZ)

+AM T (2.8,2) (5)
where
N z_ (vp) = (vp")
7 =z(vP), ¢ (op) + ()" (6)
and
A = A* 4 2EPH (vA,) =0. (7)
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The difference between 7 and 7, and also between & and & is
power suppressed and can be neglected for our purposes.

The three invariant functions in Eq. (5) can be separated
by applying suitable projection operators. Let

vHy
7/‘“:_

vt
Ho— g K 8
2’ 71 g 2 ()

Then obviously
wia(Se)ra( =50 ) Ip =257
pPlq ) K ) pP)= 2|

W50 )a(-50)Im=2(P-p )7 1ot
©)

We will present the results for the both “longitudinal”
and “transverse” invariant functions, Z (#,£,7%) and

Z,(%,& 7). The invariant function J can be expressed
in terms of certain integrals involving the leading twist
GPD (the so-called Wandzura-Wilczek contribution) and
the contributions of twist-three quark-antiquark-gluon
light-cone correlation functions [41,42,50]. The renorma-
lon contributions to J correspond to factorial divergences
in the coefficient functions of quark-antiquark-gluon con-
tributions and are beyond our accuracy. Thus for present
purposes J can be omitted.

The off-light-cone matrix elements (5) can be related
to light-cone distributions (GPDs) using collinear factori-
zation,

T(e.6:2) = [ duTrlur &2l bpd). (10)
0

where the coefficient function 77 can be calculated in
perturbation theory; ur is the factorization scale. At tree
level T7 = 6(1 — u) so that Z coincides identically with
the position space GPD,

I(1.£,2%) = (. &1 ~ 1/2[07]) (11)

witht =% E=¢ (up to power corrections).

Information on the GPDs can be harvested from the
measured matrix element (5) in several ways. Two common
approaches are to consider quasi- and -pseudo generalized
parton distributions (qGPDs and pGPDs) defined as

Q(x.Z (vP)) = (vP) / " D T (2(0P), & 2),
P(x.& %) = /m;i;e‘”"I(r, &%), (12)

respectively. qPDFs and pPDFs can be related to the GPD
by similar factorization theorems that follow directly from

factorization in position space (10) and do not need
additional argumentation.

Note that position-space matrix elements (5) and hence
also pGPDs and qPDFs must be renormalized, we do not
show the dependence on the renormalization scale for
brevity. The usual logarithmic UV divergences related to
multiplicative quark field renormalization (in axial gauge)
are known to three-loop accuracy [51]. In addition, in
renormalization schemes with an explicit regularization
scale, the off-light cone Wilson line in Eq. (5) suffers from
an additional linear UV divergence that has to be removed.
To this end one can consider a suitable ratio of matrix
elements involving the Wilson line of the same length, e.g.,
by normalizing to the same matrix element with (vP) = 0
and zero skewedness [33]. In this way also the logarithmic
UV divergences are removed. We denote the corresponding
normalized matrix element by

P I(z,& 72
I(z,&7%) :%. (13)

This “ratio method” is, however, only feasible for “trans-
verse” p(q)GPDs since 7 H(O’ 0;z%) is related to the
corresponding matrix element by a vanishing prefactor
and can only be determined via a limiting procedure
(vP) — 0, which is impractical. For completeness we
will, nevertheless, present the results for the both cases.

The normalized pGPD and qGPD are defined accord-
ingly as

O(x.& (0P)) = (o) [~ Z e i(a(oP). &)
P(x, &%) = /w;i_;e_mj(% &22). (14)

It should be noted that in the existing lattice calculations
of quasidistributions the “ratio method” is not used and the
uncertainty due to the linear UV divergence of the off-
lightcone Wilson line is eliminated using different tech-
niques, see [52] for the most recent development. The
question that we want to address in this work is whether
the redefinition in Eq. (14) can simultaneously suppress
the power corrections coming from the IR region.

