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We derive light-cone sum rules for the electromagnetic nucleon form factors including the next-to-
leading-order corrections for the contribution of twist-three and twist-four operators and a consistent
treatment of the nucleon mass corrections. The essence of this approach is that soft Feynman contributions
are calculated in terms of small transverse distance quantities using dispersion relations and duality. The
form factors are thus expressed in terms of nucleon wave functions at small transverse separations, called
distribution amplitudes, without any additional parameters. The distribution amplitudes, therefore, can be
extracted from the comparison with the experimental data on form factors and compared to the results of
lattice QCD simulations. A self-consistent picture emerges, with the three valence quarks carrying

40%:30%:30% of the proton momentum.
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L. INTRODUCTION

It is generally accepted that studies of hard exclusive
reactions and in particular hadron form factors at large
momentum transfer give access to different aspects of the
internal structure of hadrons as compared to inclusive
reactions so that these two options are to a large extent
complementary to each other. The QCD factorization ap-
proach to exclusive processes [ 1-3] introduces the concept
of hadron distribution amplitudes (DAs), which can be
thought of as momentum fraction distributions in configu-
rations with a fixed number of Fock constituents (quarks,
antiquarks, and gluons) at small transverse separations. It is
argued that in the formal Q%> — oo limit, form factors can
be written in a factorized form, as a convolution of DAs
related to hadrons in the initial and final state times a
“short-distance” coefficient function that is calculable in
QCD perturbation theory. The leading contribution corre-
sponds to DAs with a minimal possible number of
constituents—three for baryons and two for mesons. Thus,
in this framework, measurements of form factors at large
momentum transfer Q provide one with the information on
valence quark distributions inside hadrons in rare configu-
rations where they are separated by a small transverse
distance of the order of 1/Q. This, classical, factorization
approach faces conceptional difficulties in the application
to baryons [4—6] but, probably more importantly, seems to
be failing phenomenologically for realistic momentum
transfers accessible in current or planned experiments.
The problem is simply that each hard gluon exchange is
accompanied by the «,/# factor, which is a standard
perturbation theory penalty for each extra loop. If, say,
a,/ ~ 0.1, the factorizable contribution to baryon form
factors is suppressed by a factor of 100 compared to the
“soft” (end point) contributions, which are suppressed by
a power of 1/Q? but do not involve small coefficients.
Hence, the collinear factorization regime is approached
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very slowly. There is overwhelming evidence from model
calculations that soft contributions play the dominant role
at present energies. Taking into account soft contributions
is challenging because they involve a nontrivial overlap of
nonperturbative wave functions of the initial and the final
state hadrons and are not factorizable, i.e., cannot be
simplified further in terms of simpler inputs. One possibil-
ity is to use transverse-momentum dependent light-cone
wave functions W(x, k;) in combination with Sudakov
suppression of large transverse separations following the
approach suggested initially by Li and Sterman [7] for the
pion form factor. Another possibility, which we advocate in
this work, is to calculate the soft contributions to the form
factors as an expansion in terms of nucleon DAs of in-
creasing twist using dispersion relations and duality. This
technique is known as light-cone sum rules (LCSRs) [8]. It
is attractive because in LCSRs, soft contributions to the
form factors are calculated in terms of the same DAs that
enter the perturbative QCD calculation, and there is no
double counting. Thus, the LCSRs provide one with the
most direct relation of the hadron form factors and DAs
that is available at present, with no other nonperturbative
parameters. The basic object of the LCSR approach to
baryon form factors [9,10] is the correlation function

[ dxe= 40| T{n(0)j(x)}|P),

in which j represents the electromagnetic (or weak) probe
and 7 is a suitable operator with nucleon quantum numbers.
The other (in this example, initial state) nucleon is explic-
itly represented by its state vector |P); see a schematic
representation in Fig. 1. The LCSR is obtained by compar-
ing (matching) of two different representations for the
correlation function. On the one hand, when both the mo-
mentum transfer Q% and the momentum (P')?> = (P — g)?
flowing in the 7 vertex are large and negative, the main
contribution to the integral comes from the light-cone
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FIG. 1 (color online). Schematic structure of the light-cone
sum rule for baryon form factors.

region x> — 0 and can be studied using the operator
product expansion (OPE) of the time-ordered product
T{n(0)j(x)}. The x? singularity of a particular contribution
is determined by the twist of the relevant composite opera-
tor for which the matrix element (0| ... |P) is related to the
nucleon DA. On the other hand, one can represent the
answer in the form of the dispersion integral in (P')*> and
define the nucleon contribution by the cutoff in the quark-
antiquark invariant mass, the so-called interval of duality s,
(or continuum threshold). The main role of the interval of
duality is that it does not allow large momenta |k?| > s, to
flow through the 7 vertex; to the lowest order O(a?), one
obtains a purely soft contribution to the form factor as a sum
of terms ordered by the twist of the relevant operators and
hence including both the leading- and the higher-twist
nucleon DAs. Note that the contribution of higher-twist
DAs is suppressed by powers of the continuum threshold
(or by powers of the Borel parameter after applying the
usual QCD sum rule machinery) but not by powers of Q2,
the reason being that soft contributions are not constrained
to small transverse separations. The LCSR approach is not
new and has been used successfully for the calculations of
pion electromagnetic and also weak B-decay form factors.
In both cases this technique has reached a certain degree of
maturity; see Refs. [11-13] for several recent state-of-the-
art calculations. The LCSRs for baryon form factors are
more complicated and remain to be, comparatively, at an
exploratory stage. Following the first formulation of the
LCSRs for the electromagnetic form factors in Ref. [9],
there have been several studies aimed at finding an optimal
nucleon interpolation current [10,14—16] and extending this
technique to other elastic or transition form factors of
interest. LCSRs for the axial nucleon form factor were
presented in Refs. [10,15,17], for the scalar form factor in
Ref. [18], and for the tensor form factor in Ref. [19].
A generalization to the full baryon octet was considered,
e.g., in Ref. [20]. Application of the same technique to
N+vyA transitions was suggested in Refs. [15,21] and to
pion production at threshold in Ref. [22]. LCRSs for
weak baryon decays A, — p, Afy,, etc., were studied in
Refs. [23-26], etc. In order to make the LCSR technique
fully quantitative, one needs to include the next-to-leading
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order (NLO) QCD corrections to the coefficient functions
of the DAs, which is the standard accepted in B decays.
Calculation of these corrections for twist-three and twist-
four contributions to the LCSRs for the nucleon electro-
magnetic form factors F;(Q?) and F,(Q?) is the goal and
main result of this paper. This task was already partially
addressed in Ref. [27]; we will comment on the relation of
our calculation to the results of Ref. [27] in what follows. In
addition, we are able to organize the higher-twist contribu-
tions related to nucleon mass corrections in a more system-
atic way, which reduces the corresponding uncertainties.
The presentation is organized as follows. Section II is
introductory and summarizes the present status of the
LCSR approach. We collect there the necessary definitions
and explain our notation. The general structure of LCSRs is
explained, and the leading-order (LO) sum rules are given
following Ref. [10]. We also include new results concerning
the so-called Wandzura—Wilczek contributions to higher-
twist DAs. In Sec. III we describe our calculation of the
NLO corrections for the contributions of (collinear) twist-
three and twist-four operators. The numerical analysis of
the sum rules is presented in Sec. IV, whereas the final
section, Sec. V, is reserved for a summary and conclusions.
The paper contains several appendices. In Appendix A we
explain a general renormalization scheme for three-quark
operators [28], which is used throughout the calculation.
Appendix B contains a summary of nucleon DAs and
Appendix C an update on the light-cone expansion of
three-quark currents. New results there are the twist-four
contribution to the three-quark matrix element with generic
quark positions off the lightccone and a new derivation of
the twist-five contribution (to leading order). Appendix D
contains a summary of special functions that appear in the
NLO calculations and their Borel transform. The final
appendix, Appendix E, contains a summary of the NLO
coefficient functions to the twist-four accuracy.

II. PRELIMINARIES

A. Distribution amplitudes

The LCSR approach allows one to calculate form factors
for the range of momentum transfers accessible in present
day experiments in terms of quark distributions at small
transverse separations, dubbed distribution amplitudes.
Conversely, the experimental data on form factors,
analyzed in this framework, can be used to determine
(constrain) the DAs, which are fundamental nonperturba-
tive functions describing certain aspects of the nucleon
structure and are complementary to usual parton distribu-
tions. The leading twist-three nucleon (proton) DA
@n(x;, ) is defined by the matrix element [29,30]

(Ol € (ul(an) Cihul(azn))d) (azn)| P)

- _%fNPnanT(P) [[dX]e_"P"ZX"“‘KDN(xi)’ (D
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where ¢V = (1/2)(1 + ys)g are quark fields of given
helicity; P, is the proton momentum with P? = m3.
N(P) is the usual Dirac spinor in relativistic normalization,
n, is an auxiliary lightlike vector n*> =0, and C is the
charge-conjugation matrix. The Wilson lines that ensure
gauge invariance are inserted between the quarks; they are
not shown for brevity. The normalization constant fy is

defined in such a way that
Jasdente) =1, @

where

[ [dx] = /; 1 dxldxzdx35<z x; — 1). (3)

The DA ¢y(x;, u) can be viewed, somewhat imprecisely,
as the collinear limit of the light-cone wave function
corresponding to the valence three-quark proton state
with zero orbital angular momentum [3]

Pl on (e 1) ~ f a

[kl<u

[dzlz]q}N(xi: Ei), “4)

where the integration goes over the set of quark transverse

momenta Igi. Thus, fy can be interpreted as the nucleon
wave function at the origin (in position space). The DAs
are, in general, scheme and scale dependent, and in
the calculation of physical observables, this dependence
is cancelled by the corresponding dependence of the
coefficient functions. The DA ¢y (x;, u) can be expanded
in the set of orthogonal polynomials 2P,;(x;) defined as
eigenfunctions of the corresponding one-loop evolution
equation,

on(x, p) = 120512003 > D o) Poilx),  (5)

n=0 k=0

where
[[dx]x1x2x3 Pk (X)) Py (x;) % 8, Sy (6)

and to one-loop accuracy

a,(w) \2/GBo

In(w) = fx(pol == :

N N (as(/*'LO)) (7)
a(u) )’}'nk/ﬂf).

as(lu’())

o) = ‘Pnk(:“())(

Here By = 11— %nf and vy,, are the corresponding
anomalous dimensions. The double sum in Eq. (5) goes
over all existing orthogonal polynomials P, (x;), k =
0,..., n, of degree n. One can show that all eigenfunctions
of the evolution equations, P, (x;), have definite parity
under the interchange of the first and the third argument,
ie., P(xs, x5, x;) = =P, (x), x5, x3) [31]. The first few
polynomials are
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Poo = 1, Pio = 21(x; — x3),
Py =T(x; — 2xp + x3),

63
?20 = 1—0[3()(1 - X3)2 - 3X2(_X1 + )C3) + ZX%],

(®)
63
Py = 7(?61 = 3x; + x3)(x; = x3),
9
Py = g[x% + 9xy(x; + x3) — 12xx3 — 6x3 + x3],
and the corresponding anomalous dimensions are [32]
20 8
Yoo = 0, Yio = 9 Yu = 3
(©))
32 40 _ 14
Y20 9’ Y21 9’ Y22 3

The normalization condition (2) implies that ¢y = 1. In
what follows we will refer to the coefficients ¢, (wo) with
n=1,2,..., as shape parameters. The set of these coef-
ficients together with the normalization constant fy(u) at
a reference scale u, specifies the momentum fraction
distribution of valence quarks in the nucleon. They are
nonperturbative quantities that can be related to matrix
elements of local gauge-invariant three-quark operators
and calculated, e.g., on the lattice [33,34]. In the last
twenty years, there has been mounting evidence that the
simple-minded picture of a proton with the three valence
quarks in an S wave is insufficient, so that, for example, the
proton spin is definitely not constructed from the quark
spins alone and also the electromagnetic Pauli form factor
F>(Q?) involves quark orbital angular momenta. As shown
in Ref. [35], the light-cone wave functions with L, = *1
are reduced, in the limit of small transverse separation, to
the twist-four nucleon DAs introduced in Ref. [30],

(1€l ) ot (ayn)) pel(asm)] Py
=~ pnpNIP) [laxgemZ e
X [ @YY (x;) + AY Dy(x)],
Ol (ul(a,n)Cy | pu'(a;n))y*hdi(azn)|P)
= 3 mpmiN1(p) [axjer i Eve
X v (x;) — AW Wy(x))]

(Ol (ul(ayn)Cphul(arn))hd}(asn)|P)
N

)l —1 ;e
= 2 mypmN(P) [[axlem E 00 ),

(10)

where @}V (x;) and W)V (x;) are the so-called Wandzura—
Wilczek contributions. They can be expressed in terms of
the leading-twist DA ¢y(x;) as follows [31]:
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R 3
@3 () = Z L+ 2)(n T 3)( nt2 8x3>

Pi(xy, x3, X3),

1)
e 2400, B (
W) = Z (n +2)(n + 3)( nt2 axz)

P (x2, x1, X3).

