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1 Introduction

In this paper, we investigate massless two-point correlators of composite vertices that “live”
on the light cone. The local composite vertices presented below emerge in QCD due to
applying the “factorization procedure” (or operator product expansion, OPE) to the ampli-
tudes of hard inclusive and exclusive processes. A well-known example of composite vertices
arises from the collinear factorization of “handbag” diagrams in deep inelastic scattering.
Another example related to exclusive processes is given by the (V(q1)V (g2)A(p)) triangle
diagram (V and A are the standard vector and axial fermion currents) with hard momen-
tum transfers —¢?, —q3 > p> = (@1 + ¢2)>. A two-point correlator with one composite
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Figure 1. Leading-twist factorization of a three-point function (VV A) into a convolution ® of a
hard four-point function and soft two-point one involving a non-local composite operator, which is
denoted by the vertex &.

vertex appears here as a result of factoring out V'V subgraphs — the “hard subgraphs” of
the diagram (figure 1). A correlator of two composite vertices originates from the factor-
ization of a box diagram if we “contract” its hard subgraphs including the side edges of the
diagram at large values of transferred t. Such a two-point correlator is a universal object
that determines the asymptotic behavior of the initial amplitude with respect to a hard
momentum (i.e., in the leading twist). Correlators like this describe the perturbative con-
tent of the hadron distribution amplitudes (DAs) — universal hadron characteristics in the
collinear approximation, which are ordered by their twist. Besides, these two-vertex cor-
relators are important to investigate the conformal properties of composite vertices under
renormalization [1].

Let us consider some of the simplest composite bilinear fermion currents involving the
Nth derivatives of a quark field,

JE(; N) = dmy iav)N u(n), X =S,P,V, A, T, (1.1)

where 7 is a space-time point, V,, = J,—igt, Aj, is the covariant derivative, 7" is a light-like
vector, 72 = 0, and I'§ is a combination of the Dirac matrices, optionally carrying a string
of the Lorentz indices fi. In particular, we are interested in the (pseudo)scalar, X = S and
P, vector V, axial A, and tensor T currents with, respectively,®

Y5, Fl% = U“V’fby. (1.2)

v

I's =1, I'p = s, Ty =n, Ip =

Our goal in this work is to calculate two-point massless correlators containing the
composite vertices (see [2]), e.g., the tensor-tensor (T'T") correlator

i / dPn e O [ T4 (n; M), (0: ) | [0) = (p) VM I (W, ML pY). (1)

Further, for simplicity, we set (7p) = 1. Now, applying the inverse Mellin transforms
.1 ~ 1
M (z— N)and M (y — M) to IV (N, M;p?), one arrives at the (z,y)-correlator

M (@ — NN (y — M)IT(N, M; p%) = T (x, 3 p?) (1.4a)

Yo = auy", ou = (Vv — W) /2.



that depends on the longitudinal momentum fractions — the Bjorken variables 0 < z,
y < 1 [3]. Here and in what follows, we underline the arguments of the images of the
Mellin transform, i.e. our notation for the Mellin transform is

) 1
fla) = Mz — a) f(z) = /0 dr 2 f (). (1.4b)

Note that the scalar (SS) and pseudoscalar (PP) correlators agree in the massless limit as
well as a pair of axial (AA) and vector (VV) ones:

15(x,y;p%) = TP (2, 4;0%), TV (x,y;p0?) = T (z, y;0?). (1.5)

The (z,y)-representation allows us to obtain any kind of composite vertices by means of
convolutions ¢(z) ® (z,y; p?) ® ¢(y),> where the functions ¢ and ¢ replace monomials
in the corresponding composite vertices. Moreover, the calculation becomes much easier if
we apply the inverse Mellin transforms to the composite vertices,

N (o = M) ) = S (i),
from the very beginning [4, 5]. The Feynman rules for the vertices J{é(n; x) are presented
in appendix A. In what follows, we will deal with the II*(x,;p?) correlators of x and
y-vertices of different y-matrix structures, X =S (P), V (A), T. The key technical element
necessary for our calculation — the “kite” two-loop scalar integral — was evaluated in [5].
In the calculation, we use the BPHZ R-operation in the MS renormalization scheme (for
dimensional regularization with D = 4 — 2¢).
Along with ITI%(x, y; p?), we consider its Mellin moments

1 1
Hx(m,b;p2)=/0 1% (2, y; p?)y’ dy, Hx(g,b;p2)=/o (2, y; p?)y 2" dy dx,  (1.6)

which are important for various applications.

The correlators calculated in this work are also important as perturbative ingredients
in evaluating meson DAs within the QCD sum rule (QCD SR) approach. In this approach,
the correlators are usually Borel transformed, which implies that only terms containing
logarithms of p?, external momentum squared, contribute to QCD SR, while the finite
parts of the correlators do not survive the Borel transform. Hence, in this paper, we are
mostly interested in the log-parts of the correlators.

The paper is organized as follows. In section 2, we discuss the results of 2-loop cal-
culations for the correlators (VV), (T'T), and (SS). We consider some checks on these
results as well as their relation to the perturbative content of the corresponding DAs. The
log-part of the results has a direct physical meaning, while more lengthy nonlogarithmic
parts are less interesting in the scope of this paper, see the discussion in [6], and are re-
served for appendix B and .m files appended to the arXiv submission. In section 3, we
present the 3-loop expressions for the same correlators of order O(Bpa?). We discuss their
general structure in detail and pay attention to checking their correctness. To this end, we

2f(x) ® g(z) = [ f(z)g(x)dz.




extract some special cases of the Mellin moments (1.6) from the results of [2] and compare
them with the ones obtained by us. As an immediate application, we use HX(CE, y; p?) to
estimate the impact of radiative corrections on different meson distribution amplitudes in
section 4. For all cases, the radiative contributions to the DAs look significant and should
be taken into account in future estimations. In section 5, we formulate our conclusions.
Some important technical details and part of the results are given in five appendices.