III. BOREL TRANSFORM AND RENORMALONS

The coefficient function 77 in Eq. (10) and the corre-
sponding coefficient functions for qGPDs and pGPDs in
the MS scheme have the perturbative expansion

T=6(1-u)+ > nattl, aS:““‘(”), (15)
k=0

with factorially growing coefficients #;, ~ k!.
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The standard way to handle such a series is to define the
Borel transform

w=>%G) (16)

k=0

where powers of fy = 11/3N,. —2/3n, are inserted for
convenience. The Borel transform can be viewed as a
generating function for the fixed-order coefficients

=5 (5 ) B0 (17)

and the sum of the series can formally be obtained as the
integral

T=06(1-u)+ l/m dw e/ P ) B[T|(w).  (18)

Note that for one-loop running coupling e™*/(ots) =
(A?/p?)" where A = A§e,. As it stands, the integral is
usually not defined because the Borel transform has
singularities on the integration path. One can adopt a
definition of the integral deforming the contour above or
below the real axis, or as the principle value. These
definitions are arbitrary, and their difference, which is
exponentially small in the coupling, must be viewed as an
intrinsic uncertainty of perturbation theory that has to be
removed by adding power-suppressed nonperturbative
corrections. In this sense, the factorial divergences are
not a problem by themselves, but rather a messenger of a
problem: existence of nonperturbative contributions to
correlation functions that are missed by perturbation theory.
Studying the factorial divergences we can, therefore, reveal
useful information on the missing nonperturbative effects.

Naturally, a full all-order calculation cannot be per-
formed. It can be argued [44,45] that the most important
(closest to the origin) singularities of the Borel transform of
QCD correlation functions can be traced by computing
the diagrams with the insertion of multiple fermion loops
in the one-loop diagram and replacing —%nf = fo =
YN, —3n;. Such singularities are intuitively related to
the running-coupling effects and are usually referred to as
“renormalons” [53].

For the case at hand, one expects the structure of
singularities of the Borel transform of the coefficient
functions as illustrated in Fig. 1: There is an UV

UV IR w
— o o >
1o 2 3 4

FIG. 1. Typical singularity structure of the Borel transform.

o Jooe = wowowwee + - wn()wo

+ oo o Jmo +

FIG. 2. Bubble-chain contribution to the gluon propagator.

renormalon singularity at w = 1/2 related to the linear
UV divergence of the Wilson line, and a series of IR
renormalons at positive integer w = 1,2, ... that must be
matched by power-suppressed (higher-twist) nonperturba-
tive corrections. In the single bubble chain approximation
all singularities are usually simple poles.

the special kinematic point x = £ the situation proves to
be somewhat more complicated.

In sufficiently simple cases a Borel transform can be
calculated directly. Evaluation of diagrams with multiple
fermion bubble insertions in Landau gauge corresponds to
the evaluation of the lowest-order diagram with the effective
gluon propagator, Fig. 2,

518 k k |
pAB— 190 _EY (19
L (g”” 2 ) ST

where in the MS scheme

k2
1(k*) = pya,In <— 2 e—5/3> . (20)

For the diagrams with only one bubble chain the Borel
transformation effectively applies to the expansion in @, of
the propagator in Eq. (19) rather than to the diagrams as a
whole. The effective Borel-transformed propagator is [54]

kk,
. w 9w }2
Bla, DA (k))(w) = i8¢ ) i (@21)

It is easy to see that using this expression is equivalent to
replacing the (one-loop) running coupling constant in the
lowest-order diagram by an effective coupling

0 s A2 w
ﬂoas(—kz)—A dW€5W<_—kz> . (22)

This replacement leads to the modified form of the gluon
propagator

1 A2w

, 23
_kZ_ieH (_kZ_ie)ler ( )

which is familiar from analytic regularization [55]. Note
that for gauge-invariant quantities the requirement of using
Landau gauge is immaterial, Feynman gauge can be used
instead.
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(a) (b)

FIG. 3.

Alternatively, the desired information on the high-order
behavior can be obtained from the lowest-order diagrams,
calculated with a finite gluon mass [56,57]. A formal
equivalence of these two methods can be established by the
(inverse) Mellin transform

—%Jrioo
1 11 AP\

-
—5—ico

The renormalon singularities correspond in this approach to
nonanalytic terms in the expansion of the amplitude in
powers of the gluon mass, e.g., terms ~A% In A% or V'A%, The
advantage of this technique is that it allows one to get a

2,22 w
B[Z(z.&,22))(w) = 2CpeS/? <ZT”” + i0>

(© (d)

Bubble-chain contribution to pGPDs/qGPDs. The Wilson line connecting the quark fields is shown by double dots.

simple integral representation for the contribution of k
bubbles and the bubble sum (e.g., with principal value
prescription), which is not easy starting from the Borel
transform. We have used both methods for a cross-check of
the results.