X X1XpX3

X X1XpX3

The two new constants AY and A are defined in such a
way that the integrals of the “genuine” twist-four DAs @,
WV,, B, are normalized to unity, similar to Eq. (2). They
have the same scale dependence to the one-loop accuracy:

a,(p) )—Nﬁo
as(lu‘O) ‘

Similar to the leading twist, the twist-four DAs can be
expanded in a set of orthogonal polynomials that are
eigenfunctions of the one-loop evolution equations,
but the difference is that starting from second order, one
has to take into account mixing with four-particle
(three-quark + gluon) operators. Since at present there is
very little information on the nucleon quark-gluon wave
functions (see, however, Ref. [36]), in this work we prefer
to stay within a three-quark description and, for consis-
tency, truncate the expansion of ®,, ¥,, 5, at the first
order. To this accuracy one obtains [31]

Dy (x;, ) = 24x {1 + 110() R0 (33, x1, X3)
— ()R (x3, xp, X0)1,

Wy, p) = 24x1x3{1 + 110() R yo(x0, X3, X1) (13)
+ ()R (g, x3, x1)h

— 9
Ealx;, p) = 24x2x3{1 + wa(ﬂ)Rm(M, X3, xz)},

AVy() = Aév,z(uo)( (12)

where

3
Rio(xy, X2, x3) = 4<x1 +x; — §x3),
(14)

20 1
Ry(xq, x0, x3) = 3\ TR + 2x3>

and n;9(p), m1(p), €o(p) are the new shape para-
meters. The corresponding one-loop anomalous dimen-

sions are [31]

W=D - A= a9
The three-quark twist-five distributions are the next in
complexity and correspond to taking into account the
transverse momentum dependence (terms ~k’ 1) in the
collinear limit of the light-cone wave functlons with
L, =0, £1 and also higher partial waves. They can be
written as [30]
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Ol (ul(a,n)Cpul(an)tdl(asn)|P)
=~ gN(P) [laee i E e
X @ (x;) + A OYW(x;) + Ds(x,)],
Ol (ul(a,n)Chy 1 Hu(arn)y* pdi(asn)|P)
— 3 mpnpN(P) [[axde i Ee
X UN\PEVWW(XI') - /\Ilvq’ng(xi) + Ws(x;)]
Ol (ul(a,n)Ct pul(arn)) pdl(asn)|P)
12 mypnfN'(P) /[dx]e_’P"Z”'

1
X [/\Izv:ng(xi) + ~5(xi)],

(16)

where ®¥WW(x;) and ®¥W(x;) (and similar for other DAs)
are the Wandzura—Wilczek-type contributions related to
twist-three and twist-four operators, respectively. One
can show that

240§an
O ) = Z(n+2 Y(n +3)

><|:(n+2—aix1)<n+l—aix2)—(n+2)2:|

X x1 X223 P (31, X9, x3),

240,
WWW () — n
W) = Z(n-|-2(n-i-3)
X I:(n+2—i)<n+ 1 —i)—(n+2)2:|
8X3 axl
X x1 X223 P (32, X1, x3), (17)

and, for the models in Eq. (13),

1 0 1 ]
(I);/VW()Ci) = _24{§<1 - a—xz)xe:; + §<2 - a—x2>XQX3

X [1oR10(x1, x3, x2) + 111 Ry (xy, x5, xz)]},

1 ad 1 d
\I};/VW()Ci) = _24{§<1 - a—x1)x1x2 + §<2 - a—)ﬁ)xlxz

X [n10R10(x3, X2, x1) — 111 R y1 (x5, 12, xl)]}-
0 J
'-’WW()C) = 24{3 [(1 - a—x3)x1x3 - 2(1 - a—x2)x1x2:|
9 0
+ 33510<2 - a)63)%1)63)&0(%2, X3, X1)
9 0
- 3—2510(2 - a—)cz)[RlO(x3’ X1, X3)

+ Rolxs, xa, Xl)]}- (18)
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The expressions in Egs. (17) and (18) are new results. Their
derivation and the generalization of Eq. (18) to arbitrary
DAs will be presented elsewhere. The genuine twist-five
distributions @5, W5, Es are not known apart from that
their normalization integrals and the first moments must
vanish from general considerations, e.g.,

f[dx]d)s(xi) = f[dx]xk®5(xi) =0, k=1,23 (19)

and similarly for Ws, Hs. In our analysis these contribu-
tions will be neglected, which is consistent with neglecting
four-particle nucleon DA terms that involve an additional
gluon. In practical calculations it is convenient to work
with the expression for the renormalized three-quark light-
ray operator with open Dirac indices in terms of the DAs.
The necessary formulas are collected in Appendix B.

B. LCSRs for nucleon form factors: General structure

The matrix element of the electromagnetic current
Jih(x) = e, i(x)y ulx) + egd(x)y,dx)  (20)

taken between nucleon states is conventionally written in
terms of the Dirac and Pauli form factors F;(Q?) and

F,(0%),
0uvq”

PO =P 7,1 (%)~ i
my

FZ(Q2>]N(P),
@1)

where P, is the initial nucleon momentum, P? = m3,

P'=P—gq, 0*:=—¢ o,, = ily, v,]. and N(P) is
the nucleon spinor. Experimental data on the scattering
of electrons off nucleons, e.g., e~ + p— e~ + p, are
often presented in terms of the electric Gg(Q?) and
magnetic G,,(Q?) Sachs form factors, which are related
to F,(Q%) as

Gu(Q?) = F(Q% + F,(0%), (22)

2

Gp(Q?) = Fi(Q%) — =5 F5(0%). (23)

2
4my,

The LCSR approach allows one to calculate the form
factors in terms of the nucleon (proton) DAs introduced
in Sec. ITA. To this end we consider the correlation
function

T,(P.q) =i f e O TI(0) WP, (24)

where T denotes time ordering and 7(0) is the Ioffe
interpolating current [37]

n(x) = € [u'(x)Cy,ul (x)]ysyHd*(x),
0ln(0)[P) = A;myN(P).

(25)
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We use the standard Bjorken—Drell convention [38] for
the metric and the Dirac matrices; in particular,
vs = iy’y'y?y3, C = iy?%°, and the Levi-Civita tensor
€,,)0 18 defined as the totally antisymmetric tensor with
€p123 = 1. The choice of the nucleon current is discussed
at length in Ref. [10]. There is strong evidence that the
Ioffe current gives rise to more accurate and reliable sum
rules as compared to other possible choices; for example,
the QCD sum rule estimates for the corresponding
coupling A; (see Ref. [39] for an update and further
references) agree very well with the lattice calculations
[33]. The correlation function in Eq. (24) contains many
different Lorentz structures that can be separated using
light-cone projections. We define a lightlike vector n,, by

the condition
qg-n=0, n2=0 (26)

and introduce the second lightlike vector as

p* =0, 27

so that P — p in the infinite momentum frame P - n — o
or if the nucleon mass can be neglected, my — 0. We also
introduce the projector onto the directions orthogonal to p
and n,

1
1l
8uv = 8uv — E(p,u,ny + pyn#)y (28)

and will sometimes use the shorthand notation

_ — L
ay = aynt, a- =a,p*, ay, =gua” (29)

for y matrices and arbitrary Lorentz vectors a,. The
photon momentum can be written as

pPq

qu =41y Tn qJ_M-i-nMﬁ. 30)

“Pn
Last but not least, we define projection operators

A}

1
2pn’ 2pn 31

that pick up the “plus” and “minus” components of a
spinor, N=(P) = A*N(P). Note the useful relations,

2pn

PN(P) = myN*(P),  IN(P)=——N"(P), (32)

my
that follow from the Dirac equation (f — my)N(P) = 0. It
is easy to check that N* ~ /pT and N~ ~ 1/4/p™ in the
infinite momentum frame p, — oo. Lorentz structures that
are most useful for writing the LCSRs are usually those
containing the maximum power of the large momentum
p+. Following Refs. [9,10] we consider in what follows the
plus spinor projection of the correlation function (24)
involving the plus component of the electromagnetic
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current, which can be parametrized in terms of two invari-
ant functions,

ATy = pi{my A(Q% P?) + 41 B(Q? PP)INT(P),
(33)

where Q> = —¢? and P> = (P — ¢)*>. The correlation
functions A (Q? P?) and B(Q? P*) can be calculated
in QCD for sufficiently large Euclidean momenta Q2
—P? =1 GeV? using the OPE (see the next section).
The results can be presented in the form of a dispersion
relation,

A Q0D (2 P/z):lfw ds
’ 0 S

— [T AR )

1 [~ ds
BQCD(QZ’ P/Z) _ ; ﬁ) — 7 ImiBQCD(QZ, S) 4o

(34)

where the ellipses stand for necessary subtractions. On the
other hand, the same correlation functions can be written in
terms of physical spectral densities that contain a nucleon
(proton) pole at P> — m3;, the nucleon resonances, and
the continuum. It is easy to see that the nucleon contribu-
tion is proportional to the electromagnetic form factor,
whereas the contribution of higher mass states can be taken
into account using quark-hadron duality,

Arhys(Q? P2y = 20 F1(Q) + 1

m% — P?
X f T A2 ) 4
so S Plz ’

BphyS(Qz, P/2) — /\IFZ(Qz) + l

m% —P? w
X f v _ds ImBAPL(Q?, ) + - - -
50 8 — Pl2 ’ ’

35)

where sy = (1.5 GeV)?> is the interval of duality
(also called continuum threshold). Matching the two above
representations and making the Borel transformation that
eliminates subtraction constants

1

s—p2 e, (36)

one obtains the sum rules

1 S 2 2
2MF(Q) = fo dsev=)/M Im AP(Q?, 5),
37)

1 s
MF,(0%) = — | dset=9/M* ImBD(Q2, ).
T Jo

PHYSICAL REVIEW D 88, 114021 (2013)

The dependence on the Borel parameter M? is unphysical
and has to disappear in the full QCD calculation. It is in
this sense similar to the scale dependence of perturbative
QCD calculations at a given order and can be used as one
of the indicators of the theoretical uncertainty. The new
contribution of this paper is the calculation of the correla-
tion functions A(Q? P?) and B(Q? P?) to the NLO
accuracy. This calculation is described in the next section.

C. Leading-order LCSRs
The correlation functions A(Q? P'?) and B(Q? P?)
can be written as a sum of contributions of the u, d quarks
interacting with the electromagnetic probe, weighted with
the corresponding charges:

A=e,A,;+e,A, B=¢e;B;+e,B, (38

Each of the functions has a perturbative expansion, which
we write as

A =AW+ —“;(7’:) ANLO .. (39)

and similarly for B; w is the renormalization scale. The
leading-order expressions are available from Refs. [9,10].
For consistency with our NLO calculation, we rewrite
these results in a somewhat different form, expanding all
kinematic factors in powers of m%/Q% We keep all cor-
rections O(m%,/Q?) but neglect terms O(m3,/0%), etc.,
which is consistent with taking into account contributions
of twist three, four, and five (and, partially, twist six) in the
OPE. It proves to be convenient to write all expressions in
terms of the dimensionless variable [27]

W=1+P?/Q% whereP’=P—gq  (40)

so that, e.g.,

(g — xP)?> = Q’[—1 + xW — xim%/Q%],  (41)

where
x=1—=x (42)
We also introduce a set of ‘‘standard” functions
(cf. Appendix D)
1 0? k
W) = = 43
s W) = [xP’2 - )?Q2] 43)

that absorb all momentum dependence. Using the expres-
sions from Ref. [10], one obtains after some algebra
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Q* AL = 2[[dx ]{ [81 g+ x3x3 (82 + 283)]()63, WIVS (x,) + x3[81 + x3%3 @gz](xs» )V3(Xi)}

+ 2—[ dx3x3g5( X%W)Vs(x3)

Q2 AL — 2 [ [dx,-]{xz[gl T xzsz—ngz](xz; WN=2V, +3V, + Ay(x)

2

m2 m
+ 2[g2 + 20,5, Qg“gg]ocz; WV + AD)(x,) — 2[g1 + xzng’zvgz]uz; W)V — /—\?)(x,»)}

—27 L LAl W (Vs — 2 Vs + A)() + 2 Vi(n) + 2 VMW ()], )

and

Q*BLP = -2 f[dx {[81 + X333 ngz](xz,W)V (x) — 203 N 02 gz(x3,W)\/( )(x)}

iy - / dx385(x3; W)(x3V5 + V) (xy),

2
QB0 = 2 [ [dx,-]{[gl + xm%gz]m; WV A)() + 2678 e WV + A;”)(x,-)}

+ 2— f dx;85(x2; W)[xz(V4 - ZVS + ﬂ5)(x2) + VM(M)(Xz) + ﬂM(u)(x )] (45)

The notation for various DAs is explained in Appendices B
and C.

III. NLO LCSRS

The NLO corrections (39) to the correlation functions
A(Q? P?) and B(Q? P?) correspond to the Feynman
diagrams shown in Fig. 2. They can be written as a sum
of contributions of a given quark flavor ¢ = u, d weighted
with the corresponding electromagnetic charges and
further expanded in contributions of nucleon DAs to the
twist-four accuracy as follows:

QZJIZ\I;LO
= [lasl] 3 Vi€l W) + Agla) (5 W]
k=13
Y IV )CE (W)
m=1,23
+ AP () (s W)]} + Oftwist-5) (46)
and

QB0 — [ [dx, IV, (x) DY (x,, W)
+ A (x)Dy (x;, W)] + O(twist-5).  (47)

\/(1) (1) .
It turns out that C,*> (x;, W) = C/jz (x;, W) = 0. Explicit
expressions for the remaining 22 nontrivial coefficient

functions are collected in Appendix E. The leading twist

NLO corrections to the B function, Dq and Dq R were
previously calculated in Ref. [27] in a different, ‘“‘naive”
dimensional regularization scheme. The other functions
have been calculated for the first time. Note that the
twist-four NLO contributions are only present in
A(Q? P); the corresponding corrections to B(Q?, P?)
are effectively collinear twist five and are beyond the
accuracy of this paper. Each coefficient function has a
generic form,

Ch = Colx;, W) 1n§— + C(x;, W), (48)

FIG. 2. NLO corrections to the light-cone sum rule for baryon
form factors.
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where u is the factorization scale. Here
Co = cio(x, W)In (1 = xW) + coo(x;, W),
Cy = ¢y (x;, WIn2(1 — xW) + ¢4y (x;, W) In (1 — xW)
+ coi(x;, W), (49)

where x is one of the quark momentum fractions (or their
combination), and the functions c,; can further be ex-
panded in powers of 1/W or 1/(1 — xW) but do not contain
logarithms. This structure is expected and similar to what
has been found in previous studies of the LCSRs for
mesons, e.g., Ref. [11]. The factorization scale dependence
cancels to leading order by the scale dependence of nu-
cleon DAs and the Ioffe coupling constant. This cancella-
tion was verified for twist-three contributions in Ref. [27].
The Sudakov-type logarithms in Eq. (49) after integration
over the momentum fractions and the subtraction of the
continuum produce terms ~ In Q?/s,. Such contributions
can, in principle, be resummed to all orders (cf. Refs. [6,7])
but the effect of the resummation in the medium momen-
tum transfer region Q? = 10-20 GeV? is likely to be
marginal. In the remaining part of this section, we discuss
two important technical aspects of our calculation.