2 Correlators (V' V), (T'T), (SS) at NLO

In pQCD, the p?-dependence of the correlators manifests itself through the logarithm L =
n (—p?/p?) = In (P?/u?), except for the case of (SS) ((P P)) containing, also, a common

factor of P2 = —p? (see the definition in section 2.3):
i+1
X (z,y; P?) = Za ZH,J x,y) Za HIX(z,y; P?), (2.1a)
i+1 N
S
X (z,y; P?) = ZH” x,y) as = . (2.1b)

The generalized one-loop ERBL evolution kernels a;CrVx are important and natural ele-
ments in the calculations of the corresponding HZX [7]. These kernels are generated by all
subgraphs with a composite vertex that are contracted to be substituted by counterterms
as required by the BPHZ R-operation. Therefore, in our results, all the leading-log terms
Hfg 41, counterterm contributions, and some other parts of the correlators are proportional
to the kernels and their generalizations, see below. We shall start with the vector-vector
correlator and the corresponding Vi, kernel.

2.1 (VV)(z,y) correlator
Evaluating the correlator v (z,y;p?),

(ip)? 1Y (o, ys) = i [ dPn e O[T [ 2] v (0:)] [0) (2.2)

where the current Jx(n; x) is defined by egs. (1.1) and (1.2), it is convinient and natural to
express the result in terms of some “building blocks” [4] — the LO function d(y;e) (which
is proportional to the one-loop correlator) and, starting from NLO, the generalized kernels
Va(x,y;€) and Vy(z, y;€):?

Sf(l‘ay) = f(x,y) + f(ﬂ@@), ]?)f(l‘ay) = f(x,y) + f(y,a:);
14¢
Va(z,y5€)4+ =2 [39(9 > ) “;) : ] ; Va(z,y) = Va(z,y;0), (2.3a)
+
R T T 14¢
Vi, 536)s =2 [se(j:;) (%) 1 L G =Vilewor (23
+

3The generalized kernels appear as V(x,y;asvy) after summing up renormalon chains in the one-loop
kernels [8, 9], where the infinitesimal dimensional-regularization parameter ¢ is replaced with asy,.
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Figure 2. Feynman diagrams for a two-point function with two composite vertices of order a,.

VO = Ve w)s + Vilwn)s =2 |80 > 0% (14— ) RS
dlie) =)™ d=d) =di0),  d=gdoe)| (230

where the part V3 of the complete kernel absorbs the contributions with a gluon leg (or
a renormalon chain) attached to the composite vertex, while V, corresponds to all other
topologies contributing to the one-loop kernel. The part V, and V; of the complete kernel
enter in ij in different ways. Here, asC' FVJgo) is the one-loop ERBL kernel, which describes
the ERBL evolution of the DAs of the longitudinally polarized vector (p) and pseudoscalar
(m) mesons (see appendix E). The plus-distribution form of the Vi, kernels is the general
property for any number of loops — it is the consequence of the vector (axial) current
conservation, its anomalous dimension being v(0) ~ fol dx V(xz,y)+ = 0. Therefore, the

kernel can be written as
1
Vie,y)y = Viey) — 6z — y)/o AtV (t,y) .

Higher derivatives of V; ,(z,y;€) and d(y; €) with respect to e proliferate in expressions for
higher orders in a4 [10].
The LO (VV) correlator can be written as

N,

Ne Ne
212

H;\)/,l = - —ﬁd(y)f;(fz - ) (2.4)

diy)s(xz—vy), Ty=

in terms of the derivatives of the one-loop function d(y;e).
The NLO (VV) correlator (figure 2) obtained in an arbitrary covariant gauge reads

Ne . - ,
Y = —5Cp Y Iy (e, y) s (2.52)
j=0
av. - Ly _ yo
12 = §W+ = §V+ d, (2.5b)
- ) . . . ) 1. .
MYy = (Wat Wo = Waha = Wohy) | — HWo = 5P [VI))) d]. (2.5¢)



where d = d(y), d = d(y), and all other quantities are functions of x and y, i.e. V = V(z,y),
W, = Wey(z,y), etc. The functions W; = Wj(z,y), ¢ = a, b with dots are the coefficients
of the Taylor expansion for the function Wj(x,y;e) = Vi(z,y;¢)d(y;¢), i.e. W; = Vid and
W; = d%Wi(x, ik 5)’5—0' The quantities H,, hq, hy are the symmetric functions presented
in appendix B together with the nonlogarithmic term 1:[}/’0 (B.1), which, as far as we know,
has never been calculated before. The plus distributions for a function f(z,y) are defined as

1
F@ )y = @) ) = Foy) — 0z — ) /0 dt f(t,y), (2.6a)

F )i = Fa) = oa ) [ i(o,0) (2.6b)

The expressions in egs. (2.5b) and (2.5¢) coincide with the ones obtained in [7]. The Oth
moment I1Y; (z,0) was evaluated in [7, 11, 12] and a few first two-fold Mellin moments of
the complete correlator H}/(z) (N, M) were computed in [2]. We will come back to that in
section 3.1.1 to verify our results.

Let us mention important features of the coefficient HXn 41(z,y), in particular the
leading-log NLO term in (2.5):

1. The leading-log term 1:1}/,2 ~ Wio) can be diagonalized by the “standard” Gegenbauer

polynomials {C,is/z)(y —y)} of the index 3/2, while the other terms, f[}fl and ﬁ}f,m
cannot be diagonalized in this way.