IV. RENORMALON AMBIGUITIES

In this section we present analytic expressions for the
renormalon ambiguities in the matrix element (5) in
position space, and the corresponding pGPD/qGPD.
Replacing the gluon propagator in the one-loop diagrams
in Fig. 3 by the Borel transform of the bubble chain (21)
one obtains

[(=w)
Fw+1)

x{ : /ld(laHWzFl(l,Z—w,2+W,“)[C05((_x57)1<a7’§;”) —1(z.¢:p)]
14+w /o

1
——— (7, &u) -

I+w 1 -2w

where in the last term the “minus” sign corresponds to Z

and the “plus” sign to 7 | , respectively. Here and below we
use the notation

a=1-a (26)

The calculation is straightforward and follows closely
Ref. [46] so that we omit the details. Note that the
expression in Eq. (25) corresponds to the calculation with
the chain of renormalized bubbles, but the overall sub-
traction of the logarithmic divergence in the one-loop
diagram is not yet done. The singularity of the Borel
transform in Eq. (25) at w =0 is removed by this
subtraction. (The coefficient of the 1/w pole is nothing
but the evolution kernel for the GPDs in position space
representation.) Importantly, the overall subtraction in
minimal subtraction schemes does not affect [44,58]
renormalon singularities located further to the right in

Iz, &)+ [1 F w]/olda

aWSi“(T‘f’U(m,s;u)}, (25)

the Borel plane, which are subject of this study. Thus we
do not need to perform this subtraction explicitly.

The closest to the origin singularity at w=1/2 is
generated by the contribution of large momenta in the
self-energy insertions in the Wilson line, diagram Fig. 3d,
and is part of the UV renormalization factor. This singu-
larity is well-known and has to be removed by a suitable
renormalization procedure, see, e.g., Ref. [52]. It will not be
considered further in this work.

The leading IR renormalon singularity is at w = 1. An
ambiguity in the sum of a fixed-sign factorially-divergent
series is usually estimated by the imaginary part (divided
by z) of the corresponding Borel integral (18). This
ambiguity is canceled exactly by the UV renormalon in
the matrix elements of the contributing twist-four oper-
ators, see e.g. [46]. Following the standard logic [44,45]
we assume that the “true” nonperturbative correction that
is left after the renormalon cancellation, is of the same
order of magnitude.
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A. Position space where
From Eq. (25) we obtain
~ _ N CF€5/3
T(e8.2) = 1(r.8) £ N (N2 (1250 (x. ). o =arana N =[]0 (o)

1(r.6.2) = 1(1.8) £ N(N2|*)3:Z(z.8),  (27)
and the “plus” distribution is defined as
with

1 _ @), = fla)-o@ [ dprip). G0
SrZl(z, &) = /0 daI(az, E)®(a) cos(azé), 0

Sedl(z, &) = / : dal(az,&)[®(a)], cos(acé) F(?r zero skewedness, & = 03 these expressions cqinc.ide
0 with Ref. [47] apart from a different overall normalization
1 convention.
= 6Lt (1, &) — Zl(r, &), (28)

B. Pseudo-GPDs

The results for pGPDs follow from the above expres-
sions by the Fourier transform in 7 for fixed z>. We write

and

ST (7. 8) = 3pT(z.6) + / dal(ar, f)asmif%é)
r ! ; sin(azg) P62 = Hx.& N (N2]0?))5P(x.8).
Wl 08 <ol 0+ [ anlan @ b o s sa o Pws. ()
5
— 1 _ 2
= 0pT(1.8) =15 1(7. ). (9) i e

26xPl(x, &) = O(x > &) Ul dyb;(i’?q’@:g) +Ll dyli(i?q’@ig)]

- [Latdo(i=t é) A o)
+9(x<—§)[—/_ldy y(y? <y g) _1 y+§ <y+§>}
263 P (x, &) :25RPH(x,§)+2i§{0<X> é)/xldyK;Ig - (;_g) }H(Y’@

ro-g<x<g]| [ dy(’y%ﬁ)zm,f) + [l (;‘—:gfmy,f)}
vo<-g [Tas|(325) - (C28) |0 ) (33)

and for the normalized pGPDs

5x Pl (x, &) = 6 Pl(x, &) - %H (x.€).

. 5
SpP(x.€) = 6xPH(x.€) = 7 H(x.8). (34)

Note that the (quark) GPD H (x, £) is a continuous function of x at x = £, but its derivatives are, generally, discontinuous.
One obtains

074510-6
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/ ‘dy’“y?@(;‘:@
[a"Pe (=)

where

”2
x—&o - <2 - g) H(& g)’

- —-(2-%)uca. 63

& =¢+e, E.=¢—¢, e—>0, (36)
and it is easy to check that the renormalon contribution to
the pGPDs is continuous at x = £.