A. Renormalization scheme

It is well known that for generic composite operators, the
celebrated MS prescription does not fix a renormalization
scheme completely because of the existence of evanescent
operators in noninteger d dimensions, which do not have
four-dimensional analogs. Such operators cannot be ne-
glected because they mix with physical operators under
renormalization. A common approach [40] is to get rid of
this mixing by a suitable finite renormalization. The choice
of evanescent operators and hence a precise renormaliza-
tion condition is not unique [41] and has to be specified in
detail. The necessity of extra finite renormalization was
overlooked in Ref. [27]. The scheme [40] was suggested
originally for treatment of the four-fermion operators that
appear in the effective weak Hamiltonian, but it can be
used for three-quark operators as well. We find, however,
that an alternative scheme suggested by Krankl and
Manashov [28] (KM scheme in what follows) is more
convenient for our purposes. The KM scheme is described
in Appendix A. Its advantage is the guaranteed vanishing
of evanescent operators in d = 4 dimensions so that one
can work with physical (four-dimensional) operators only.
As a consequence, the renormalization procedure pre-
serves Fierz identities between renormalized operators.
These attractive features come at the cost of a certain
complication of the algebraic structure of the anomalous
dimensions, which do not pose a problem of principle,
however. The self-consistency of the KM scheme has
been checked to the three-loop accuracy in Ref. [42].
The basic idea is to consider operator renormalization
with free spinor indices. For a generic three-quark operator

PHYSICAL REVIEW D 88, 114021 (2013)
.. . "b g
Q.apy = €7l gl q5°, (50)

the renormalized operator, [ Q ] is defined as

aBy>
— 72'BY -3 )b

[Q]aﬁy - Zaﬁy Zq af}l;/,yu (51)

where Z, is the quark field renormalization constant and

Zz/ﬁﬁ;yl corresponds to the subtraction of the divergent part

of the corresponding vertex function. It has the structure

Zoh) =1+ e OCm)af,  (52)

Imn

where g;,,,(€) are given by a series in 1/,

g€ =Y €ral) (@), d=4-2¢ (53)
p=1

and the gamma-matrix structures (Flm,,)gfy’y/ are defined as
12l l
(Flmn)zlgﬂyy = ')/E,)a/ ® ’Y%?;g)/ ® 'y(;l)),/’ (54)
where
o = 55
Yt e o Y Yo - Yl (55)

are the antisymmetrized (over Lorentz indices) products of
gamma matrices, cf. Ref. [40]. For example, the renormal-
ized Ioffe current (25) is defined as

], = Pl

i yy L€ ubupds, ] (56)

where
?517][;,77/ = (Cy#)aﬁ(Y#)yy/ (57)

is the projector that is applied to the renormalized
three-quark operator, i.e., in four dimensions. Similarly,
renormalized nucleon DASs are defined as matrix elements
of the renormalized light-ray operators

KOl u, (ay m)ucy(asm)d (azn) ]| P)
= Vi(BClaplysN*)y + -, (58)

where the ellipses stand for the other existing Dirac struc-
tures, cf. Eq. (B1). Here, again, the strings of 7y matrices on
the rhs are in four dimensions so that the relations between
different DAs that are a consequence of Fierz identities are
fulfilled identically (for renormalized DAs). The coeffi-
cient functions of light-ray operators are calculated as
finite parts of the amplitudes on free quark states

(MV)Z{?/I,}/(q! P P2 p3)
= i [ dxelnOITLE M 01 0)d5 07 (0)
X |ut, (p1)uy (p2)d%, (p3)) (59)

applying the same decomposition of gamma-matrix
structures (54) and using appropriate projection operators

114021-8



NUCLEON FORM FACTORS AND DISTRIBUTION ...

(in four dimensions) to separate different contributions. In
contrast, in Ref. [27] the subtraction has been applied to the
correlation functions after multiplication with projection
operators. This procedure is valid, but it has to be com-
plemented by additional finite renormalization in order to
get rid of contributions of evanescent operators [40]. It
is easy to convince oneself that these subtleties do not
affect terms in In Q?/u? and also the leading Sudakov
double logarithms. To this accuracy our results agree
with Ref. [27]; the Sudakov single logarithms and constant
terms are, however, somewhat different.

B. Twist-four contributions

Contributions of the leading-twist DA o¢y(x;) =
Vi(x;) — A;(x;) correspond to contributions of local
(geometric) twist-three operators in the OPE of the product
T(0(0);,(x)) for x> — 0:

(DY u ) (0)(D'2u ) (0) (D2 d 4 )(0). (60)

Here D, =n*D, and g, = A,q are the plus compo-
nents of the covariant derivative and the quark field,
respectively. The color structure is not shown for brevity.
Equivalently, the leading-twist contributions can be attrib-
uted to the single light-ray operator

uy(ain)u(an)d, (asn), (61)

where a; are (real) numbers and the gauge links are im-
plied. Expansion of the light-ray operator (61) at short
distances a; — 0 generates a formal Taylor series in local
twist-three operators. Either way, the corresponding coef-
ficient functions can be calculated from the amplitude (59)
with on-shell quarks with collinear momenta p; = x;p,
p* =0 or, in position space, with the three quark fields
on a light ray y; = a;n. Going over to the next-to-leading
twist the situation becomes more complicated. A twist-four
operator can be constructed in two different ways: either
changing the plus projection of one of the quark fields to
the minus or adding a transverse derivative, e.g.,

(DY u_)(0)(D*2u)(0) (D d )(0),
(DY Dy u.)(0) (DY u)(0)(DY d)(0)

(and similar operators with the minus projection or trans-
verse derivative on the d quark). Contributions of the first
type correspond to the nonlocal light-ray operators
u_(ayn)uy(an)d,(azn) and wuy(a;n)u,(a,n)d_(azn).
The corresponding coefficient functions can be calculated
in the same way as the leading twist-three contributions,
considering the matrix elements over free quarks with
collinear momenta and taking a different spinor projection
at the end. The contributions of operators involving a
transverse derivative are more complicated and can be
obtained from the light-cone expansion of the nonlocal
three-quark operator,

(62)

PHYSICAL REVIEW D 88, 114021 (2013)

uy (y)ui(y2)d (y3), yi=an+tb;, (63)
where b | — 0 is an auxiliary transverse vector. The twist-
four contribution (one transverse derivative) corresponds
to picking up terms of first order, O(b | ), in the light-cone
expansion. Note that y7 = b7, can be neglected to this
accuracy so that the quarks can still be considered as being
on the light cone (but not on the same light ray). This
means that the twist-four coefficient functions (of the
second type) can be calculated by considering the matrix
elements with quark momenta p; = x;p + p; | and ex-
panding to the first order in p;; along the collinear direc-
tion p; ; — 0. In this calculation the quark virtualities can
be neglected, p; = —p;, — 0. As an example, consider

the contribution of the twist-four DA \/(22)(x,~) defined in
Eq. (C12), which we can rewrite as

4<0|[6"""ui (yl)u’,;(yz)dk (3)1IP)

R B
(64)

where
?V2a,8y (?C)aB(YV’)/SN(P))'y (65)

Note that the exponential factor e~ ¥ 2597 in the second
line in Eq. (64) can be written as e iPm X xia; —
e i X xiai g6 that the quark momenta p; = x;p are col-
linear and the dependence on the transverse separation is
contained entirely in the prefactor y5 = a,n” + b5 | . In
the last line in Eq. (64), the quark momenta can be set to
the same collinear values only after taking the derivative.
The corresponding contribution to the correlation function
(24) can be written as

AT
+n"Ty,” (P, q)

\/9
f[dx ]\/(2)(x )AL)s T(anﬁ 8y< piaBy

[n”m 1@ Pl o= (66)

where [M ] is the renormalized amplitude calculated on
free quarks (59). It is given by the sum of Feynman dia-
grams shown in Fig. 2 (to the NLO accuracy). The deriva-
tive over the second quark momentum can be written as a
sum of contributions corresponding to the longitudinal and
transverse components
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Vo) J nf @ d

p:aBy apg - ﬁ p;aﬁvd—)62

vy J .
’PL;aﬁy a? + O(twist-5).
2

(67)

The first contribution involves the amplitude calculated on
collinear quarks; the derivative d/dx, can be dispensed off
using integration by parts. The derivative over the quark
transverse momentum in the second contribution is applied
to each propagator on the second quark line. Thanks to the
Ward identity,

9 p+l P+l 1
apt (p +€)* + ie (p+40)?*+ie

p+7

(p+40)?*+ i€
(68)

a derivative is equivalent to the insertion of the v+ matrix
in the quark line. Thus, one ends up with the sum of
Feynman diagrams with collinear quarks and extra y+
insertions along the quark line. The calculation in this
work was done using computer algebra. To this end two
codes have been written using FORM and FeynCalc, re-
spectively, and produced identical results. The results are
summarized in Appendix E and are also available as a
MATHEMATICA package that can be requested from the
authors.

IV. RESULTS

A. Discussion of parameters

Main nonperturbative input in the LCSR calculation of
form factors is provided by normalization constants and
shape parameters of nucleon DAs. The existing informa-
tion, together with our final choices explained below, is
summarized in Table I. The nucleon coupling to the (Ioffe)
interpolation current (25), A;, simultaneously determines
the normalization of twist-four DAs and cancels out be-
tween the lhs and the rhs so that the sum rule effectively
only involves the ratio of twist-three and twist-four cou-
plings, fy/A;, which is given in the table. All entries in
Table I except for the Bolz—Kroll model [43] are rescaled

TABLE 1.
errors are shown.

PHYSICAL REVIEW D 88, 114021 (2013)

to u?> =2 GeV? using one-loop anomalous dimensions
collected in Sec. I A. The other parameters that enter
LCSRs are the interval of duality (continuum threshold)
50, Borel parameter M2, and factorization scale u2. In this
work we use the standard value s, = 2.25 GeV? that is
accepted in most studies. Variations of s, with respect to
this value can be studied, but have to be accompanied by
the corresponding variations of the effective nucleon cou-
pling to the Ioffe current. This is usually done using the
ratio method, in which A; on the lhs of the LCSR is
substituted by the corresponding QCD sum rule with the
same interval of duality. The experience of such calcula-
tions is that the sensitivity of the sum rules to the precise
value of s, is greatly reduced and is not significant as
compared to other sources of uncertainty. The Borel pa-
rameter M? corresponds, loosely speaking, to the inverse
imaginary time (squared) at which matching of the QCD
calculation is done to the expansion in hadronic states. One
usually tries to take M? as small as possible in order to
reduce sensitivity to the contributions of higher-mass
states, which is the main irreducible uncertainty of the
sum rule method. In two-point sum rules that are used to
determine the nucleon mass and the coupling [37],
the default values are in the range M> = 1.0-1.5 GeV?>.
The light-cone sum rules are somewhat different in that the
expansion parameter in the QCD calculation is 1/({x)M?)
rather than 1/M? in two-point sum rules, where (x) is a
typical quark momentum fraction [47]. Thus, one has to go
over to somewhat higher M? values in order to ensure the
same suppression of (uncalculated) contributions of very
high twist. In this work we take M> = 1.5 GeV? and M? =
2 GeV? as two acceptable choices. Finally, natural values
of the factorization scale u” are determined by the virtual-
ity of the quark interacting with the hard probe

w?~ (1 —x)Q* — xP". (69)
In the sum rules —P’> — M?, and the integration over the
quark momentum fraction is restricted to the end point
region x > xy = Q?/(so + Q?). Thus,

Parameters of the nucleon distribution amplitudes at the scale u?> = 2 GeV? For the lattice results [34], only statistical

Model Method In/h P10 P11 P20 P21 P22 710 11 Reference
ABO1 LCSR (NLO) —0.17 0.05 0.05 0.075(15) —0.027(38) 0.17(15) —0.039(5) 0.140(16) this work
ABO2 LCSR (NLO) —0.17 0.05 0.05 0.038(15) —0.018(37) —0.13(13) —0.027(5) 0.092(15) this work
BLW LCSR (LO) —0.17 0.0534 0.0664 0.05 0.0325 [10]
BK perturbative QCD 0.0357 0.0357 [43]
COZ QCDSR (LO) 0.163 0.194 0.41 0.06 —0.163 [44]
KS QCDSR (LO) 0.144 0.169 0.56 —0.01 —0.163 [45]
HET QCDSR (LO) 0.152 0.205 0.65 —-0.27 0.020 [46]
QCDSR (NLO) —0.15 [39]
LATO09 LATTICE —0.083(6) 0.043(15) 0.041(14) 0.038(100) —0.14(15) —0.47(33) [33]
LAT13 LATTICE —0.075(5) 0.038(3) 0.039(6) —0.050(80) —0.19(12) —0.19(14) [34]
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2 2 2 _ 25007
M = (1 - XO)Q + X()M = W < 2S0, (70)
0

where we assumed (for simplicity) that M? =~ s, < Q2.
Thus, for Q% ~ 1-10 GeV? the natural scale is u? ~
1-3 GeV? and is not rising with Q? (or rising very slowly).
In our calculations we take u?> =2 GeV? as the default
value. The renormalization scale is taken to be equal to the
factorization scale. We use a two-loop expression for

the QCD coupling with Ag%D = 326 MeV, resulting in
the value a,(2 GeV?) = 0.374.

B. Results for the form factors

As it is seen from Table I, at present there exist quanti-
tative estimates for the ratio of the couplings f/A; and the
first-order shape parameters ¢, ¢; of the leading-twist
DA. The other parameters, in contrast, are very weakly
constrained. From the comparison with the experimental
data, it turns out that larger values of /A, are preferred
so that we fix fy/A; = —0.17 and also take ¢,y = ¢;; =
0.05 in agreement with lattice calculations and the previous
LO LCSR studies [10]. We then make a fit to the experi-
mental data on the magnetic proton form factor G4,(Q?)
and the electric-to-magnetic form factor ratio GL/G?%; in

PHYSICAL REVIEW D 88, 114021 (2013)

the interval 1 < Q2 < 8.5 GeV? with all other entries as
free parameters. Since the data on the magnetic form factor
are much more accurate than for the ratio G§ /G” , we have
increased the corresponding error bars by 50% in order to
give a comparable weighting to both data sets in our fit. We
do not include the uncertainty in the Borel parameter in the
error estimates but do separate fits for M> = 1.5 GeV? and
M? = 2 GeV? that are referred in what follows as ABO1
and ABO2, respectively. The resulting values of shape
parameters are collected in Table I, and the corresponding
form factors (solid curves for the set ABO1 and dashed for
ABO2) are shown in Fig. 3 for the proton (left two panels)
and the neutron (right two panels). For the magnetic form
factors, we plot the ratios to the dipole formula

Gp(Q?») =1/(1 + aQ?)?, a=1/0.71 GeV? (71)

and use in all plots the proton and neutron magnetic mo-
ments for normalization, u, = 2.793, p, = —1.913. The
ratio Q*F5(0?)/F}(Q?) of Pauli and Dirac form factors in
the proton is shown in Fig. 4. The quality of the two fits of
the proton data is roughly similar, whereas the description
of neutron form factors (that are not fitted) is slightly worse
for ABO2 compared to ABOI. In both fits the neutron
magnetic form factor comes out to be 20%-30% below the
data. This feature is rather robust: an attempt to fit G}, and

— T T T T T T AL R S S S S S S R R R | T T T — T T T T T T T T T
L2r G (Q*)/1mGp(Q) 121 G (@) /1 Gp(Q%) 1
1_0?"“*".\ R 1.0; W@ig % A
(3 [ % ]
0.8F 1 0.8F /’\ 8
L T~ ——— J
0.6f . 0.6f B
04f i 04l ]
0'2' n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 0'2' n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 14
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Q* Q?
1.5 T 1.4F ' ' ' 1
' Tt 1 GE(Q%) /G (Q7)
I 1.2F :
1o- . »
» 1.0F ]
ol ] 0.8F :
0.6f :
0.0} 04f :
0.2f ]
[ ' ]
_0.5' n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 14 00' n n n n 1 n n n n 1 n n n n 1
0 2 4 6 8 10 12 0 1 2 3 4
Q2 Q2

FIG. 3 (color online).