2. Due to the vector-current conservation, the one-fold Oth moments of the leading-log

terms vanish,

1
1Y5(@) = Iy (2,0) = [ dyILY(a,9) = 0, 27)

It should be stressed that the identity Hxn +1(,0) = 0 originates from the vector-current
conservation and (z <> y) permutation symmetry rather than particular properties of a
specific calculation; therefore, it holds true not only in NLO, but in any higher loop orders
as well.

The zeroth moment of the correlator,

1
1V (2; P2) = 11V (2, 0; P?) = / dy 11 (z,y; P*), (2.8)
0

is the source of perturbative contributions to the QCD sum rules for the meson DAs
¢, with appropriate meson quantum numbers [7]. We will discuss it in more details at
the beginning of section 4 and mention here only that the Borel transformed correlator
IV (z; P?) determines Ay M, — perturbative part of the DA ¢ M, for the leading twist of 7
mesons and longitudinally polarized vector mesons such as p. Indeed, applying the Borel
transform ]fD,( Mm2) to IV (x; P%),* we arrive at the well-known NLO expression [12]

2

. N. _ r
Bl s M) = Blan I (0, PP) = S {1 +a.Cr [5 R ()] } 29

“Here and below, B<M2) stands for the Borel transform with respect to P2, P? — M?. The definition
and special cases necessary to deal with the correlators of this paper are given in section 4 and appendix D.



where M? is the Borel parameter. The radiative content of the 7 and p| meson DAs of
twist-2 will be considered further in section 4.1.

2.2 (T'T)(xz,y) correlator

Let us recall the definition of the tensor-tensor correlator,
()* 11" (i) = i [ e (O[T [}, (50) 501 )] [0, (210)

and the components of the corresponding one-loop ERBL kernels [13], Vi = aSCFngO),

VO = Vila,y)s — 0y —w),  VI=—b(y—2), VT =Vle,5:0).  (211)

As in the case of one-loop vector kernel, VbT designates contributions from the composite
vertices with a gluon leg, while VI correspond to all others. In the tensor case, however,
the part V,I' comes solely from the quark-propagator radiative corrections, which makes it
trivially “diagonal”. We write it explicitly in what follows. The (T'T) correlator at NLO
can be written in terms of the tensor kernels, the derivative W), introduced in the previous
subsection, and the one-loop functions d and d of eq. (2.3d):

Nc Nc 7
05, = dwd(e —y), oo =5 [dy) +dw)] oz —y); (2.12)
N, 2 .
I = —Qﬁcp > I (e, y) L (2.13a)
=0
N 1 1 1
ff, = §W§°) = Wi — Suid(e — ), (2.13b)
7, =S[0(z > 0)In(z)] + (Wb + Wyln|x — y|) - lf’ (Vb d)
11 + 2 +()
4o —y) (d _ ;d> , (2.13¢)
where
Wi =vild =Wy —ygoe —y), 2= D)/ (D), (2.13d)

and the variable z is the conformal ratio [5, 14]. The nonlogarithmic part f[lTD is presented
in (B.2) of appendix B. All the calculated parts of II] agree with the two-fold Oth moment
117 (0,0) computed in [2].

After applying the Borel transform to it, the correlator IIT(x; P?) = II*(z,0; P?)
constitutes the perturbative part Ag,, of the twist-2 DA ¢, describing the transversely
polarized vector mesons such as the p; meson [11]:

A

AR (@3 M?) = By Ig, 4 (2, P2)

N _ 72 9 (T _
= 5317 {1 +a,Cr [6 Y +1In <$) + In(zx) + 2LB] } . (2.14)

The Agogeil) depends on the logarithm of the Borel parameter, Lg = In (Aj—;e_m), since

the tensor current is not conserved, see ﬁlT,2 in (2.13b). The above expression for Acpg\%l)

was first derived in [11].



2.3 (S S)(x,y) correlator

The scalar-scalar correlator is defined as

P, yip?) =i [ dPnemOlT [ 20m ) Js(0:)]0), (2.15)
and the components of the ERBL one-loop kernel corresponding to the scalar composite
vertex are

~0(y > A 0y >

Vi) =2 (8N wasy o), Wy =2[s (2] i)
Y + y y—x 4
In contrast to the vector kernel, the total scalar ERBL kernel Vg = asC’FVS(O),
0 ~O(y >
V) = Vi) + e =2 (S2D) was-n, @)
+

is already symmetric by itself, VS(O) (z,y) = S(O) (y,x). It is diagonalized in the basis of the

Gegenbauer polynomials 07(11/ 2)(y — 9). The eigenfunctions and corresponding eigenvalues

of V& are {C5 (y — §),yn}, where 7, = 3 — 4 [¢(n + 1) — (1)).
The one-loop scalar-scalar correlator (prior to expanding it in €) is proportional to the
function
ds(y;e) = (yy)° (2.18)
its first Taylor coefficients being
ds = dg(y;0) =1 d—id(-s) = In(7y) d—d—Zd('s) = In?(yy)
S = as\y; =1 S_dgsya 5:0_ vY), S_d€2 s\y; __ vy)-
(2.19)

The components of the expansion (2.1a) for the correlator IT%(z, y; p?) can be naturally
expressed using the functions in egs. (2.16)—(2.19):

N, Ne ;
H(S),l = —@ds(y)&x - ), HS,O = —st(y)(%x -9, (2.20)
N, 2 :
1y = 52CF EE)H?,j(x,y)LJ; (2.21a)
J:
i, = V&%, (2.21b)
5, = 2P [SM <ln(y—:n)—|—ln (:c) —x) —|—1]
’ y—z Yy Yy 2] 1)
+3(y — @) (3ds — 1), (2.21¢)

The moments l:[% (0,0) for all the terms in eq. (2.21) coincide with the results in [2]. In
contrast to IIV and IIT cases, the correlator Hs(x;P2) = Hs(m,Q; P?) might be related
to the pion DA of twist 3, @ig;ﬂ(x), see appendix E and, e.g. [15, 16]. Below, we present

B(Mz) {P2H8+1(5L’; PQ)} — a possible source of perturbative contribution A(pgm to gogmz

By |~ PG, (25 P)| = é§V702M2{1 +asCp|5 - 3In(zz) - 6Lg| |- (2.22)



This radiative correction at NLO is a new result. The origin of its non-Lp piece is the
trivial integral of the term with the Dirac delta function in (2.21c), while the Lp part
stems from (2.21b).