The limiting case &£ =1 corresponds to the kine-
matics that is relevant for (pseudo) light-cone distribution
amplitudes (LCDAs). Choosing H(x,é=1) = ¢,(x) =
3/4(1 — x*) (asymptotic pion LCDA) we obtain for the
corresponding renormalon ambiguity

SxTh(x) :é{ [In & — Liy ()] + w[ln u — Lis (u)]

_
—uu + g} N (37)

u=1(1+x)

in agreement with Eq. (3.8) in [46]. The sign and the overall
normalization of the corresponding nonperturbative cor-
rection can in this case be adjusted to the known twist-four
matrix element, see [46,59] for details.

C. Quasi-GPDs

It proves to be convenient to write the renormalon
ambiguity for qGPDs in terms of the derivative

H(ed) = Led), )
We obtain

2 ,UZ
0w (7)) = x5 £ N (T oot o)

O(x.& (vP)) = H(x,£) =

N (o )woma. 9

with

26,0l (x, &) = <1 - g) S(x=&H' (&, ¢) — H'(6<. &)]

] el (R | L]

+0(x<§)[H/(x’ )__1 )z/ldy{gﬂn <1—x—5>}f1’(y 5)]

x=¢& (x=¢

y—=¢ y=¢

+<1 %Yo+ QI (=¢..6) — HI(=£..)]

Hxéj) 1

+0(x > =¢) Tre x+§
H'(x,&) 1
O(x < é[X-l-é‘ TENaE

2600 (x.&) = 26,01 (x.8) + g{mx>§yl(w

H’yé

x>ij/

Note appearance of the &(x=+¢) contributions
proportional to the discontinuity of the derivative
H'(x,&) at x = £&. It is easy to verify that these con-
tributions arise from large distances in the Fourier integral
so that a small-z> expansion in position space is not

JafzEn(i-s o

[ofrien (-39 o]
H’(y,f)_e(x<§) /xdyH’(y,é)
-1

(y=9) (y=2¢)
H'(y,é)}

o]

YO te)

(40)

sufficient. In this special kinematics, one has to search for
renormalon singularities in qGPDs directly, after the
Fourier transformation to momentum space. We postpone
this calculation and the corresponding discussion to
Sec. VL
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25
_ 1. _

20 H(x,§=0.3) H'(x,6=0.3) | '° I(7,6=0.3)

' 5 0.8
15 o 0.6
1.0 04

-5
0.5 02
0.0 -10 0.0
02 00 02 04 06 08 10 02 00 02 04 06 08 10 0 5 10 15 20 25 30
X X T

FIG. 4. GPD model (43) for £ = 0.3 used in our calculations: H(x, ¢) and the derivative H'(x, £) as functions of x (left and middle
panels, respectively), and the real part of the corresponding position space GPD [(z, &) a function of 7 (right panel).

For the normalized qGPDs we obtain

50Q(x.8) = 6,Q(x. &) + 1 H'(x. ).
. 5
500 (1.6) = 5,04 (x.8) + S H'(x.8).  (41)

where the second derivative H”(x, &) contains delta func-
tion contributions at x + & where H'(x, £) is discontinuous:

H'(x,&) = ...+ 86(x=¢&)[H(,.,8) — H'(E,8)]

+o(x+HH (6. &) - H'(=¢.. 9. (42)

V. NUMERICAL STUDY
A. GPD model

We will use a simple model for the valence quark GPD
based on the standard double-distribution ansatz [4,60]

Hx0) =00 > -0 5 (15 18 = x4 2801 =)
~o> 25 (F25) e - -0 - )

(43)

with A =3/2 corresponding to the wvalence quark
PDF ¢(x) ~ (1 — x)?x*~2 = (1 — x)?/y/x. This model, the
x-derivative H'(x, ), and the real part of the corresponding
position space GPD I(z, &) are shown in Fig. 4 for £ = 0.3
as an illustration.

Note that the valence quark GPD vanishes for x < —¢.
For the chosen values of parameters H(x, &) ~ (1 — x)? for
x— 1and H(x,&) ~ (x + &)* = (x + &2 for x - —&

The derivative H'(x,&) is continuous at x = & in the
chosen model, see Fig. 4, and has the following behavior:

H(E8) +a(x=&)2 4 ...

(44)
H'(& &) +a(E—x)'+...

where a,a ~ 1/ in the small-¢ limit. Only the second
derivative is discontinuous. Thus for our model the delta-
function terms in Eq. (40) for gqGPDs do not contribute. The
continuity of the first derivative is reflected in the faster
falloff of the corresponding position space GPD I(z, &) ~
1/7°/? instead of a generic behavior I(z,&) ~1/7% at
T — 00, see the next section.