Nucleon electromagnetic form factors from LCSRs compared to the experimental data [5S9-65]. Parameters of

the nucleon DAs correspond to the sets ABO1 and ABO2 in Table I for the solid and dashed curves, respectively. Borel parameter

M? = 1.5 GeV? for ABO1 and M? = 2 GeV? for ABO2.
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FIG. 4 (color online). The ratio of Pauli and Dirac electromag-
netic proton form factors from LCSRs compared to the experi-
mental data [61-63]. Parameters of the nucleon DAs correspond
to the sets ABO1 and ABO2 in Table I for the solid and dashed
curves, respectively. Borel parameter M> = 1.5 GeV? for ABO1
and M? = 2 GeV? for ABO2.

n

4 simultaneosly produces very large corrections 7,
111 = O(1) to the twist-four DAs, which, we think, are
an artifact of the missing terms of yet higher twist and/or
higher-order perturbative corrections; see the discus-
sion below. In contrast, the description of the neutron

1.0 | S S S B R R |

0.8+ B

FIG. 5 (color online).
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electric-to-magnetic form factor ratio G%/G%, can easily
be improved by choosing somewhat larger values of the
first-order shape parameters ¢y, ¢; ~ 0.06-0.07,
cf. Table I. The underlying reason for this difficulty be-
comes more clear from the results on the contributions of
different quark flavors to the proton form factors F} and
Fg . The LCSR calculation (ABOI) is compared to the
compilation of the experimental data by Diehl and Kroll
[48] in Fig. 5. One sees that the u- and d-quark contribu-
tions to F;(Q?) are described rather well, whereas there are
considerable deviations in the Pauli form factor in the
smaller Q% region. This feature is not unexpected and is
due to the structure of the twist expansion in these two
cases. Recall that Dirac and Pauli form factors are ex-
tracted from the correlation functions A(Q? P?) and
B(Q?, P?), respectively, cf. Eq. (37). The light-cone ex-
pansion of the latter is much more involved so that we are
able to calculate less terms. Hence, the sum rules are less
accurate. For example, the calculation of the radiative
corrections to the contributions of the next-to-leading twist
nucleon DAs for the B function requires taking into ac-
count second-order corrections in the expansion over quark
transverse momenta, which is beyond the scope of this
paper. One should expect that the B function at smaller
values of Q7 also receives large contributions of very high

0.5' L L L B B R L R S L A R |

]
¥ E@%ﬂmi
0.1f

0.0' e S S S H S S
0

2.0

_()2;% ]
. b
_O'SS %ﬁ%%% b % ]

QUFAQY)

—0.5L
0

S E S S S |

1 2 3 4
QQ

Contributions of different quark flavors to the proton electromagnetic form factors compared to the

compilation of experimental data in Ref. [48]. The corresponding leading-order results are shown by the dashed-dotted curves for
comparison. Parameters of the nucleon DAs correspond to the set ABO1 in Table I.
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twist, e.g., due to factorizable five-quark DAs (e.g., quark
condensate times a leading-twist DA). This question re-
quires a separate study. On the same plot, the results of the
corresponding leading-order calculations are shown by
dashed-dotted curves for comparison. One sees that the
NLO corrections are of the order of 20% for u-quark
contributions and ~100% for d-quarks so that further,
next-to-next-to-leading order (NNLO), O(a?) corrections
can be significant. In both ways, we see that the d-quark
contributions are more affected by QCD corrections and
generically less precise. This pattern is probably due to the
specific spin-flavor structure of the loffe current that is
used in our calculations. By virtue of isospin symmetry,
d-quark contributions to the proton form factors are equal
to the wu-quark contributions for the neutron but are
weighted in the latter case with a larger electric charge
ey, — e,. This reweighting is the simple reason behind a
worse description of neutron form factors as compared to
the proton ones. We remind the reader that the two sets of
shape parameters of DAs in Table I are obtained from the
fits of the proton form factor using different values of the
Borel parameter, M?> = 1.5 GeV? for ABO1 and M? =
2 GeV? for ABO2. The difference in the fitted values in
ABO1 and ABO?2 sets is, therefore, a measure of the Borel
parameter dependence that is an intrinsic uncertainty of the
sum rule method. Another, more direct possibility to quan-
tify the Borel parameter dependence is to compare the
LCSR predictions for M?> = 1.5 GeV? and M? = 2 GeV?
for a given DA parameter set. It turns out that increasing
the Borel parameter from 1.5 to 2 GeV? leads to an
increase of all form factors by the same amount ~10%
(for all Q?) so that the form factor ratios are affected only
weakly. This is illustrated in Fig. 6 where the proton
magnetic form factor and the ratio F}/F} are shown on
the left and the right panels, respectively. The effect on the
neutron form factors is very similar. The last remark con-
cerns factorization scale dependence. Our calculations are
done for the default value u> = 2 GeV?. Varying u? in the

L@/ mG(Q?)
02—

S E S SR TS S
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interval 1-4 GeV? and taking into account one-loop
anomalous dimensions, the form factors F¥, F¢, FY4, F4
change by *1%, 2%, 8%, 8%; at Q> =1 GeV* and
+10%, 1%, 14%, 14% at Q> = 10 GeV?, respectively.
Note that the uncertainty gets larger with increasing Q2,
which is consistent with the expected dominant role of hard
scattering corrections at asymptotically large momentum
transfers. Such corrections enter the LCSRs for the nucleon
form factors starting at the NNLO, cf. Ref. [11].

Our calculations based on both sets, ABO1 and ABO2,
of DAs disfavor the appearance of a zero in the proton
Gy/G,y ratio, see Fig. 3, although this feature is not robust
and a zero can occur in some regions of DA parameter
space. In general Dirac and Pauli form factors F and F),
are more suited for a QCD analysis based on the light-cone
expansion. In our approach small values of Gy/G,, arise
from intricate cancellations between contributions of dif-
ferent twist that are related, in physical terms, to the
contributions of different partial waves in the nucleon
light-front wave function. They are also very sensitive to
the shape of the DA, in particular to the shape parameters
@oo (most important) and ¢,,. A discussion of this issue in
the framework of particular dynamical models can be
found in Refs. [49-51].

C. Results for the nucleon DAs

The DAs corresponding to our parameter sets ABO1 and
ABO?2 are shown in barycentric coordinates in Fig. 7. The
main physical conclusion from our study is that the exist-
ing experimental data on the nucleon form factors are
consistent with the nucleon wave function at small trans-
verse distances, the nucleon DA, that deviates somewhat
from its asymptotic form, although the difference seems to
be much less dramatic as compared to “old” QCD sum
rule predictions [44,45]. In particular the shape parameters
of the first order, ¢,y and ¢, are rather well constrained
by lattice calculations and appear to be, roughly, a factor
three below the QCD sum rule estimates. The values

Q*FF(Q*)/F{(Q%)

1 1 I R B

0 2 4 6 8 10 12
Q2

0 2 4 6 8 10 12
QQ

FIG. 6 (color online). Borel parameter dependence of the magnetic proton form factor (left panel) and the F}(Q?)/F}(Q?) ratio for
the given parameter set, ABOI, of nucleon DAs. The shaded areas correspond to variation of the form factors in the range between

M? = 1.5 GeV? (default value for the fit) and M? = 2 GeV2.
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FIG. 7 (color online).

accepted in our models, ¢19 = ¢1; = 0.05, correspond to
40% of the proton momentum carried by the u quark with
the same helicity, (x;) = 0.4, and the other two quarks
carrying equal momentum fractions (x,) = (x3) = 0.3.
To this approximation the nucleon DA is symmetric under
the interchange of the valence quarks with compensating
helicities

on(xy, xp, x3) = @y (X, X3, Xp). (72)

This symmetry was conjectured originally in the diquark
picture, cf. Ref. [43]. Note, however, that the symmetry
(72) cannot be exact since ¢, and ¢;; have different
anomalous dimensions. Our fits of the proton form factor
data, in particular G%/G?%,, indicate a small but nonvanish-
ing second-order coefficient,

©20 = 0.06(3), (73)

an order of magnitude smaller than QCD sum rule
estimates [44,45] and also smaller than the accuracy of
the present lattice data [33,34]. The remaining two second-
order coefficients, ¢,; and ¢,,, are comparable with zero
within the error bars; see Table I. The “diquark symmetry”
(72) translates to the following relation between the ¢,;:

©20 = S¢a1 T 202 = 0. (74)

It is satisfied approximately for the set of parameters
ABO?2 and violated by ~2 standard deviations for the set
ABOL1 so that we do not have a definite conclusion. For
illustration we show the DAs corresponding to the central
values of our parameter sets ABO1 and ABO?2 in barycen-
tric coordinates in Fig. 7. Although ABO1 leads to a some-
what better overall description of the form factors as
compared to ABO2, the difference is not significant in
view of the intrinsic uncertainties of the method. Thus,
the difference of the two pictures in Fig. 7 should be
regarded as the uncertainty of our calculation.

PHYSICAL REVIEW D 88, 114021 (2013)
0.04 1.0

Leading-twist distribution amplitude of the proton ¢(x;) for the parameter sets ABO1 (left) and ABO2 (right)
in Table I. Central values are used for the second-order parameters.

V. SUMMARY AND CONCLUSIONS

We have given the state-of-the-art analysis of nucleon
electromagnetic form factors in the LCSR approach. As
explained in the introduction, the main challenge in the
QCD description of form factors is the calculation of soft
overlap contributions corresponding to the so-called
Feynman mechanism to transfer the large momentum.
The LCSR approach is attractive because soft contributions
are calculated in terms of the same DAs that enter the
pQCD calculation of hard rescattering contributions, and
there is no double counting. Thus, the LCSRs provide one
with the most direct relation of the hadron form factors
and DAs that is available at present, at the cost of slight
model dependence of the nucleon separation from the
higher-mass background. Our calculation incorporates
the following new elements as compared to previous stud-
ies in the same framework [9,10]:

(1) next-to-leading order QCD corrections to the contri-

butions of twist-three and twist-four DAs, Sec. III
and Appendix E;

(i1) exact account of ‘kinematic”’ contributions to
the nucleon DAs of twist four and twist five induced
by lower geometric twist operators (Wandzura—
Wilczek terms), Egs. (11), (17), and (18);

(iii) light-cone expansion to the twist-four accuracy of
the three-quark matrix elements with generic quark
positions, Egs. (C12), (C17), and (C18);

(iv) a new calculation of twist-five off-light-cone
contributions, Eqgs. (C8);

(v) a more general model for the leading-twist
DA, including contributions of second-order
polynomials.

The numerical analysis of the LCSRs is presented in
Sec. IV. The main message is that electromagnetic form
factors can be described to the expected 10%—20% accu-
racy using the nucleon DA with comparatively small
corrections to its asymptotic form. We believe that a
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combination of LCSRs and lattice calculations of moments
of DA allows one to obtain quantitative information on the
structure of the nucleon at small interquark separations. In
particular the valence quark average momentum fractions
can be determined to a few percent accuracy. The present
study can be extended in several directions, in particular
updating the existing LO LCSR calculations of the electro-
production of negative parity resonances [52] and thresh-
old pion electroproduction [22]. This is needed, on the one
hand, in view of the existing CLAS data [53-55] and the
experimental program for the 12 GeV upgrade at Jefferson
laboratory [56]. On the other hand, a global fit to the
nucleon DAs from different hard reactions would be ex-
tremely interesting and increase our confidence in the
emerging picture. Several technical aspects of the LCSRs
deserve further study, e.g., contributions of factorizable
multiquark nucleon DAs to F,(Q?). Also the magnetic
transition form factor for the electroexcitation of the
Delta resonance [21] needs to be reexamined.
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APPENDIX A: RENORMALIZATION SCHEME
FOR THREE-QUARK OPERATORS

For simplicity we consider local three-quark operators
without derivatives,

Qupy = €aiay’ 45", (A1)

where i, j, k are color and a, b, ¢ are flavor indices. We
will assume that a # b # c, i.e., the quarks have different

flavor. We imply using dimensional regularization with the
space-time dimension d = 4 — 2¢€ and adopt the notation

a(u) = 28

The divergent part of the sum of Feynman diagrams for the
Green function

012 .45y30(P1)ag(P2)d g (p3)0) (A2)

after subtraction of the subdivergences can be cast into the
form

Zglmn (6) (rlmn)gﬁﬁyy P

Imn

(A3)
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where g;,,,(€) are given by a series in 1/€

[e o]

g€ = Y e7a?) (a)
p=1

(A4)

and the gamma-matrix structures (F,mn)zgyl are defined as
12l l ¥
Connagy = Vin ® Vg @ V1. (AS)
Here
(n) = Ce A6
Yirsottn = Y Vs Y] (A6)

are the antisymmetrized (over Lorentz indices) products
of gamma-matrices, cf. Ref. [40]. In Eq. (AS) it is as-
sumed that all Lorentz indices of gamma matrices are
contracted between themselves; one can show that there
exists only one nontrivial way to contract all indices.
Following Ref. [28] we define the subtraction scheme
by removing the singular terms (A3) from the correlation
function (A2). Thus, the renormalized operator, [Q ],g,,
takes the form

[Qesy(@) = 225 Qupy(@)
= ZZIBB;)/Z;S Q,g/ﬂ/,yl(qB), (A7)

where

Zef) =1+ g OTu)fy

Imn

(A8)

and Z, is the quark renormalization constant. The renor-
malization group equation reads

(19, + B@d N Qapy] = —Veh) [Qupy) (A9
where B(a) is the QCD beta function
Bla) = po,a(pm) = —2e€a — 2Bpa* + 0(a®), (A10)

with By = 11/3N, —2/3n, and the anomalous dimen-
sion matrix 73['5;7/ is defined as

d
H = —(Md—z)z-‘ = —B(a)0,2)Z7". (All)
I
Here
7=273=1+aZ" +a*Z? + 0(a®).  (Al2)
Note that calculating the inverse matrix
Z7'=1-aZ® — 2[7V7Y + 7D+ 0@®), (Al3)

one must carry out all gamma-matrix algebra in d dimen-
sions, which gives rise to finite (regular) contributions
~€e?, p=20,1,.... Such terms arise, in particular, be-
cause the product Z(VZ" has to be brought to the stan-
dard form as an expansion in the basis of antisymmetrized
gamma matrices (see above). The resulting terms ~e
must be taken into account. This is different from the
standard situation where Z~! only contains poles ~1/€”,
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p=12,..., and there are no finite terms. Thus, the
relation between the Z factor and the anomalous dimen-
sion becomes somewhat more complicated. To the two-
loop accuracy, one obtains [28]

y = 2aeZV + 2a2[2Z? — 7070 + B,ZV + O(d).
(A14)

Both terms in the square bracket [2Z® — z(1z1]
contain 1/€ poles which have to cancel so that their
difference only contains single poles. The anomalous
dimension matrix can be expanded in the contributions
of different gamma-matrix structures similar to Eq. (A3):

Yoh = Vi@ T)e k- (A15)
Imn

Since 7y is finite, one can drop in this (final) expression all
terms in y" with n>4. All structures (i.e., including
those with n = 5) must be kept, however, in the Z factors,
at least in principle. In practice this complication appears
starting at three loops. Finally, the renormalization of
three-quark operators in the usual Rarita—Schwinger rep-
resentation is obtained by applying the corresponding
projection operators (in d = 4 dimensions). For example,

for the Ioffe current,
[1/]y = (CY")ap(y)yyle ™ ubupds]  (A16)

40l €t (ayn)uly(azn)d(asn)|P)

PHYSICAL REVIEW D 88, 114021 (2013)

For the two-loop anomalous dimensions of the couplings
fn and A; (see the text), one obtains in this scheme [28]

1 23 7
Yiv = ga + <— + —,30)612,

36 18 (A17)
_ —<19—1,8>2
’)//\] a 12 3 oja-.