The nonlogarithmic part f[io of the two-loop correlator (2.21) vanishes under the Borel
transform and is given in eq. (B.3) of the appendices.

3 Correlators (V V), (T'T), and (S S) of order a2,

Let us focus on the N2LO expansion in eq. (2.1b),
X (z,y; P?) = ZHQJ z,y) (3.1)

In order a2, the coefficients H§3 at L3, the highest power of L in this order, are yielded by
contracting to points all subgraphs of the diagrams involved, and so they are formed by
the one-loop renormalization of the coupling as (i.e. fy) and composite vertex (i.e. V)go)).
Collecting together all subgraph contractions related to the one-loop charge and vertex

renormalization, one obtains P [BOV)EO) (x,y)d(y)} The second kind of renormalization is
generated by the contractions of the composite vertex at the two-loop level: 2 P {V)go) (z,2)®

V>go)( )d(y)} Notice that the former term is proportional to 3y, while the latter is not.

The same pattern can be observed in all coefficients H%fj, which is an evident example of
the [-expansion representation, see e.g. [17]:

In this paper, we calculate H%([ﬁLj — the By parts of the N2LO correlators. These
pieces might be expected to dominate in this order because of the relatively large value
of By. In the vector case, harbingers of this dominance can be seen in the lowest Mellin
moments of the correlator (see section 4). It should also be noted that to obtain the Sy
parts of the three-loop correlators, it suffices to compute only two-loop-like topologies —
the NLO diagrams modified with two-point one-loop quark insertions in gluon lines. Then
the entire By part can be restored unambiguously via a replacement ny — —% Bo.

We start with our results for the (V' V') correlator that is important for applications
and passes the most comprehensive independent test presented in section 3.1.1 below. Then
we turn to the (T'T) and (S S) correlators.

3.1 (VV)(xz,y) correlator

Explicit expressions for the Gy piece H;/[ 4] of the vector-vector correlator at N2LO are given
by the following formulae:

N, 3. .
M35 = —5 5Cr %sz,j(%y)y ; (3.3a)
J:
~ 1 0
M3 = gWi ; (3.3b)



1Y, = Wi 4 ($0(y > ) (7 + ) In(y — 2) — (1 — 25— y2) n(y2)]) |

1 .
+ (ln ly — ] Wb(o)) + 50(y —2)S [zIn(z)]; (3.3¢)
+ 2
. 13 2 . 3 . . 5
iy, = KW@ n gWi‘)) n QWS)) —280(y > ) [(w +7)In (7) (m (7) + 3)]
21 1 10
+(1 — 2y — yz) [—7; + 3 In? (xy) + 5 In? (yx) + 3 In (:cy:ny)]

10 (O)A ’7'('2 .
+(1—|z—y|)In|z —y| ln|x—y\—§ WSy > ) F—ng(z)

1. . .1 . 5 . .
+-P <v<0>d +-vOd4+ Sv04 4 Vad>
1 : .
+ <1n2 ]y—x!Wb— —Oln\y—x\Wb+§Wb— 7Wb—2Wb>
3 3 3 N
+6(x — ) (mx In(z)In (z) — %d + gd + gd') : (3.3d)

where d = j—;d(y;a)‘

e=0
As it is expected, the leading-log term HX3 (z,y) is proportional to a plus-distribution

prescribed by the vector-current conservation, which means that H;{g (z,0) = 0. In addi-

tion, the leading-log term at this order is diagonalized by the same set of the Gegenbauer
. (3/2), -

polynomials {Cr,”" ' (y — y)} as at order as.

3.1.1 Mellin moments of (V V)(x,y) as a check of the correlator

Vetting our calculation of the correlator (V V') (z,y), we must compare its lowest Mellin mo-
ments with the results of refs. [2, 6]. In doing so, we find the following linear combinations

of the moments to agree with the previous calculations:®

1 1
/dm”/ dy (=)™ 11V (z, y; p*) (3.4)
0 0

for (n,m) = (0,0), (1,0), (2,0), (1,1), and (2,2).

The relation ITV (0, 0; p?) = 21TV (1, 0; p?) confirmed by the explicit calculations of ref. [2]
is an immediate consequence of the symmetry ITV (z, 0; p?) = IV (z, 0; p?). As it is seen from
eq. (2.7), the moments ITY (n, 0) do not contain the highest possible power of L allowed at
a given order of perturbation theory. This is also confirmed in [2]. Finally, it is important
to note that the HXZ (n,0) and (3 part of Hgl(@, 0) in the complete calculation in [2] are
proportional to fy for n = 0, 1, 2. This might hint at the dominance of the £y contribution
evaluated here, which is discussed in section 4.1 in connection with the meson DAs.

®Note the different definition of the correlator in [2] — it is a correlation function of two V-operators
(not V and V7 as in the present paper) which explains —7 in eq. (3.4).