This feature should be viewed as a certain shortcoming
of the model: We remind that discontinuity of the first
derivative is an endemic feature of GPDs, it is generated
invariably by the evolution even if the initial condition is
continuous.

In the following subsections we show the renormalon
ambiguity that is representative for the expected size of the
nonperturbative power suppressed correction (for the
chosen GPD model) for the position space, pGPD and
qGPD, respectively. We plot the results for the transverse
distributions, cf. Eq. (9), which are the relevant ones for
lattice calculations. The renormalon ambiguity for longi-
tudinal distributions is in all cases qualitatively similar, but
is somewhat smaller in magnitude.

B. Position space

The renormalon ambiguity (27) for the un-normalized
I(7,€) and the normalized I(z,&) position space (Ioffe-
time) distributions for £ = 0.3 using the GPD model (43)
and the overall normalization

N(AZ2?]) =1 (45)
corresponding to a large quark-antiquark separation of the
order of 1 fm, is shown in Fig. 5 on the left two panels. The
shaded area corresponds to the interval spanned by
I(z,&) £ 6xI(z, &) and similar for the normalized distribu-
tions. In addition, the ratio 8z1(z,&)/1(z, &) is plotted on
the rightmost panel.

One sees that the normalization to the correlation
function at zero momentum leads to a strong reduction
of the ambiguity and the expected higher-twist correction.
The reason is that power corrections depend only weakly of
the hadron momentum as can be expected on general
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FIG.5. Renormalon ambiguity for the position space (Ioffe-time) valence quark distribution for the model (43) and the choice (45) for

the overall normalization, corresponding to the quark-antiquark separation of the order of 1 fm.

grounds. The renormalon ambiguity in the bubble chain
approximation is essentially a measure of the phase space
available for soft gluon emission in one-loop diagrams,
which can be made explicit using the gluon mass technique
[56,57], cf. Eq. (24). Our calculation demonstrates that the
phase space volume for soft emission does not decrease
with the target momentum.

Note, however, that the ratio 6z1(7,&)/1(z, &) diverges
in the regions where the GPD (43) crosses zero and
changes sign. The reason is simply that the zeroes of
Srl(z, &) and of 1(z, &) are shifted slightly with respect to
one another. It is not known to which extent this pattern of
sign changes is specific to the chosen simple model, or
more general. We conclude that position-space distribu-
tions at large 7 > 10 (in general 7 > 1/£) can be affected
by large higher-twist effects and their interpretation within
the leading twist factorization approximation should be
considered with caution.

C. Pseudo-GPDs

Our estimates for the renormalon ambiguity for valence
quark pGPDs are plotted in Fig. 6 for P, (x, &), P, (x, &)
and for the ratio 8xP(x,&)/P(x,&), for £=0.3 as a
function of x, from left to right, respectively. The similar
ratio for renormalized pGPDs 6z P(x, &)/ P(x, &) is shifted
upward by a constant 5/12, cf. (34), so that we do not plot it
separately.

Similar to position space results, we observe a very strong
reduction of the renormalon ambiguity for the pGPD
normalized to zero momentum, cf. the left and the middle
panel. Remarkably, the residual ambiguity for the normal-
ized pGPD is small for x ~ £, which is the most interesting

A

region for DVCS phenomenology. The ratio §xP(x,¢&)/
P(x, &) stays constant at the end-point regions x — 1 and
x — —&. This behavior is consistent with the study of
renormalons in pPDFs in Ref. [47].

D. Quasi-GPDs

Our results for qGPDs (39) are shown in Fig. 7 and Fig. 8
for the DGLAP (x > £) and ERBL (—¢ < x < &) regions,
respectively. For this calculation we set the overall nor-
malization factor to

A2|1)2|

This choice, assuming A ~200 MeV, corresponds to the
target momentum of roughly (vP) =~ 1.5 GeV, which is a
typical value accessible in present day lattice calculations.