Generalization of the KM renormalization scheme to
nonlocal light-ray operators that define baryon DAs is in
principle straightforward. The calculations become, of
course, much more involved as the Z factors and anoma-
lous dimensions become integral operators acting on
quark coordinates. For higher-twist operators, one has
also to take into account the mixing with light-ray opera-
tors including transverse derivatives and/or the gluon field
in addition to the three quarks; see Ref. [31].

APPENDIX B: SUMMARY OF NUCLEON
DISTRIBUTION AMPLITUDES

In practical calculations it is convenient to work with the
expression for the renormalized three-quark light-ray op-
erator with open Dirac indices. The general expression for
the nucleon matrix element contains 24 scalar functions
[30], of which only 12, however, contribute to the LCSRs
considered in this paper,

1 1
= Vi(BC)ap(ysNT), + Vo(PC)apysN7), + EmNVB(YlC)aﬁ(yLy5N+)y + EmNV4('yJ_C)a,B(’yl'y5N7)y

n’l2 n’l2
+ L VS(HC)up(ysNT), + 2’% Ve(hC)op(ysN™), + A1(BysC)upNy + Ay(BysC)upN,

2pn

2

+m%’A(y{ C)opN, + -
2pl’l 6\RYsL)apiVy ’

1 1 m3
+-myAs(y1Y5C)ap(yEN™), + EmNA4(’)/J_75C)aB(’le7)y + ﬁAs(ﬂYSC)aﬁN;

(BI)

where for brevity we do not show the Wilson lines that make this operator gauge invariant; «, 3, v are Dirac indices, and
we use a shorthand notation o, ® y*+ = a'w,n”g’lm ® v,, etc. Each invariant function F = V;, A; can be written as a

Fourier integral

F(a;, Pn) = [[dx]e i

7iPan,‘a,-

F(x;), (B2)

where F(x;) depend on the longitudinal momentum fractions x; carried by the quarks inside the nucleon. The integration
measure is defined in Eq. (3). The invariant functions V;, A correspond to the leading contribution of collinear twist three.
They are related to the nucleon DA ¢y (x;) defined in Egs. (1) and (5) as follows [29]:

Vi(L2,3) = 2 fallon(1,2,3) + on(2 1, 3)]

1
Al(l’z’ 3) :EfN[(PN(z) ]:3) - ¢N(172’ 3)] (B3)

Here and below F(1, 2, 3) = F(x, x,, x3). The functions V,, A,, V3, A3 correspond to the contributions of collinear twist
four. They include contributions of genuine geometric twist-four operators and Wandzura—Wilczek-type terms of
geometric twist three that are related to the leading-twist DA, cf. Egs. (10) and (11). One obtains [30]
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Vo(1,2,3) = %fN[CI)XVW(l, 2,3) + dYV(2,1,3)] + %/\IIV[CIM(I, 2,3) + d4(2, 1, 3)],

A2(1: 2: 3) = %fN[(I)XVW(z! 1, 3) - (I)XVW(L 2’ 3)] + %/\Ilv[q)ét(z) 1! 3) - (1)4(1: 2: 3)]’

1 1

(B4)

1 1

In turn, collinear twist-five DAs contain Wandzura—Wilczek-type contributions of twist-three (WWW) and twist-four
(WW) operators but to our accuracy no genuine geometric twist-five terms:

1 1
Vy(1,2,3) = ZfN[\I,gVWW(I: 2,3)+ VW2, 1,3)] - Z/\’lv[‘l’?’w(l, 2,3)+ ¥ (2 1,3)]

1 1
Ay(1,2,3) = ZfN[‘I’ngW(Z, 1,3) = w¥WY(1,2,3)] - ZAQV[‘P?’W(Z, 1,3) - w(1,2,3)]

1

(B5)

1

1 1
As(1,2,3) = L Al@PY(2,1,3) = P (1L,2,3)] + AV (2, 1,3) - @(1,2,3)]

The expressions presented here are more general as com-
pared to the parametrization suggested in Ref. [30] in that
we employ exact expressions for the Wandzura—Wilczek-
type contributions, cf. Egs. (11), (17), and (18); in the
earlier work, only the first two terms in their conformal
expansion were taken into account. As the result, the
normalization integrals and the first moments of our DAs
and those given in Ref. [30] coincide,

f [T FLis pork (x,) = f [ RS2,

where F = V, A and k = 1, 2, 3, but our DAs also contain
contributions of higher conformal partial waves that are
necessitated by the algebra of spin rotation and QCD
equations of motion. Apart from theoretical consistency,
this important update allows us to use arbitrary models of
the leading-twist DAs, e.g., include second-order polyno-
mials in the momentum fractions. Taking into account the
contributions of collinear twist-six DAs Vg, Ag is, strictly
speaking, beyond our accuracy. As an estimate we use the
model of Ref. [30],

Ve(x) =2[pd+ dF (1 —=3x3)],  Ag(x;) =2(x, — x)) g,

(B6)
where
¢2 :fN)
2 1 1 1 1
€06+ :fN<2€010 _§€011 _§> /\1(57710 _§7111 _g),

_ 1 1
0o = fnQ2eip+ 20 + 1)+ /\1<§7710 + 1 _§>

(B7)

The corresponding contributions to the LCSRs prove to
be very small. For completeness we give the relations
between the shape parameters of first order—¢ g, @i
for twist three and 7y, 17, for twist four—used in this
work, to the parameters V¢, AY and f{, f% used in

Ref. [30] and also the LCSR calculations in
Refs. [9,10,27]:
; g1 1
Al = @10t @11, Vi = ERRAL + 3¢ (B8)
3 1 fy 1 1
d - 2 _ 1IN 2 _ 1
/1 10 6 A 5”710 37711,
L] 1fv 3 1
f1_ﬁ_8/\—1_§7710_§7711- (B9)
4 2
fﬁi = 15 5510

Numerical values of these parameters are discussed in
the main text.

APPENDIX C: OPERATOR PRODUCT EXPANSION
OF THREE-QUARK CURRENTS

Matrix elements of three-quark operators at small non-
lightlike separations can be reduced to the DAs. In the
leading-order LCSRs, there is a major simplification that
two of the quark coordinates always coincide. This case
was considered in detail in Refs. [9,10]. The relevant
matrix elements can be written as
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.. . . y2m12V M(d) V
Ol Cy o O 0P) = (Vy + ZEE VIO o, (50), + S B P (s, + 5 Vama(ra s,

2(Py)
’V4m%v
4(Py)

(i 1" ysN), 2(/P )zya(ws )y

Aymy
2(Py)

YalysN), + ZI(P )

2.2
—(0le (Ui Cy o ysu1(0)d (y)|P) = (;41 + Wﬂti”““)m(zv)y L2 p (N, + ~ ﬂumN(yaN)y

ﬂ4mN

Ty Y

3
¥ (i N), + N oy, 1

Asm
oW ey apy2

4(Py)
and similar expressions for
(017" [u'(0)Cy o (ys)uw (1)]d5 (0| P),

with the replacement lew (d), lejlw @ _, V’lw ®), \ﬂjlw @) The invariant functions V,;, A, depend on the quark coordinates
a;y and can be written as

:F(ai; Py) — [[dx]e—iPy(xlal+x2a2+x3a3)j:‘(xi)_ (CZ)

The “calligraphic” functions in the momentum fraction representation, F(x;), can be expressed in terms of the nucleon
DAs introduced in Appendix B (at the scale w? ~ 1/]y?|). One obtains [9]
V, = Vl, V=V, =V, =V, Vy=V,, V,= =2V, + Vs + V, +2Vs, (C3)
Vs=V,—V,, Vo=V, +V,+V3+V,+ Vs — Vg
and, similarly,
A=A, A, =A, — A — A;, A; = A, A, = —2A, — Ay — A, + 24,
As=A; — Ay Ag=A; — Ay + Az + A, — A5 + Aq.

(C4

We also use the notations [9]

~ X 1—x,
F(x;) = fl ' dxé/;) Ydx F(xy, 1 — x; — x4, x5), F(x3) [ dx3f dxl [ Pdx F(xy, 1 —x; — xf, xlf

(C5)
and
A X 1—x/ a X X! 1—=x7
F(x,) = f ’ dx’zf P dx F(xy, xh, 1 — x; — x5), F(x,) = f ’ dx)y [ ? dx’z’f Y dx F(xy, x4, 1 — x; — x),
1 0 1 1 0
(Co)

where F = A, V, is a generic nucleon DA that depends on the three valence quark momentum fractions. The calculation
of (O(yz) corrections to the leading-twist contributions is explained in detail in Ref. [10]: The moments of VM wd) (¢ 1),
.ﬂlM d (xz) can be expressed in terms of the moments of twist-three and twist-four DAs. We have rederived these relations
using a somewhat different approach and confirmed the results. Using our modified expressions for the DA, we obtain

u 1—x 5 1
yzlw( )(x,) = /O 2 dx, VM (x), x, 1 — x; — x5) = x3(1 — x2)3(§f,vc; + E/\ICK),

M(u) =% M 2 3 5 u 1 u €7
AT (xp) = o dx A (xy, X0, 1 = X1 = x) = x5(1 = x3) ngDf + EMD)\ b
1—x3 5 1
VYD (xy) = fo dxy VP (e, 1= xy = x3,x3) = x3(1 — X3)2(§fNC? + E/‘lcii\),
(C8)

17
ﬂiu(d)(xs) = /(; - dx; AV (x), 1 — x; — x3,x3) =0,

where
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21 7
Ch = —4—=3nm,005x, —3) = 51;,(x, + 1), Cf=—(4x; —=95) — Z<P10(9x% — 14x, +3) + 19011(9)‘% —8x, + 1),

21 7
DK = _4_37)1()(5)(2_3)_57’11(9)62_7), D?: 1 —Z¢10(9x%— 14)(2+3)_Z¢11(27X%_36X2+7) (C9)

and
7
C§ = 8+ 2(5x3 = 3)3m10 — 5711, Ci=-202x; —3) + 5(9)% — 14x3 + 3)B@io — ¢11). (C10)

These expressions are somewhat simpler as compared to the results of Refs. [10,57,58], which have been obtained using
truncated Wandzura—Wilczek contributions, although the numerical difference is small. For the calculation of correlation
functions to the NLO accuracy, which is the subject of this work, we need to find a generalization of Egs. (C1) to twist-four
accuracy for arbitrary quark positions

yy =an+ l;l, Yo = an + 52, y3 =azn + 53, (C11)
where 5,» are transverse vectors with respect to n,, and P,. Let
(Ol ) Cyat (I (R)IP) = {PaVy + myyaVa o+ imyP[VS'S1 + V370 + V5] o dysh,
—(O1e [ ()Y yst (2)Jd (73) Py = {PaAL + myyofs + imyPolA 51 + Ay + ATgs] + - I,

where the ellipses stand for terms of twist higher than four. Note that the invariant functions V; and A; do not depend on
transverse coordinates, e.g.,

Vi) = [laxde PZ ) = [lande T E 5 (), C13)
Translation invariance requires that (suppressing color indices)
OlLuyy + 2)Cya(ys)uly, + 2)]d(ys + 2IP) = e~ 0I[u(y))Cyalys)u(y2))d(y3)|P). (C14)
This condition is satisfied identically for V;, V3, A, A3 and implies the relations
VP + VP + VY =0, AV + AP + AP =o. (C15)

The parametrization of the matrix element in Eq. (C12) must reproduce the known expression in Eq. (B1) in the light-cone
limit by = b, = bz = 0. From this requirement it follows immediately that

Vi) =Vi(x) =Vi(x), Vi) = Vi) =Vilx). Allx)=A(x)=4,(x), Azlx) = A;s(x;) = A;(x)).

(C16)
The derivation for \/(zk) (x;), A(zk) (x;) is somewhat more involved. We obtain
W) = 1 TVal) + (i = x)V3() = Ax(e) + xys(e) + )] o
\/(22)()@) = %[X3V2(xi) + (x — xz)V3(xi) + AS(xi) - X3A3(xi) - X3A2(Xi)], \/(23)()65) = - %X3V2(xi),
and, similarly,
A () = 3 Tesha() + (2 = x1)A43(x) = Vale) + x3Valn) = 3V .
AP () = T=xsalx) + (1 = x)As(x) + Valn) = 1Va(e) + Vo)) AL () = Jxsdsl)
One can show that
%i‘/z(x_%) = '[0113 dxl\/(;)(xl» 1 —x; = x3,x3), %$2(x2) = '[017)‘2 dxl\/(zz)(xl,xz, 1 —x —x) (C19)
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[cf. (C5) and (C6)] and similarly for A functions. These
relations are satisfied identically for the models of nucleon
DAs used in this work but are violated for the DAs in
Ref. [10] because of the truncation in Wandzura—Wilczek-
type contributions.