~10 -



3.2 (T'T)(x,y) correlator

The expansion eq. (3.1) for the tensor-tensor correlator reads

M35 = %Cpi)ﬁ;j(a:,y)Lj; (3.5a)
P
3, = %W}O), (3.5b)
il = <1n|x Wy — gwb +$10(z > 0) 1n(z)]>+
+o(z — ) (s o In(2)] + %9d - ;a) , (3.5¢)

f1f, = {60 > ) 210 () n(a ) - 1n? (2) ~ £ In (3) — 29| }

0) & i 1o/ . 1 . 5 .

~Wy’S |0(z >y) | — —Liz(2) | | + 5 P (Vbd—i-Vbd—l-V},d)

6 > g3l

10 %% 5. 1.
T (IHQ\y—x\Wb— Wy — 2| Wy + =Wy — SW, — Wb>

3 g "oz )

19. 1.

+5(z —y) (m In(z)In (z) — —33967d + gd _ 2d> , (3.50)

where all elements of the notation in the above formulae are defined in egs. (2.3), (2.5),
(2.12), and (3.3).

Check of the moments of (T'T)(x,y). Integrating egs. (2.12) and (3.5) over = and
y, we can get the twofold zeroth moment IIT(0,0) which was also obtained in ref. [2] (see
section 4.3 therein). The moment we calculated coincides with the one in [2]. In addition,
the moment IT17(1,0) can be extracted from the results listed in section 4.8 of [2]. Tt is
precisely one-half less than the two-fold zeroth moment, I17(1,0) = %HT (0,0), which is a
corollary of mirror symmetry of the one-fold zeroth moment 1T (z,0) = I1T(z, 0).

3.3 (S S)(x,y) correlator

The expansion for the scalar-scalar correlator reads

55 = _é:TTZCFjZiE]ﬁg,j(:an)Lj; (3.6a)
s, = Ly _ % [Se(;/f;) ot Sy — ), (3.6b)
i, = ;[1 (el s L { (1t o1+ 5) i +<x>}

+ oz —y) (d; - 1;)] , (3.6¢)
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015, = — 78 = 205+ (Gl —y) — S hno — yl) + 5 ) WS
~ 1 tq 1 . . -~ g . 1 . . )
+ P SVds + 5 (3ds 4+ 10ds ) VF { Py | o (—0ds + 30ds + 1810 (Jy — )

12
+(I)}

+2— gln (x2yy) —2S[0(2 > 0)In (2)]

1, . e 1.
—~961n(|y — a[) +152) W + g (3ds —5) Wy — G

2
~wi¥$§ le(z > 0) (7; - Lig(z)>

oz —y) (169 In (%) — % - % S [1n? (@)] + 8 [« ln(a:)]> . (3.6d)

Here, dg, dg, and dg were defined by eqs. (2.19) and we have also introduced the generalized
“scalar” kernels VS in analogy with the definitions in eqs. (2.3) for the vector case

Py =28 [ (2)]) Gy o) = 28 [9("”) ()w @)

Y y (y—=z) \y N
and
Wiy =208 [N | Wiy |2 =28 [N 0wy )
Wiy | €)= Wiy )+ Wiey | ), (9)

In egs. (3.6) as throughout this paper, dots over functions without arguments designate
the coefficients of the corresponding Taylor series in ¢, e.g.

. 1 4
WP (z,y|e)=WP +eWp + 552WIS +..., I=(0),a,b. (3.10)

Note here that 1:[%3(.%', y) is diagonalized by the set {07(11/ 2) (y —y)} due to the expected
= 0
property H§73(x, y) ~ VS( )(a:,y).

Check of the moments of (S S)(z,y). If we evaluate the double zeroth moment
I15(0,0) integrating the correlator II5(z,y) over 2 and ¥, the result coincides with the
calculation of ref. [2] (see section 4.1 therein).

4 Radiative content of meson DAs within QCD sum rules

In this section, we apply our results for the correlators to the description of exclusive
hard hadron processes in terms of DAs. Technically, these DAs are linked to the moments
1X(x,0; P?) and I1¥(a,0; P?), see the definitions in (1.6). These moments are obtained
from the correlators of two composite vertices, HX(:JJ, y; P?), presented in sections 2 and 3.
The expressions for the moments were given in egs. (2.9) and (2.14) to two-loop order. Here,
we write down the final results up to order Bpa? and focus on the perturbative content of

- 12 —



the DAs to only estimate its effect, while a full-fledged analysis of the DA properties in
QCD SR will be given elsewhere.

Let us recall some elements of the Borel SR approach that is used to determine me-
son DAs. This kind of SR is based on the dispersion relation for the one-fold correlator
X (z, P?) = ¥ (x, 0; P?):

X (z, P?) = ds + “subtractions”, (4.1)

1/00 Im {Hx(x,s)}

7t Jthresh s+ P2

where IT¥ is constructed with a current Jx that has a nonvanishing projection on a me-
son state M described by the corresponding DA, see the discussion and definitions in
appendix E. The subtractions in the r.h.s. of the relation above can be polynomials in P2,
To reinforce the contribution of the lowest-state meson in the r.h.s. and to improve the
convergence in the lL.h.s., one usually applies the Borel transform ]3( M2)s

A —_p2\n n
By (2, PY)] = lim =P _d

X (z, P? 4.2
P2=nM?2, n—oco F(n) d(P2)n (Z’, )7 ( a)

to both sides of (4.1), which leads to

A 1 o S ds
B % (x, P?)| = f/ Tm [T (—) —. 4.2b
(M2) [ (=, )} 7 Dihwestotd { (=, S)] P\ T2) 2 (4.20)
The Borel transform “kills” all polynomials in P? in the r.h.s. saving only logarithmic terms
L" n > 1 in the Lh.s. of (4.1). Under this transform, any powers L™, n € N turn into
a polynomial in Lg = In (Ai—;e_'m), see eq. (D.3) for the general case. To transform the
correlators at N?LO, we need the following special cases:

2
By L' =0, BupL=-1, Bupl?=-2Lp, BupelLl®=-3 <L2B - 7;) . (43)

Finally, it is instructive to note a useful and general property of the moments
ITX(N,0; P?). All these moments (with N being a natural number) correspond to lo-
cal vertices. They do not contain terms proportional to 72 in agreement with Kotikov’s
and Baikov’s conclusions [18, 19]. At the same time, the inverse moment IT1%(—1,0; P?)
contains the w2-term because the moment does not correspond to a local operator.