We find the following behavior of the renormalon
ambiguity for the ratios 55 Q(x, &)/ Q(x, &) in the endpoint
regions:

(i) 1/(1 —x) enhancement for x — 1

(i) 1/+/x — & enhancement for x — & from above

(iii) In(& — x) enhancement for x — £ from below

(iv) 1/(x + &)? enhancement for x — —¢ from above

(46)

3.0 3.0 A A

25 Pj_i 6RPJ_ 25 ?’li 6R‘PJ_ 01 \ 6R¢l/¢J_

2.0 2.0 0.0

1.5 1.5 -0.1

1.0 1.0 ~0.2

0.5 0.5 ~03

0.0 0.0 _04

-02 0.0 0.2 0.4 0.6 0.8 1.0 -02 0.0 0.2 0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
X X X

FIG. 6. Renormalon ambiguity for the valence quark pseudo-GPD for the model (43) and the choice (45) for the overall normalization,
corresponding to the quark-antiquark separation of the order of 1 fm.
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0.8
06 Q.%0.02 6xQ,
0.4
0.2

0.8 4,+0.02 6:Q,

0.0
-0.2

_6 w/ x-¢(1-xX)0rQ./Q .,

2.0
1.5
1.0
0.5

0.0
-05 A A
-1.0 / Vx-€(1-x6rQ,/Q,

03 04 05 06 07 08 09 1

x

.0 03 04 05 06 07 08 09 1.0
X

FIG.7. Renormalon ambiguity for the valence quark quasi-GPD in the DGLAP region x > & for the model (43) and the choice (46) for
the overall normalization, corresponding to the target momentum approximately 1.5 GeV.

The ~1/+/x — & behavior of the renormalon ambiguity for
x — & is specific for our model which corresponds to the
valence quark PDF ¢(x) ~1/4/x. A generic Regge-type
small-x behavior g(x) ~1/x? leads to the 1/(x—¢&)P
enhancement.

Similar to pGPDs, we find that the normalization to the
position-space correlation function at zero momentum
leads to the strong reduction of the renormalon ambiguity,

5rO(x, &)/ O(x, &) < 6xQ(x, &)/ Q(x, ), apart from the

3

large-x region where the ambiguity is instead parametri-
cally enhanced, 1/(1 —x)+ 1/(1 —x)?. This enhance-
ment is the same as found for qPDFs/pPDFs in Ref. [47],
which is expected as GPDs and PDFs coincide for x > ¢.

VI. POWER CORRECTIONS AT x — &

The kinematic points x = £& correspond to vanishing
longitudinal momentum of the quark or the antiquark in the

2

)

N

I+

» 4,+0.02 6:4,

0
-1 / Q,+0.02 68Q,
3 . A . .

-2

-4

8
6 0.2
4
2 0.0 /
0
-0.2
) A
(x+&)* 6rQ.IQ, (x+&)* 6rQ./Q,
-04
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2

x

FIG. 8. Renormalon ambiguity for the valence quark quasi-GPD in the ERBL region —¢ < x < & for the model (43) and the choice
(46) for the overall normalization, corresponding to the target momentum approximately 1.5 GeV.
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target and can only be included in collinear factorization by
a contour deformation as explained in [60,61] for DVCS. It
is therefore not surprising that this point requires careful
treatment.

The appearance of the delta-function contributions to
the qGPDs in Eq. (40) can be explained as follows. For
simplicity consider valence quark GPD which vanishes for
x < =£, as in the above model. From the definition in (1)

2

1(.8) =—12/_1 dxH(x. &)L

5 eirx
T £ dx

1 .
= _2 [H/(§<7 5) - H/(§>’ 5)]6”5
T

—%( /_ §<+ /5 1)dxe""H”(x, £ (47)

where we assumed that H(x, £) is continuous and vanishes
sufficiently fast at the endpoints, but has a cusp at x = ¢.
The remaining integral is finite and decreases at 7 — oo
provided H”(x,7) does not have a strong singularity
1/(x = &)? with p > 1, which is the case for all existing
models based on the double-distribution representation.
Therefore, in the general case, for large distances

(e, 8) % o HI(E 40,8 ~ H(E-0.8). (49
|

B & (rP)w) = 205 (1) " o |

2(P)) T(w+2)

27

(Extra boundary terms contributions may need to be added
if H'(x, &) does not vanish at x — 1 and x — —¢.)

The Fourier transform of (48) in 7 for fixed z and hence
the corresponding contribution to the pGPDs are well
defined. For qGPDs, however, the 1/7> ~ 1/z? suppression
[for fixed (vP)] is lifted by the z? factor in the renormalon
contribution in Eq. (27). Hence the Fourier integral in z is
dominated by large distances, giving rise to the delta-
function terms in (40). It is easy to convince oneself that
further renormalons ~z*%,z°, ... lead to increasingly more
singular contributions that have to be resummed. This
situation is reminiscent of exclusive reactions in which case
contributions of higher-twist LCDAs have to be supple-
mented by taking into account the so-called endpoint
contributions coming from large distances.