APPENDIX D: AUXILIARY FUNCTIONS

The momentum dependence of the NLO corrections to
the correlation function (24) can conveniently be written in
terms of the functions

PHYSICAL REVIEW D 88, 114021 (2013)
Gnk = —/-[dx]f(l)Gnk(xi + xj: xi;MZ),
G = j [dx]) F (%) G i (x;, x5 M?), (D4)

H, — j [ F @ H,(x; + 2, M),

where F(x) = F(x;, x;, 1 — x; — x;) is a function of quark
momentum fractions and x;, x; € {xy, x5, x3}. In addition
one needs

gy, x; W) = 1(“ n1[1+_ zVW—i-_‘ ”)73 Go = [[dx]f(i)Gm (5 x; + x3M%) (D)
- X i
" (D1) v this soecial ™ i .
In"[1 —xW — in] (only this special case). The corresponding expressions are
By (s W) = W + in)k collected below. We use the following notations:
2
with n =0, 1, 2 and k = 1, 2, 3. For the particular case Xj=xi+x;, F=1-x xO=Q72,
n = 0, the first argument becomes dummy; for simplicity sotQ
of notation, we write the corresponding entries as 70?2
B=exp| 205 | [F )] = Flaix) ~ Flxox)
gi(xs W) = gor(+, x; W), (D2)

D
cf. Eq. (43). Going over to the Borel parameter space and (Do)
subtracting the continuum corresponds to the substitutions  and

so ds oms/M 1 1—x;
guk = Gy, x; M?) = pll ¥ Img,(y, x, W), Feg= f dxifo dx; F(x)G(x),
R
ds X 1—x; (D7)
= Hoalo M%) = 2[5 ot 5, ), Fog=["ax [ anFwGw.
Xo~Xi
(D3)  We obtain
where s = P2 is the invariant mass of the quark-antiquark E(x;)) - E(x;)
( + gluon) state, W = 1 + s/Q? M? is the Borel para- Go=-Fe—- Gy= _f]:[®+®]—nj ,  (D8)
meter and s, the continuum threshold. LCSRs involve ' k
integrals of the type
le E - E i Xij d E E i i i
G,=F® 0) = Bx) | g [ EG) ®—(X)[ln(x—— 1) +1nﬁ], (DY)
Xo y(y = x;) xo Yy = xi) Xj X0 X
i E(y) E(x;) Ekxy)
G =Flo+al [ ay R ) (D10)
- Xij) Xjj X0
x;  E(y) — E i i E i
w=2F® duln(“—f )—23?@[%1 _EY) 1n(ﬁ—1)
% o —x) y Yo —x) " \y
4 . T2
+Fe (x){— - 2Li2<£> - [ln (x— - 1) +1n (—1>] } (D11)
Xi 3 xij(xO - Xx;) X0 Xi
0? E(x;) 1=x
G02 = WT ® 7 + E(.Xo) _[0 ! deT(XO, )Cj), (D12)
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G, — _I:X_(?j:(xi’ xj):l (6 + @] XE(iol +Fe Xij(E(Xij)- _ E(x;)) + Fe it X B(xj)

—E(xo)[/ dx; ln< ) f dx;In —[XO dx; ln(ﬁ)]f(xo, x;)

iX]
_Q w  E() - E(x) 0 CEG)
Wf@)c—i [ VT aTe f

yo —x) Yy —x)
Gy [ Flx, )] XE(XO) B 0)] dxf(xox)m( )
ot B e e o

Gy = — I:);—(: ln(z—'g— 1)f(x,»,xj)] [® + @] E( 0) +E( 0)[ dx; [ln ( ) Wz]f(xo, X;)

—2E(x0)[ fx” dxj1n<;c—;)— [ dx;In ]m(io) (X0, ;)

_ Xij E(Y) ( 'J) 1_' (Xl_]) ﬁ_
Flo+ ®] XiX; /xo % y(y — x;5) tFlet ®] XiX; n<X0 1)

L % L ) )

et [0 ) 20! [y

xo

L 1) ()] -2 2 ) o1
o] (25 ) 5]

— 2[—9}"(}@, xj)] @xf(xo) + 2E(x 0)[ dx; F(xo, x )1n< 1)

el [ (5 ) Cp B )

EO) = E) )0 4 E)
2:F® fxo J’W 2.?‘3’ e <x—o 1)+2G02: (D15)
and finally
H), = —Flo + @][ " dy E(Y), H, = —2F[® + @] [X” dyln(% - 1)@ (D16)
Ho=-Flo+el ["aEy.  Hu=-Fle+ el ["aym(Y- 1)y, (D17)
Hy=—Flo+el ["aybly),  Hy=—Flo+el ["ayi(L 1)y (D18)

Our results for G, G,;, Hyy, H;5, Hy;, Hy, differ from the corresponding expressions g;—g, in Ref. [27] by extra terms
from the @ integration region; in addition our expression for G,; does not contain a contribution ~7*(1 — 8(x;)).
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APPENDIX E: SUMMARY OF NLO COEFFICIENT FUNCTIONS

The NLO corrections (39) to the correlation functions A(Q? P?) and B(Q? P’?) can be written as a sum of
contributions of a given quark flavor ¢ = u, d and expanded in contributions of nucleon DAs as shown in Egs. (46)
and (47). Our results for the coefficient functions Cg (x;, W) are collected below. We use a shorthand notation L =
In Q?/u?, where u? is the factorization scale. The dependence on W = 1 + P">/(Q? is not shown for brevity.

%0y () = 20023[3(L = 2)g,(x3) + 2(L — 1)g1 (3, x3) + ga1(x3, x3)] + [2x5 + (4L — 3)x3]y, (x3)
+ (3 = 4L)x 1y (%) + 2x3h0(x3) — 2%, 7y (%)) — 2[3(x2/x3)2L — 3) + 5L — 7]hy5(x3)
+2(5L = Dhyp(%1) = [6(x2/x3) + S5]hay(x3) + Shyp(x)) + (6/x3)(L — 2)h3(x3)
— (6/%)(L — 2)hy3(X)) + (3/x3)hp3(x3) — (3/%1)ha3(%,), (E1)

000 () = x0xs[(17 = TL)g (xp) + (1 + 2L)g (%1, x2) + 2L — 3)g (%3, %2) + 2(5 — TL)g1 (x5, 1)
+ 821(%1, X2) + 2821 (%3, x2) — 7821 (xp, X2)] — xyx3[(1 + 2L)hy (X)) + 2QL — 3)hy(%3)
+2(5 = TL)hy ()] + (1 + 2L)x1 hyp(%)) + dxzhyp(F3) — [4xs + (x1/x0)[x2(1 + 21)
+ 4x3(4 — D)]]hp(xp) = 2(L = 2)(xy /%)) hy3(x)) + 2L — T)(x3/X3)h3(%3) + (1/x5)[2(L — 2)x,
+ 2(7 = 2L)x3]h13(x5) — x123[h0 (%)) + 2k (R3) — Thy (x2)] + X hya (%))
+ x1[2(x3/x2) = 1hpp(x2) = (61 /%) Moz (1) + 2(x3/%3)ha3(X3) + [(x; — 2x3)/x2]hp3(x2), (E2)

00y () = 2x023[(5 = 3L)g 1 (x3) + (3 — 4L)g 11 (%1, x3) + 2(2L — 1)g11 (3, x3) — 282 (1, x3) + 282, (x3, x3)]
+2(4L — 3)(2x; + x3)hy (%)) + [8(1 — 2L)xy + 2(3 — 4L)x3]hy (x3) + 4(2x; + x3)[ A1 (X)) — T34 (x3)]
+6(3 —4L)hp(%)) + 6[4L — 3 + 4(xy/x3)(L — D]hin(x3) — 1275 (F) + 12(F/x3)hps(x3)
+ (4/%) 2L — Dhy3(%) = (4/x3)(2L = Dhy3(x3) + (4/%)ha3(%1) — (4/x3)hp3(x3), (E3)

X 03C0 () = 23120025 S(L = 3)g (x2) + 2(1 = 2L)g 1 (R, x2) + (5 — 4L)g 1 (F3, x,) + 2(8L — 5)g 1 (x, x,)
— 2821 (%, X2) — 2821 (X3, x3) + 8821 (2, x2)] + 2x3[ (6L — 8)x| + (2L — 3)x2]hy 1 (%3)
+4x,[Lx, + BL — 1)x3]h (%)) — 2[4x,x3(5L — 3) + x,x3(2L — 3) + 2x;x, L1y (x5)
+ 221 (3 + 3x3) By (%)) + 2x63(3xy + 22) Py (%3) — 2[10x, x5 + x5 %5 ]2 (x2) — 43 + 2L)x1 7o (X))
+2x3(15 = 8L)h15(X3) + 2(x3/x)[4(L — 1)x; + (8L — 15)x2]h15(x) + 4(x1 /x2)[(3 + 2L) x5 + 6x3]h15(x,)
—dx hyp (X)) = 8x3hp (¥3) + (4/x2)[2200x3 + X1 X1 Jhpp (x2) + 1200 /%) 13 (%)) + 8(x3/X3)(L — 2)hy3(%5)
— (4/x2)[3x; +2x3(L — 2)]hy3(x) + 4(x3/X3)h3(X3) — 4(x3/x2) a3 (x3), (E4)

Xlxzcyzl)(xi) = —8%3x381(¥3) + 2x3[4(L —2) + 2L — 5)x, g1 (x2) — 4x3[(L = 3) + (2L — 3)x]g11 (%3, x2)
+2x3(1+2x))[2(L — 1) g1y (X2, X3) — 821(X3, %2) + 821 (%2, x2) ]+ 4x,[ (L — 3) + (2L — 3)x; Jhy (%3)
— 2x5(1+ 2x)[2(L — D1 (x2) = gy (%3) + 2731 (x2)] + 225 [ (4L — 12) /%3 + (4L — 13) /x; — 4]h5(%3)
+2[4(1 +x, = L) + (x /%) (13 = 4L) Jh15(x2) +4[1 = (x1/F3) + (ea/x1)Jhpa(%3) — 4[1 + (2 /x1) Jhaa(x3)
+2[ (1 /33)(8L — 25) — 2(x2/%3) (2L — 7) — (1/x)(8L — 25)]3(%3) + 2[2(2L = 7)
+ (1/x1)(8L — 25)1h13(xy) +4[2(x; /33) — (x2/%3) — (2/x1)Tho3(%3) + 4[1 + (2/x) Jhps(xy), (ES)
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\/(2)
szdz (xi) =

\/(2)
x1x3Cy* (Xi)

\/(3)
xzcdz (x,-) =

\/(3)
xCh? (x;) =

4%,81(%)) + 2x3(3 — 4L)g(x3) — 8x3811 (X}, x3) + 2[4 + (4L — 3)x,Jhy (X)) — 2[4(L — 1)F; + x3]h11(x3)
+ 4%, [y (%)) — hyy (3)] + 2[2(7 = SL) + (11 — 2L)/x, + 2(5 — 2L)/%Jh12(%)) — 2[2(7 — 5L)

+ (11 = 2L)/xy + 4(1 = L)(1 + 2x3)/x3]h15(x3) — [10 + (4/%)) + (2/x3) ] (1) + 2[5 + (1/x,)

+ 2(1 + 2x3)/x3]hpp(x3) + (4/%)[GBL — 8)(1/%; + 1/x3) + 3(L — 2)]hy3(x1) — (4/x3)[(BL — 8)/x,

+ 3(L = 2)Jhia(x3) + (6/%)[1/%) + 1/x5 + 1]h3(%)) = (6/x3)[1/ x5 + 1]ha3(x3), (E6)

= 4%,x181 (%)) — 8%3x381(X3) + 2[4xx3 — 2x1xp + xyx3[13L — 25 + (7L — 17)x,])]g: (x2)
— 2x1[2x3L + xpx3(1 + 2L) — 2x5]]g 11 (%), x2) — 2x3[x (1 + 2x5) (2L — 3) — 2x,]g11 (X3, x2)
+4[3xx32L — 1) + x1x00x3(TL = 5) = x5, 1811 (%, x2) = 22123[(1 + x5) 821 (X1, x,)
+ (1 + 2x2)821 (X3, X2) — (6 + 7x3)821 (X2, x2) + (1 + 5L)g5(x) + 2Lg12(%y, x5) — (3 — 2L)g2(%3, x2)
—2(4L = 7)g12(xp, x2) + g22(F1, X2) + 822(X3, X2) — 4802 (x2, X3)] + 2x[x3(1 + 2L)
—2(1 + L)]hyi (%)) + 2x3[1 = 2L + 2x;2L = 3)]hy1(X3) — (2/x0)[x3(x, — 4x)(2L — 1)
+ 2x00[1 + L+ x3(5 = TL) ]y () = 2x1 X300, (%)) — 2(1 = 2x1)x35h1(X3)
+ (2/x)0 X%, — x123(4 + Txp) gy (%) — 2x, (1 + 2L — 2/%))hpp(X)) — 8x3[(3 — L) /X3 + 1]h15(%s)
+ (2/x3)[4x23[(3 = L) + x5 + x1(4 = L)] + xyx5[x2(1 4+ 2L) — 2] + 2x,x3(13 — 6L)]h 5 (x5)
= 2x1 (%)) + 4(x3/X3)ha(%3) + (2/3x0)[x1x5 = 2x3[1 + x1 + 3(x1/x2) 1A (%)
- 2(x1/)2%)[9 — 2L 4+ 2%, 2 — L)]h;5(x)) + 2()@/56%)[25 — 8L + 2%5(7 — 2L)]h5(x5)
+ (2/X3)[x1[9 = 2L + 2x(2 — L)] — x3[25 — 8L + 2x,(7 — 2L)]]h13(x5) + 2(x; /X3)(1 + X)) ho3(%))
— 4(x3/73)(2 + X3)ho3(X3) — (2/x3)[x1 (1 + xp) — 2x3(2 + x3)Jo3 (x2), (E7)

4%,81(%1) + 2x[25 — 13L + 6x3(2 — L) — 2(x3/x3)]81(x3) + [2x,(4L — 3) — 8x3]g1 (%), x3)

+ 2x0[[6(1 = 2L) + 4x3(1 — L) + 4(x3/x5) 1811 (x3, x3) + 2821 (%}, x3) = 2(3 + x3) 821 (3, x3)

+ (1 +5L)gy(x3) = (3 —4L)g12(%), x3) + 2(7 — 4L)g12(x3, x3) + 2825(X), x3) — 4822 (x3, X3)]

+2[(1 +4L) — %,(3 — 4L)x]h (%)) — 2[4(xy/x3)(1 —2L) + 2x, + 1 + 4L — x3(3 — 4L)]hy;(x3)

+4(1 4 %)) hoy (X)) + 4[2x /x5 — (1 + x3)Jhay (x3) + 4[7 = 5L + (5 — 2L) /X Jhyp (%)) + (4/x3)[x3(2L — 5)
+ x3(5L = 7) + x(6L — 13) + 3x,x3(2L — 3)Jh15(x3) — 2[5 + 2/% Jhpn (%)) + (2/x3)[6x5(1 + x3)