4.1 Radiative content of twist-2 DAs for = and pr mesons

Here, we start with IIV correlator that determines the perturbative part of 7 and p7, meson
DAs. Integrating eq. (3.3) over y, taking its Borel transform, and combining the result with
eq. (2.9), we arrive at

04142 )
A(‘05\4||<A) )(x;MQ) = B(MZ)H8/+1+2(335P2)

Ne [ 1 (0 (1) 2 S8 | 2 ~(2[0])
~ or2 {Awa +asCrAdy TP CrAPyy o +aCrAGyy ) 1 (4.4a)

AQDSS)H(A) = 1T, (4.4b)

~13 -



1.0F

0.004 | 0.8

0.002 ¢ 0.4]

0.001 | 0.2}

0.000 : : : : : ]

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Figure 3. Left panel: NLO (—) and 3yN2LO (— — —) contrlbutions to DAs for pseudoscalar or
longitudinally polarized vector mesons, N./(27%) - a CFA‘PMH(A> and N./(27?) - QﬂonAapgé[‘ﬁ]A)
respectively, see eqs. (4.4). Right panel: the ratios NLO/LO = asC’FAgpg\?H(A)/A@S&)H(A) (—)
and BoN2LO/NLO = aSBOAgoMH(A)/ ¢§\14\\(A) (— — —). All curves are for the case of Ly = 0,

as(p? = 1GeV?) ~ 0.494.

(1) - r
Pty =TT [ 3 —+ln? (x)} , (4.4c)
AP —§ |2z (5L (z)—Inz Lis(x)+ lnx In? x—il 2£—71 3x—7r—21nx
PMya = ? D) 12z 6 3
572 7 72 3., 31
——— | —x | Li ————1In 1 Lpl 4.4
+t35 12) z( is(x) g 1 rtplna—Lp nxﬂ, (4.4d)

which has been already presented in the proceedings [20], while the last term A(pgwE D

in (4.4a) is still unknown. The perturbative part Ay is common for twist-2 DAs of both
7 and p| mesons. As we can see in figure 3, the impact of the contribution (4.4d) of
order a?fy looks especially significant for intermediate values of z and less important in
the vicinity of endpoints.

Phenomenologically important characteristics of Agps are its norm and normalized
moments defined as

ey = [ [ des@apn@] /[ [ e sou)].

(4.5)

N, 1
N = / dx AQOM( ) 192 {1+CLSCF3+CL Cr CA—*CF-F,B()?) <—4C3 LB)]}
(4.6)
In particular, we are interested in the inverse and second £ moment, £ = 2z — 1:
1 N, 7 31 LS
-1 — 1 s — — —L
@y = e | te Cr5 + a3foCr (18 36 T g™~ g le
1 N,
Sy [1 + asCpb + a2ByCr (1.2184 — 1. 0966LB)} (4.7)
1 N, 353 1327 10
2 2
= 14 as —— — 123 — —L
&0 = 7 Gom2 { +asOpd +a,Cr 72OAJr The B”( G B)]}
(4.8)
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where 4 is the norm (4.6) with the (£y)° piece being omitted in order a? since only the 3y
part of the inverse moment has been calculated up to date. The norm (4.6) is essentially
the Adler D-function (up to a factor).

In egs. (4.6) and (4.8), we have extracted the (39)° pieces from the correlators in ref. [2].
It is worth stressing again that all other terms of the norm and &2 moment calculated by
us coincide with those that can be extracted from ref. [2].

The Acpg\i[‘ﬁ B) in (4.4d) makes a minor contribution to the inverse moment with respect
to lower orders — compare the third term and the second one in eq. (4.7), their ratio is 0.085
for Ly = 0 and a,(p? =1 GeVQ) ~ 0.494. This Sy part, however, is known to dominate
the norm (4.6) numerically in order 2.5 It is instructive to verify numerical validity of
large- 3y approximation for the (£2) M, moment comparing it with the exact expression that
can be obtained from the complete calculations in [2],

1 N,

€y = 7 50m

1
{1 + asCp5 + a>Cp {6.5787 + Bo (4.0059 - ??LB)] } . (4.9)

It is easy to see that the [y part is dominant in this moment also (at Lg =~ 0). In addi-
tion, we can estimate the perturbative QCD contribution to the Gegenbauer moment as,
although one should recognize that a significant contribution to as could come from nonper-
turbative vacuum-condensate interactions that can vary depending on quantum numbers
of mesons. The perturbative contribution agr (r stands for “radiative”) is proportional
exactly to as(p?):

Jro 7

2
2 — E (5<€ >MH - 1)
.0 7 1+ as(2.79 + By (0.97 — 0.1(6) Lg)]
~ 61+ aCp3 + a2Cp [L+ 503 (0.69 — Lp)] |,

~ 0.069 (0.074), (4.10)

where we have set u? = 1GeV?, ag(u?) = 0.494, and Ly = 0 in the r.h.s.; the first value
is obtained with the (underscored) non-3y parts neglected at N2LO, while the second (un-
derscored) one is exact with accounting for all terms. The condition Ly = 0 is compatible
with the “stability window” of the corresponding QCD SR for the Borel parameter M?2.