In other words, the limits (vP) — oo and x — & do not
commute. Our previous calculation assumed a short-distance
expansion of the renormalon ambiguity in powers of
alias 1/(vP)%,1/(vP)*... for fixed x—¢,
whereas in this section we take the limit x — £ first, and
only then expand in powers of the target momentum. To this
end we study the renormalons in qGPDs directly, avoiding
the expansion at small z> at the intermediate step. It is easy to
see that the terms of interest originate from the vertex
corrections Fig. 3(a,b) only [the terms involving the hyper-
geometric function in Eq. (25)]. Omitting the remaining
terms and using the definition of a qGPD in (12) we obtain

NZZ, Z4,

dr _, !
‘ et (72)v / daad ™, F (1,2 =w,2 +w,a)
0

1 . _ . _ .
x / dy H(y, &)[ei@ ) | pirlay=a6) _gin] 4 (49)
-1

The Fourier integral can be taken:

so that one gets

2w+ 1/2)

S N N et N (50)

BQ(x. &, (vP))](w) = Zf,—, e (<”|p|>)

I(w+2)
1

1
/ daa'™,F (1,2 =w,2 +w,a)
0

g / H.S) [([(x —ay—ad R [l —

y;]w+l/2> + (€< —5)} ... (51)

One can show that for x7# =+ ¢ the leading renormalon singularity in this expression is located at w = 1 and reproduces the
expression in Eq. (40). For x = £¢£ the result is different. At this special point the remaining integrals factorize. Using

0

we obtain

1 1
/ daa'+W2F1(1,2—w,2+w,a)<W—1) =— (52)

1—w
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B[Q(&.¢, (vP))](w) =

2Cr 55, ( MV T(w+1/2)
N <<vP>>

1 1 1 1
I'w+2) l—w/_ld)’H()’vg) {[(y_é)z}wﬂ/g‘l‘Ky_i_é:)z]wﬂ/z +... (53)

Singularities in the Borel plane, apart from the prefactor, can arise from vanishing of the denominator in the remaining

integral. We write

H(y.§) = H(E.&) + (y = §H' (& (<). &) + 6H(y. &) (54)

where 6H = o(y — &) (i.e., vanishes faster than y — &). Then

U H(.E)
/_1 DG e =

SH(y,$)
[(y — &2t

1
+/d
-1

The first term ~1/w in this expression is removed by the
overall renormalization, and the leading renormalon ambi-
guity stems from a new singularity at w = 1/2 correspond-
ing to a power correction 1/(vP)!, i.e., suppressed by only
one power of the large momentum. Note that this contri-
bution is proportional to the discontinuity in the first
derivative, which, as already mentioned above, is an
endemic feature of quark GPDs.

The remainder §H(y, &) is generally ~(& —y)? in the
ERBL region y < &, whereas its behavior in the DGLAP
region appears to be related to the small-x behavior of the

corresponding PDF. For the model (43) 6H(y,¢&) y=Es
(y — &)* corresponding to g(x) ~x*72. In this case

/ldy 5H()’,§) 91 (%)

PR 2w T iow 0

where the first term with ¢, ~ 1/£% originates from the
DGLAP region only. Taking into account an overall 1/(1 —
w) prefactor in Eq. (53), the second contribution gives rise
to a double pole 1/(1—w)? corresponding to a power
correction ~ In(vP)/(vP)?, whereas the first contribution
indicates existence of a fractional power correction
~1/(vP)* with, for realistic models, 1 < A < 2. The pos-
sibility of fractional power corrections was previously
discussed by Manohar and Wise [62] in connection with
event shape variables in e*e™ annihilation.
To summarize, qGPDs at the kinematic point x = £ (and
x = —¢ for nonvalence GPDs) in the single bubble chain
approximation have the following singularities in the
Borel plane:
(1) A pole at w=1/2 corresponding to a power
correction 1/(vP)';
(2) A pole at w=41/2, 1 <1 <2 corresponding to a
power correction 1/(vP)%;

S HEQ[(1-82 4 (1487 +

1
1-2w

(&)1 =)' — H(E.8)(1+ )]

(55)

(3) A double pole at w = 1, corresponding to a power
correction 1/(vP)?, enhanced by an additional

logarithm.
Note also that B[Q(&, &, (vP))](w) contains an UV renor-
malon singularity at w = —1/2 corresponding to a

Borel-summable (sign-alternating) perturbative series.
This singularity does not imply any additional nonpertur-
bative corrections, but signals existence of large perturba-
tive contributions to the qGPD coefficient function at
x = £ at high orders.