+ x3(2 + 5x3)Jhop (x3) + (4/FD[BL — 8 + 3%, (L — 2)Jhy3(x)) — (4/x3)[BL — 8 + 3(L — 2)x3]h13(x3)
+(6/%)(1 + %)) hps (%)) — (6/x3)(1 + x3)hp3(x3), (E8)

4%181(X)) + 2x[5 + 238 — 3L)]g1(x2) — 2x,[2(1 — L) + x3(1 + 2L)]g (%), x,)

— dxy%3(L = 1)g11(xp, X2) + 2x5%3[821 (%1, X2) — g21(x2, x2)] + 2[2(1 = L) + x3(1 + 2L)]hy (%))

= 253[2(1 = L)h11(xp) + oy (%)) = hoy ()] = 2[1 + 2L = 2/%; + 2(L — 1)/x3]h (%))

+2[1 + 2L + 2(L — 1)(1 /x5 + 2x3/x2) 1 12(x0) — 2[1 + 1/x3]han (X)) + 2[1 + 1/x5 + 2x3/x5 hp(x5)

+ Q/x)I/x; + 1/x3)(2L = 9) + 2(L — 2)]h13(%1) + (2/x)[(9 — 2L) /x5 — 2(L — 2)]hy3(x2)

+ Q/x)0 + 1/x; + 1/x3]hp3(%1) — (2/x)[1 + 1/x3]h3(x3), (E9)

xzchl (x;) = 3X1hy1 (%)) — 3x3h1(x3) + 23L — 10)h15(X) — 2(3L — 10)h5(x3) + 3hp (%)) — 3hp(x3)

— (6/%)(L — 3)h3(xy) + (6/x3)(L — 3)hy3(x3) — (3/X%1)ho3(Xy) + (3/x3)ha3(x3), (E10)
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0230 () = 23x3[(3 = L)gy (x) + (1 = 2L) g1 (%1, x2) + 2(L — D)gy 1 (a2, x5) — 821 (%1, %2) + 821 (13, )]
= (5 4 2L)x215(X)) + xox3[ QL — DAy (%)) — 2(L — D)hy1(xp) + hy (%)) — By (x2)]
+[(5 +2L)x; + ML = Dxz)hip(x) = xphp (X)) + (X1 + x3)hpp(x2) = 2(x2/%)(L — 5)h3(%))
+ 2(L = 5)hy3(xp) — (x/%))ho3(X1) + hos(xy), (E11)

x2C§3(xi) = 2x,x3[(8 — 3L)g(x3) — 3g11 (X1, x3)] + 6(F + x3)hy1 (&) — 6x3h1;(x3) + 2(4L — 21)h (X))
+2[21 — 4L + 4xy(L — 1)/x3]h15(x3) + 4hoy(X)) — 4[1 — x2/x31hap(x3) + (4/%)(7T — 4L)hy5(%,)
+ (4/x3)2L — T)hy3(x3) — (4/%))hps(X)) + (4/x3)hos(x3), (E12)

X300 (6) = 2x120013[(25 = 11L)g, (x2) — 2811 (%1, X2) + 811 (B, x2) + 23 — 4L)g 11 (2, x5) — 485, (%2, x7)]
— 2[x0x3(2L — 3) + 2xy[xoL — 2x3(L — 1)]]7y; (xp) + dx;[x,L + x3(1 + L) A (%)) + 2x3[2x (L — 2)
+ x2L = 3)]hy 1 (R3) + 23,21 gy (%)) + 2X3x3091 (X3) — 2(x1x — 3x1x3 + X3x3) 75 (%)
+ (2/x)[BL — 15)x5x3 + 2x1[x5(3 + 2L) + 2x3(SL — 8)]1h15(x5) — 4x,[(3 + 2L)h 15 (%)) + hpo(F))]
= 2x3[(8L — 15)h5(X3) + 4hyy(%3)] + 4[2x3 + xy + Sx1x3/X5 1Ry (x2) + 12(x; /X)) h3(%))
— (4/x2)[Bx; + 2x3(L — 2)]h13(xz) + 40x3/F)[2(L — 2)hy3(X3) + ho3(F3)] — 4(x3/x2) o3 (x), (E13)

X1C§(21)(Xi) = 2x[2g1(x2) + 2(L = 1)g11(X3, x2) = 2(L — 1)gy1(x2, X2) + 821(X3, x2) — g21(xp, X2)] + 4(1 — L)hy1(X3)
+ 4L — Dhyy(xp) = 2hy1(%3) + 285, (x2) + [8(L — 2)/%5 + 2(4L — 11)/x,]15(X3)
+[2011 = 4L)/x; + 8(1 — L)/x3]h15(xp) + 4[1/%5 + 1/x11hpp(X3) — 4[1/x) + 1/x,]h(x2)
— 2/%)[1/x1 + 1/3][(4L — 9hi3(X3) + 2h93(X3)] + [2/(x1x2) [IAL = 9)hy3(x;) + 2h3(x7)], (E14)

XZCj(ZZ)(xi) = —4%,8,(%) — 6x38,(x3) + 6%1h11(X)) — 6x3h1(x3) + 2[2(3L — 10) + 2(2L — 5)/X,
+ (6L — 13)/x3]h2(%;) — 2[2(B3L — 10) + 4(L — 1)/x3 + (6L — 13)/x5]h2(x3)
+2[3 + 2/%, + 3/x2]hpn (X)) — 2[3 + 2/x5 + 3/x3]hp(x3)
= (6/3)[1 + 1/xy + 1/3 [2(L = 3)hy3(%) + hos(%))]
+ (6/x3)[1 + 1/, J[2(L — 3)hy3(x3) + hos(x3)], (E15)

X1X3C§(22) (i) = 2x[x3(13L = 25) + 2x) = xpx3(L = 3) g1 (x2) = 4[x2%; + 3x1x3(1 = 2L) + x1x5x3(1 = L)]g 11 (%2, x2)
—4x,%181(%)) = 20, [2x3L — 205 — xpx3(1 = 2L)]g11 (%1, x2) + 2x3[(3 = 2L)x| + 2x5]g11(%3, x2)
= 22 [(1 4 x2)x3821 (%1, %2) + X381 (X3, %2) — 2x3(6 + x2) 821 (2, %) ] = 21 x3[ (1 + 5L) g5 (x2)
+2Lg15(X1,x2) = (3 = 2L)g12(¥3, x3) +2(7 = 4L)g12(x2, X3) + 822 (%1, X2) + g22(%3, x2)
+ 4855 (x, x2) ]+ 2[(4x; — x2)(x3/x2)(1 = 2L) + 2x, (1 + L) + 2xx3(1 — L)y (x2)
+ 2x3[(1 = 2L)hy 1 (X3) = hyi (%3)] = 2x[[2(1 + L) + x3(1 = 2L) A1 (X)) + %31 (X))
+ (2/x0)[x2%, — 4,23 — Xy x0x3 ] () + (2/22)[4(2 — L)x3 + 2x; + xyx2(5 +2L)
+2x,x3(13 = 6L) /x5 + 4x;x3(L — 1) ] (x) — 2x,[2/%, + 5+ 2L]h (%))
+ 4(x3/%3)[2(L = 2)h12(X3) + hpp(X3)] = 2x 1 ha (%)) + (2/x2)[1 % — 25351 — 6x1x3/%3 ] (x2)
+(2/x3)[x1 2L = 7) + 2x1x0(L — 5) + x3(4L — 9)]hy3(x5) — 2(x; /XD[2L — 7 + 2%, (L — 5)]h3(%))
+ 1+ % 13 (%] = 2063 /F)AL = 9)hy5(%3) + 2hp3(%3)] + (2/x3)[x1 (1 + x3) + 23] 3 (x,), (E16)
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xzcﬁ(;)(xi) = —4x,81(%;) + 2[BL — 8)xy + 2x3]g1(x3) + 6x2811 (X1, x3) + 2(3L — 8)xp85(x3) + 6x,812(Xy, x3)
+6(1 + x)hy (%)) — 6(1 + x3)hy;(x3) + 4[3L — 10 + 2L — 5)/%,)ho(%,) + 4[(5 — 2L)/x;
+ 10 = 3Ly (x3) + 2[3 + 2/% Jhyn(R)) — 2[3 + 2/x3]hn(x3) — (12/x])(1 + X)L — 3)hy3(%))

+ (12/x3)(A + x3)(L = 3)h3(x3) — (6/33)(1 + %))hos3 (%)) + (6/x3)(1 + x3)hn3(x3),

(E17)

X3C§;)(xi) = —4%,8(%)) = 2[5 — 4L + (L — 3)x3]g,(x2) + 2x,[2(3 — L) + (1 — 2L)x3]g11 (%), x7)
+ 2x0(1 + x3)[2(L = 1g11(x, x2) = g21(F1, x2) + g21(x2, X2)] + 2[2(L = 3) + x3(2L — D]hyy (%))
= 2(1 + x3)[2(L = DAy (xp) = o (R1) + By (62)] = 2[5 + 2L + 2/%; + 2L /x3]h15(%))
+ 2[5+ 2L + 2L /x5 + 4x3(L — 1)/x3 |15 (xp) — 2(1 4+ 1/x3)h0n (%)) + 2(1 + 1/x3 + 2x3/x3) Ao (x5)
— /)L — 7)/x3 + 2(L = 5) + 2L = 7)/x1h3(%)) + 2/x)[RL — 7)/x3 + 2(L — 5)]hy13(x,)

= /) + x3)/x3 + (1 = x3%3) /%1 Jho3(%)) + (2/x)(1 + 1/x3)hp3(x5),

(E18)

X2X3Dyl (x;) = x2x3[(3L — 7)g(x3) + (3 — 4L)g 11 (%, x3) + 2(4L — 3)g11(x3, x3) — 2821 (X}, x3) + 4821 (x3, x3)]
— 2x3Lhy (%)) + 2[x,(3 = 2L) + x3L 17y (x3) — X382 (%)) — (2x5 — x3)/91(x3)

+ (x3/%1)(5 — 2L)h15(Xy) — (5 — 2L)hy5(x3) — (x3/%)hap (%)) + hyn(x3),

(E19)

XD () = 403 — AL)x,x2811 (X2, X5) + X1 02[2L 811 (%1, x2) + L — 3)g11(F3, x2) + 821(F1, 12) + £1(F3, x2)
— 451 (xp, x2)] + (2x1x3/x3) LIy (%)) + 2x1[2L — 3 — (xa/x3) LRy (x2) + (x122/x3) By ()
+ x1(2 = x2/x3)hy1 () + [2x120/ (% x3) ] (%)) + QL — T)[(x2/%3)h12(X3) — hya(xy)]
= 2(x1 /x3)h1a(x2) + (x2/X3)hpa(X3) — hayp(xz)

(B20)

x2D§' (x;) = x,(3L — 8)g(x3) + 3x811 (%1, x3) + 2(L — D[y (X1) — hy1(x3)] + hyy (X)) — hy(x3)

+ (7 = 20)[(1/x)h12(x)) — (1/x3)hy15(x3)] — (/%) (%)) + (1/x3) o (x3),

(E21)

X200 (x;) = x10,[(BL — 7)g1(x,) + 2(4L — 3)gy(xp, X2) — 2Lgy (Fy, x2) + (3 — 2L)g11(T3, %,) — g21 (X1, x)
— 821(X3, x2) + 4821 (%2, x2)] = Q1 X0 /x3)(L — Dhy (%)) — 2x2011(X3) + 2x5011(x,)
+ 2x;[(ea/x3)(L — 1) + 3 = 2L]h 1 (xp) — (x1x2/x3) a1 (F)) — x1(2 — x2/x3) P2 (x2)

+ (5 = 2L)[(x2/X3)h12(F35) — h1a(x2)] — (x2/F3)hap(R3) + hoa(xy).

(E22)

[1] V.L. Chernyak and A.R. Zhitnitsky, JETP Lett. 25, 510

[51

(1977); Sov. J. Nucl. Phys. 31, 544 (1980); V. L. Chernyak,

A.R. Zhitnitsky, and V.G. Serbo, JETP Lett. 26, 594

(1977); Sov. J. Nucl. Phys. 31, 552 (1980).
(2]
[arXiv:hep-ph/0410276

(English translation)];

97 (1980); Phys. Lett. 94B, 245 (1980).
(1979); Phys. Rev. D 22, 2157 (1980).

(4]
(1980); Phys. Lett. 90B, 159 (1980).

A.V. Radyushkin, JINR Report No. R2-10717, 1977
AV
Efremov and A.V. Radyushkin, Theor. Math. Phys. 42,

A. Duncan and A.H. Mueller, Phys. Rev. D 21, 1636

(6]
(7]
(8]

G.P. Lepage and S.J. Brodsky, Phys. Lett. 87B, 359

(91

114021-25

A. 1. Milshtein and V. S. Fadin, Yad. Fiz. 33, 1391 (1981);
35, 1603 (1982).

N. Kivel and M. Vanderhaeghen, Phys. Rev. D 83, 093005
(2011); N. Kivel, Eur. Phys. J. A 48, 156 (2012).

H.-n. Li and G.F. Sterman, Nucl. Phys. B381, 129
(1992).

I.1. Balitsky, V.M. Braun, and A. V. Kolesnichenko, Sov.
J. Nucl. Phys. 44, 1028 (1986); Nucl. Phys. B312, 509
(1989); V.L. Chernyak and I.R. Zhitnitsky, Nucl. Phys.
B345, 137 (1990).

V.M. Braun, A. Lenz, N. Mahnke, and E. Stein, Phys. Rev.
D 65, 074011 (2002).


http://dx.doi.org/10.1007/BF01032111
http://dx.doi.org/10.1007/BF01032111
http://dx.doi.org/10.1016/0370-2693(80)90869-2
http://dx.doi.org/10.1016/0370-2693(79)90554-9
http://dx.doi.org/10.1016/0370-2693(79)90554-9
http://dx.doi.org/10.1103/PhysRevD.22.2157
http://dx.doi.org/10.1103/PhysRevD.21.1636
http://dx.doi.org/10.1103/PhysRevD.21.1636
http://dx.doi.org/10.1016/0370-2693(80)90074-X
http://dx.doi.org/10.1103/PhysRevD.83.093005
http://dx.doi.org/10.1103/PhysRevD.83.093005
http://dx.doi.org/10.1140/epja/i2012-12156-8
http://dx.doi.org/10.1016/0550-3213(92)90643-P
http://dx.doi.org/10.1016/0550-3213(92)90643-P
http://dx.doi.org/10.1016/0550-3213(89)90570-1
http://dx.doi.org/10.1016/0550-3213(89)90570-1
http://dx.doi.org/10.1016/0550-3213(90)90612-H
http://dx.doi.org/10.1016/0550-3213(90)90612-H
http://dx.doi.org/10.1103/PhysRevD.65.074011
http://dx.doi.org/10.1103/PhysRevD.65.074011

I. V. ANIKIN, V.M. BRAUN, AND N. OFFEN

[10]

(11]

[12]
[13]
[14]

[15]
[16]

(17]

(20]

(21]

(22]

(33]

(34]

V.M. Braun, A. Lenz, and M. Wittmann, Phys. Rev. D 73,
094019 (2006).