It is useful to compare the estimate (4.10) with
1. QCD SR results: agp = 0.047(58) < aQT = 0.069 (0.074) < a5 = 0.187(60) [22, 23];

2. lattice results: al’ = 0.184(18)(33), a§ = 0.140(24) > al" = 0.069 (0.074) at 2 =
1 GeV? (which are evolved from the values at y? = 4 GeV? in [24, 25]).

As we can see, the radiative contribution as is of the same order of magnitude as the

[
2

I
2

complete a9, so that the contribution a, is comparable numerically with the nonpertur-

bative one and, therefore, is important to take it into account.

This observation was a reason to invent the BLM optimization [21].
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4.2 Radiative content of pr-meson twist-2 DAs

From the tensor correlator (3.5) we get a next-order correction to the NLO amplitude (2.14):

0+1+2 a
AT (@ M?) = By 115 4 4o (2 P?)

N, (. i ~ )
=—WQ{Awﬂ%mscpm%+a§500FAgoﬁ[f”+a§cFA¢gj@D}, (4.11a)

Agps\(/)[i = I7, (4.11b)
) _
Al =2z [6—7;+1n2 (;:)—Hn(xi)—ﬂlz}g} : (4.11c)

2

1.
A@Sé[f]) = 6S {31‘95 (7T6—L]23> +2 (6 (2—2) In (2)+19z] Lg—z [12Lis(z)—27°

+161n(z)—91n*(z)] +az |:3OL13 (2)+6Liz(z) In(x)+1In®(z)—51n(z) In(Z)

+1n*(z) [2—3In(Z)]+ (27> +19) 1n(x)—5772—193} } , (4.11d)

In comparison with the LO and NLO terms, the 8y part of the N2LO contribution is
mainly of the opposite sign and comparable in magnitude with NLO in the middle region
of z, see figure 4.

The norm, the inverse and £2 moments of Aapg\%lﬂ) read

1 N, 7
N :/ de Appy () = — 1+a,Cr (3+2LB>
0

672

+a2Cp |Cy (14@, — %7 + ?);LB) +Crp (1225 — 7;2 — 4¢3 +2L% — 433LB>
(4.12a)

+ Bo (7: —12¢ + % +2Lp — L%)} } : (4.12b)

=~ 1 (2n 4 2)
+a2ByCr GELB — L% —12(3 + 7;2 - 1120007)] ) (4.12¢)
<x71>ML — _:/1%) 2N7:2 14+ asCp (44 2Lp)
+a2BoCr (2@, + 1?5 - % + 25_327T2LB - L%)] , (4.12d)

where .4( is the norm (4.12b) with the (30)° piece (4.12a) omitted, the latter one can be
obtained using the results of ref. [2]. The fy part of the norm (4.12b) is larger in magnitude
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and has the opposite sign in comparison with the sum of non-f terms in (4.12a) at Ly = 0.
So the By approximation works satisfactorily here, although it is not as reliable in this case
as in the vector one.

A significant convexity in the z-behavior of the Sy part occurs in the middle values of
z. The negative NNLO contribution to (z71),/, in eq. (4.12d) is not strong in comparison
with the NLO one. The radiative contribution az” to aQLp can be estimated in analogy to
eq. (4.10),

14 1+ Boas (0.89 — 0.1(6) L)
151+ asCp(2.(3) +2Lp) — agﬁocp (2.14 —2Lp + L2B) Lp=0

ay" ~ a,Cp— ~ 0.05949 .

(4.13)

The estimate in the r. h s. of (4.13) is obtained for Ly = 0, u? = 1GeV?, a,(u?) = 0.494.
At these conditions, az” = 0.059 < a = 0.130 from the lattice results [25] (originally,

= 0.101(22) at p? = 4GeV?). Again, the radiative contribution as” is large and as
important as for the vector (axial) case.

4.3 Radiative content of w-meson twist-3 DA

Having further applications to QCD SRs in mind, we have obtained the one-fold scalar
correlator 115,15 (7, 0; P?) by integrating eqgs. (2.20), (2.21), and (3.6). This correlator is
given explicitly in appendix C, eq. (C.11). Below, we present the Borel transform of this
correlator order by order:

Agog;(g+1+2) (z; Mz) = B(Mz) {—P2H8+1+2($,Q; P2)}

Ne =p =p
=32 {1+CLSC’FA<,07r l—i—a (rBOCFASOW,Q[ﬁ]+CFA90W,2[O]) } (4.14a)
A@Y | = 5-3In(zx)—6Lg, (4.14Db)

A@fww] = 3L3+[In(xz)—14] Lg—S {5 Liz(z)—Lis(x) In(x)+z ln(x)} —l—é In®(zz)

7'('2

(4.14c)

5 Conclusion

VTS (2, y;: p?) of two vector, tensor, and

Here, we have calculated the massless correlators
scalar composite vertices with the Bjorken fractions x and y at orders a; and o2y of QCD.
These correlators are universal objects appearing as a result of the collinear factorization
procedure in hard processes. We have discussed in detail the structure of the correlators and
its elements and their relation to generalized ERBL evolution kernels. Moreover, we have
verified our results by comparing them with the known particular cases for Mellin moments.
These results are used to estimate the impact of the radiative corrections following from

fol 1% (x, y; p?)dy on distribution amplitudes of different light mesons within QCD sum-rule
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Figure 4. Left panel: NLO (—) and SyN?LO (— — —) contributions to DAs for transver-

sally polarized vector mesons, —N,/m? - aSCFAQZS\i[)L and —N./7? - aiBOCFAgZE\i[f]) respectively,

see egs. (4.11). Right panel: the ratios NLO/LO = aSCFALﬁg\Z /A@g\% (—) and ByN?LO/NLO
= asﬁoAgégff[fD/A@%z (— — —). All curves are for the case of Ly = 0, o, (> = 1 GeV?) ~ 0.494.

approach. For all cases, these radiative corrections are significant and should be taken into
account in DA calculations.
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A Feynman rules for composite vertices

The Feynman rules for composite vertices with K gluon partons can be written as follows
(all parton momenta are incoming with respect to the vertex):

~ al..a [ ..
nm> o (x; 20,1, ., TK).