The appearance of new singularities in the Borel plane for
qGPDs at x — £ can also be understood in a different
language. Note that the 1/(Pv)> power correction
(= renormalon ambiguity) to the qGPD in Eq. (40) is a
distribution in mathematical sense, and it also contains a
divergent at x — & contribution ~1/y/x —¢& from the
DGLAP region, cf. Sec. VD and Fig. 7. In order to
understand the impact of these corrections one has to
consider their action on suitable test functions. To this
end, consider a qPDF smeared over a narrow interval
x—E~A/P,

Q(x,éj):/dx’®(x’—x)Q(x’,§), /dx@(x)zl. (57)

For definiteness, one can use Gaussian smearing

1 (Pv)
7\/_7_1: -

It is easy to see that if this smearing is applied to Eq. (39),
the term with a §-function in Eq. (40) gets promoted to a
1/(vP) correction with the coefficient consistent with
Eq. (55), and the term ~1/+/x — ¢ from the asymptotic
expansion of the integral at x — & (for our GPD model)
produces a 1/(Pv)*/? contribution, in exact correspondence
to the findings in this section.

0(x) exp(—(Pv)2x2/A%).  (58)

074510-12



RENORMALONS AND POWER CORRECTIONS IN PSEUDO- AND ...

PHYS. REV. D 109, 074510 (2024)

The lesson to be learned from this comparison is that
gPDF approach remains viable in the x — ¢ region despite
the apparently divergent contributions in this limit in the
1/(Pv)* expansion. The nonperturbative corrections
remain finite with only the power suppression changing
from 1/(Pv)? at x—=&=0(1) to 1/(Pv) at x—EX
O(A/(Pv)). This situation is much better compared to
what happens in qPDFs at small Bjorken x, in which case
the nonperturbative corrections explode and the qPDF
approach is not applicable.

A final remark is that a similar “transmutation” of the
power of the power correction 1/Q% — 1/Q was found
previously in single inclusive particle production in ete”
annihilation for the longitudinal and transverse cross
sections integrated over the small momenta region, see
Refs. [63-65].

VII. CONCLUSIONS

We have calculated the renormalon ambiguity in qGPDs
and pGPDs in the single bubble-chain approximation,
which is a generalization and extension of the previous
results on qPDFs/pPDFs from Ref. [47] and pion pseudo-
LCDAs from Ref. [46] to a more general kinematics. Our
results are collected in analytic form in Sec. IV, comple-
mented by a numerical study for a simple GPD model in
Sec. V. We find that the normalization to the position-space
correlation function at zero momentum leads to a strong
reduction of the renormalon ambiguity for both pPDFs and
qGPDs, apart from the large-x region where the ambiguity
is instead parametrically enhanced, (1 —x)'~ (1 — x)°
and 1/(1=x)+~ 1/(1 -=x)*> for pGPDs and qGPDs,
respectively. The same enhancement was found in
Ref. [47] for gPDFs/pPDFs.

The most interesting difference between pGPDs and
qGPDs appears to be the behavior of the renormalon

ambiguity in the kinematic region x — & which corresponds
to zero longitudinal momentum carried by one of the
partons and is most relevant for DVCS phenomenology.
The renormalon ambiguity for pGPDs in the x ~ £ region
proves to be small, see Fig. 6, whereas for qGPD it is large
and depends on the direction in which the limit x — & (from
above or from below) is taken. Moreover, for qGPDs, the
limits x — & and the target momentum (vP) — oo do not
commute. Expanding first in 1/(vP) produces a series of
renormalons involving the S-function &(x —¢&) and its
derivatives (40), whereas setting x — ¢ and then expanding
in powers of 1/(vP) reveals instead two new IR renormalon
singularities: The first one (leading) corresponds to a power
correction suppressed by the first power 1/(vP)', and the
second one indicates the existence of a correction with
noninteger power suppression 1/(vP)>~? for the assumed
small-x quark PDF behavior g(x) ~x77, with 0 < p < 1.
Note that the 1/(vP)! power correction in qGPDs at x = &
is unrelated to the UV renormalon ambiguity in the off-light
cone Wilson line which is assumed to be eliminated by a
proper renormalization/normalization procedure. Instead, it
is generated by the discontinuity if the x-derivative of the
quark GPD at x = £ that is necessitated by the evolution
equation.
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