V.M. Braun, A. Khodjamirian, and M. Maul, Phys. Rev. D
61, 073004 (2000); J. Bijnens and A. Khodjamirian, Eur.
Phys. J. C 26, 67 (2002).

P. Ball and R. Zwicky, Phys. Rev. D 71, 014015 (2005);
71, 014029 (2005).

G. Duplancic, A. Khodjamirian, T. Mannel, B. Melic, and
N. Offen, J. High Energy Phys. 04 (2008) 014.

A. Lenz, M. Wittmann, and E. Stein, Phys. Lett. B 581,
199 (2004).

T.M. Aliev and M. Savci, Phys. Lett. B 656, 56 (2007).
T.M. Aliev, K. Azizi, A. Ozpineci, and M. Savci, Phys.
Rev. D 77, 114014 (2008).

Z.-G. Wang, S.-L. Wan, W.-M. Yang, Eur. Phys. J. C 47,
375 (2006).

Z.-G. Wang, S.-L. Wan, and W.-M. Yang, Phys. Rev. D 73,
094011 (2006).

G. Erkol and A. Ozpineci, Phys. Lett. B 704, 551 (2011);
T.M. Aliev, K. Azizi, and M. Savci, Phys. Rev. D 84,
076005 (2011).

Y.-L. Liu and M.-Q. Huang, Phys. Rev. D 79, 114031
(2009); G. Erkol and A. Ozpineci, Phys. Rev. D 83,
114022 (2011).

V.M. Braun, A. Lenz, G. Peters, and A.V. Radyushkin,
Phys. Rev. D 73, 034020 (2006).

V.M. Braun, D.Y. Ivanov, A. Lenz, and A. Peters, Phys.
Rev. D 75, 014021 (2007); V.M. Braun, D.Y. Ivanov, and
A. Peters, Phys. Rev. D 77, 034016 (2008).

M.-q. Huang and D.-W. Wang, Phys. Rev. D 69, 094003
(2004).

Y.-M. Wang, Y.-L. Shen, and C.-D. Lu, Phys. Rev. D 80,
074012 (2009).

T.M. Aliev, K. Azizi, and M. Savci, Phys. Rev. D 81,
056006 (2010).

A. Khodjamirian, C. Klein, T. Mannel, and Y.-M. Wang,
J. High Energy Phys. 09 (2011) 106.

K. Passek-Kumericki and G. Peters, Phys. Rev. D 78,
033009 (2008).

S. Krénkl and A. Manashov, Phys. Lett. B 703, 519 (2011).
V.L. Chernyak and A.R. Zhitnitsky, Phys. Rep. 112, 173
(1984).

V. Braun, R. J. Fries, N. Mahnke, and E. Stein, Nucl. Phys.
B589, 381 (2000); B607, 433(E) (2001).

V.M. Braun, A.N. Manashov, and J. Rohrwild, Nucl.
Phys. B807, 89 (2009).

M.E. Peskin, Phys. Lett. 88B, 128 (1979); K. Tesima,
Nucl. Phys. B202, 523 (1982); S.-L. Nyeo, Z. Phys. C 54,
615 (1992); N.G. Stefanis, Acta Phys. Pol. B 25, 1777
(1994); M. Bergmann, W. Schroers, and N.G. Stefanis,
Phys. Lett. B 458, 109 (1999); V.M. Braun, S.E.
Derkachov, G.P. Korchemsky, and A.N. Manashov,
Nucl. Phys. B553, 355 (1999).

V.M. Braun et al. (QCDSF Collaboration), Phys. Rev. D
79, 034504 (2009).

R. Schiel et al., 31st International Symposium on Lattice
Gauge Theory, Mainz, Germany, 2013 (unpublished).

[35]
(36]
[37]
(38]

(39]
[40]

[41]
[42]
(43]
[44]
[45]
[46]
[47]

(48]
[49]

[50]
[51]
[52]
(53]
[54]

[55]
[56]

[57]

(58]

[59]
[60]
[61]
[62]

[63]
[64]

[65]

114021-26

PHYSICAL REVIEW D 88, 114021 (2013)

A. V. Belitsky, X.-d. Ji, and F. Yuan, Phys. Rev. Lett. 91,
092003 (2003).

V.M. Braun, T. Lautenschlager, A.N. Manashov, and B.
Pirnay, Phys. Rev. D 83, 094023 (2011).

B. L. Ioffe, Nucl. Phys. B188, 317 (1981); B191, 591(E)
(1981).

J.D. Bjorken and S.D. Drell, Relativistic Quantum Fields
(McGraw-Hill, New York, 1965).

M. Gruber, Phys. Lett. B 699, 169 (2011).

M.J. Dugan and B. Grinstein, Phys. Lett. B 256, 239
(1991).

S. Herrlich and U. Nierste, Nucl. Phys. B455, 39
(1995).

J. A. Gracey, J. High Energy Phys. 09 (2012) 052.

J. Bolz and P. Kroll, Z. Phys. A 356, 327 (1996).

V.L. Chernyak, A.A. Ogloblin, and I.R. Zhitnitsky, Z.
Phys. C 42, 583 (1989).

I.D. King and C.T. Sachrajda, Nucl. Phys. B279, 785
(1987).

N. G. Stefanis and M. Bergmann, Phys. Rev. D 47, R3685
(1993).

A. Ali, V.M. Braun, and H. Simma, Z. Phys. C 63, 437
(1994).

M. Diehl and P. Kroll, Eur. Phys. J. C 73, 2397 (2013).
M. Guidal, M. V. Polyakov, A.V. Radyushkin, and M.
Vanderhaeghen, Phys. Rev. D 72, 054013 (2005).
J.P.B.C. de Melo, T. Frederico, E. Pace, S. Pisano, and G.
Salme, Phys. Lett. B 671, 153 (2009).

I.C. Cloet, C.D. Roberts, and A. W. Thomas, Phys. Rev.
Lett. 111, 101803 (2013).

V.M. Braun et al. (QCDSF Collaboration), Phys. Rev.
Lett. 103, 072001 (2009).

I. G. Aznauryan et al. (CLAS Collaboration), Phys. Rev. C
80, 055203 (2009).

K. Park et al. (CLAS Collaboration), Phys. Rev. C 85,
035208 (2012).

P. Khetarpal et al., Phys. Rev. C 87, 045205 (2013).

I. G. Aznauryan et al., Int. J. Mod. Phys. E 22, 1330015
(2013).

The expression for D’; in Eq. (C.22) in Ref. [10] contains a
misprint: in the second line, (1 — 30x,) should be replaced
by (1 — 3x,).

A.J. Lenz, AIP Conf. Proc. 964, 77 (2007); A. Lenz, M.
Gockeler, T. Kaltenbrunner, and N. Warkentin, Phys. Rev.
D 79, 093007 (2009).

J. Arrington, W. Melnitchouk, and J. A. Tjon, Phys. Rev. C
76, 035205 (2007).

J. Lachniet et al. (CLAS Collaboration), Phys. Rev. Lett.
102, 192001 (2009).

0. Gayou et al. (Jefferson Lab Hall A Collaboration),
Phys. Rev. Lett. 88, 092301 (2002).

V. Punjabi et al., Phys. Rev. C 71, 055202 (2005); V.
Punjabi et al., Phys. Rev. C 71, 069902(E) (2005).
A.J.R. Puckett et al., Phys. Rev. Lett. 104, 242301 (2010).
B. Plaster et al. (Jefferson Laboratory E93-038
Collaboration), Phys. Rev. C 73, 025205 (2006).

S. Riordan et al., Phys. Rev. Lett. 105, 262302 (2010).


http://dx.doi.org/10.1103/PhysRevD.73.094019
http://dx.doi.org/10.1103/PhysRevD.73.094019
http://dx.doi.org/10.1103/PhysRevD.61.073004
http://dx.doi.org/10.1103/PhysRevD.61.073004
http://dx.doi.org/10.1140/epjc/s2002-01042-1
http://dx.doi.org/10.1140/epjc/s2002-01042-1
http://dx.doi.org/10.1103/PhysRevD.71.014015
http://dx.doi.org/10.1103/PhysRevD.71.014029
http://dx.doi.org/10.1088/1126-6708/2008/04/014
http://dx.doi.org/10.1016/j.physletb.2003.12.009
http://dx.doi.org/10.1016/j.physletb.2003.12.009
http://dx.doi.org/10.1016/j.physletb.2007.09.020
http://dx.doi.org/10.1103/PhysRevD.77.114014
http://dx.doi.org/10.1103/PhysRevD.77.114014
http://dx.doi.org/10.1140/epjc/s2006-02570-2
http://dx.doi.org/10.1140/epjc/s2006-02570-2
http://dx.doi.org/10.1103/PhysRevD.73.094011
http://dx.doi.org/10.1103/PhysRevD.73.094011
http://dx.doi.org/10.1016/j.physletb.2011.09.089
http://dx.doi.org/10.1103/PhysRevD.84.076005
http://dx.doi.org/10.1103/PhysRevD.84.076005
http://dx.doi.org/10.1103/PhysRevD.79.114031
http://dx.doi.org/10.1103/PhysRevD.79.114031
http://dx.doi.org/10.1103/PhysRevD.83.114022
http://dx.doi.org/10.1103/PhysRevD.83.114022
http://dx.doi.org/10.1103/PhysRevD.73.034020
http://dx.doi.org/10.1103/PhysRevD.75.014021
http://dx.doi.org/10.1103/PhysRevD.75.014021
http://dx.doi.org/10.1103/PhysRevD.77.034016
http://dx.doi.org/10.1103/PhysRevD.69.094003
http://dx.doi.org/10.1103/PhysRevD.69.094003
http://dx.doi.org/10.1103/PhysRevD.80.074012
http://dx.doi.org/10.1103/PhysRevD.80.074012
http://dx.doi.org/10.1103/PhysRevD.81.056006
http://dx.doi.org/10.1103/PhysRevD.81.056006
http://dx.doi.org/10.1007/JHEP09(2011)106
http://dx.doi.org/10.1103/PhysRevD.78.033009
http://dx.doi.org/10.1103/PhysRevD.78.033009
http://dx.doi.org/10.1016/j.physletb.2011.08.028
http://dx.doi.org/10.1016/0370-1573(84)90126-1
http://dx.doi.org/10.1016/0370-1573(84)90126-1
http://dx.doi.org/10.1016/S0550-3213(00)00516-2
http://dx.doi.org/10.1016/S0550-3213(00)00516-2
http://dx.doi.org/10.1016/S0550-3213(01)00254-1
http://dx.doi.org/10.1016/j.nuclphysb.2008.08.012
http://dx.doi.org/10.1016/j.nuclphysb.2008.08.012
http://dx.doi.org/10.1016/0370-2693(79)90129-1
http://dx.doi.org/10.1016/0550-3213(82)90414-X
http://dx.doi.org/10.1007/BF01559489
http://dx.doi.org/10.1007/BF01559489
http://dx.doi.org/10.1016/S0370-2693(99)00552-3
http://dx.doi.org/10.1016/S0550-3213(99)00265-5
http://dx.doi.org/10.1103/PhysRevD.79.034504
http://dx.doi.org/10.1103/PhysRevD.79.034504
http://dx.doi.org/10.1103/PhysRevLett.91.092003
http://dx.doi.org/10.1103/PhysRevLett.91.092003
http://dx.doi.org/10.1103/PhysRevD.83.094023
http://dx.doi.org/10.1016/0550-3213(81)90259-5
http://dx.doi.org/10.1016/j.physletb.2011.03.071
http://dx.doi.org/10.1016/0370-2693(91)90680-O
http://dx.doi.org/10.1016/0370-2693(91)90680-O
http://dx.doi.org/10.1016/0550-3213(95)00474-7
http://dx.doi.org/10.1016/0550-3213(95)00474-7
http://dx.doi.org/10.1007/JHEP09(2012)052
http://dx.doi.org/10.1007/BF02769236
http://dx.doi.org/10.1007/BF01557664
http://dx.doi.org/10.1007/BF01557664
http://dx.doi.org/10.1016/0550-3213(87)90019-8
http://dx.doi.org/10.1016/0550-3213(87)90019-8
http://dx.doi.org/10.1103/PhysRevD.47.R3685
http://dx.doi.org/10.1103/PhysRevD.47.R3685
http://dx.doi.org/10.1007/BF01580324
http://dx.doi.org/10.1007/BF01580324
http://dx.doi.org/10.1140/epjc/s10052-013-2397-7
http://dx.doi.org/10.1103/PhysRevD.72.054013
http://dx.doi.org/10.1016/j.physletb.2008.11.056
http://dx.doi.org/10.1103/PhysRevLett.111.101803
http://dx.doi.org/10.1103/PhysRevLett.111.101803
http://dx.doi.org/10.1103/PhysRevLett.103.072001
http://dx.doi.org/10.1103/PhysRevLett.103.072001
http://dx.doi.org/10.1103/PhysRevC.80.055203
http://dx.doi.org/10.1103/PhysRevC.80.055203
http://dx.doi.org/10.1103/PhysRevC.85.035208
http://dx.doi.org/10.1103/PhysRevC.85.035208
http://dx.doi.org/10.1103/PhysRevC.87.045205
http://dx.doi.org/10.1142/S0218301313300154
http://dx.doi.org/10.1142/S0218301313300154
http://dx.doi.org/10.1063/1.2823884
http://dx.doi.org/10.1103/PhysRevD.79.093007
http://dx.doi.org/10.1103/PhysRevD.79.093007
http://dx.doi.org/10.1103/PhysRevC.76.035205
http://dx.doi.org/10.1103/PhysRevC.76.035205
http://dx.doi.org/10.1103/PhysRevLett.102.192001
http://dx.doi.org/10.1103/PhysRevLett.102.192001
http://dx.doi.org/10.1103/PhysRevLett.88.092301
http://dx.doi.org/10.1103/PhysRevC.71.055202
http://dx.doi.org/10.1103/PhysRevLett.104.242301
http://dx.doi.org/10.1103/PhysRevC.73.025205
http://dx.doi.org/10.1103/PhysRevLett.105.262302