Here, T%, X = S, P, V, A, T is the tensor-matrix structure defined by eq. (1.2); a;,
i=0,... K+1 are SU(3) gluon indices; 7, is a light-like vector normalized so that np = 1;
x; = nk;, 1 = 0,... K + 1 are longitudinal parton momentum fractions, Y x; = 1; and
o " (z; 20,21, ..., 2K) is a linear combination of the Dirac delta functions. Up to order

a2y, we need composite vertices with no more than one gluon leg (K = 0, 1). The
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corresponding expressions are given explicitly below, while higher-order vertices (K > 2)
can be obtained by recursion:

oo(x;x9) = 0 (x — o) , (A1)
1
ot (x;x0,21) = talw—l [0 (x — 29 —x1) — 6 (x — x0)], (A.2)
A K_l .
oW (@0, 21, .. Tr) = St K § tag  tas (=)o (w520, K—ie1, TK—i..K)
i=0
K—i—1 1 K-1
X - M
jl_{ Tj..K—i—1 j 1;%[ i TK—i..j
(A.3)

where t, = \o/2, xiy.i, = Tiy + -+ + T, and S“Zn designates total symmetrization
of the indices iy, ..., of the Gell-Mann matrices and the fractions z;, e.g. Smf(l, 2) =
F1,2)+ £(2,1).

To simplify practical calculations involving the vertices given above, it makes sense to
get rid of the denominators linear in parton momenta by introducing auxiliary integrations
with the help of the Dirac deltas [10], e

1.1
o' (z; o, 1) = g, /0 /0 dy1 dy2 O(y1 + y2 < 1)p1(x;y1,92)0 (y1 — x0) d (Y2 — 20 — 1) ,

pr(z; 1, y2) = [0 (z —12) =6 (z—y1)],

Y2 — Y1

where ©(R) is equal to 1, where the relations R are satisfied, and 0 elsewhere.

B Two-loop nonlogarithmic parts of the (zx,y)-correlators

The two-loop nonlogarithmic parts of the correlators read

2 .
Y, = —WoH, + WH+Z [WI< hy + >+ —Wp - WIhI]

I=a,b 3 +

é RV(O)) ()d}’ (B0
10: {91‘>y }

xr 772
L i) 8 le( > Y) ( - L12(2)>

r—y 6
Sz —y) [2d - Zd + éd’ - iln(x) ln(;r)d] , (B.2)

2

| 1
In (2) In(27y7) + 7 1n? (2) + 5 In (2) + 47 + 7

2

1.
+ [ Wy <2hb+ T

3

1. . . . .
> + §Wb — Wyhy — 2Wp + 2th5‘| —-P
+
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- N ~O(y >
Hiozp{(s( )

y—x

R { (8”2 o Garty - )

71.2
2—In(2y(y - z)) + %an (@y(y — ) + & — (yy)D }
+(@)

} —SO(y > z)In (zj(y — z)) + 1
+(z)

O(x >y)

+ 21n (zzyy) — QS{
r—y

[Lia(1) - Lia(2)
+ oz —y)8 {i () + & In(z) ~ 10In(z) + %45} . (B.3)

The functions H, and hy, I = a,b in eq. (B.1) break the factorization of the two-
loop correlator to one-loop subgraphs and are given explicitly by the following expressions,
where z = (yz)/(xy):

ha = ha(z,yle) = ha(y, z|¢)
:g@(2>0){65(5) 2[ 1 _2}+03(_€) [2+2__1”, (B.4)

4 (z—y)rzle—y

sin (me) 1

= = = B.
hb hb(l’,y|5) hb(ya$|€) P |J}—y|€’ ( 5)
T —y|7¢ [ga1(zle
Ho = Ha(o,ple) = Haly,ale) = S0 [99CE g (B
4 |z -yl
and
A > 1 15
gur(2le) = § 0z > 0)2 | cf () — ea(e) 4+ 2217 (“”)
z z z
(I (14 e, —2) — I (1 + 2, —gﬂ, (B.7)
R 1 >\ l—¢
gua(2l) = § 20(2 > 0) l—sczg(e) -9 (i)
X [Iz(14+¢e,—¢) — Iz (1 4 2e, —5)]] . (B.8)
Here,
_ 1+e¢ I'l+¢)
—g) = X (e) = = B
(=) =426 = arora=e &) = Taeora —a) (B9)
Bi(aa b)
Iz (a,b) = , B.1
(a’ ) B((L, b) ( O)
and Bz(a, b) is the incomplete beta function. The corresponding Taylor series read
. 1 5.
hI(CC,y‘E) = 1+5h1($,y)+§€2h1(x,y)+..., (Bll)
) 1 ..
Ho(w,yle) = Ha(w,y) + eHao(w,y) + 5 Halz,9) + -, (B.12)
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H,(z,y) =0, (B.13)

H,(z,y) zgg(gyzw){{l—i—ln(x)—ln <1—§>} —y:r—yx}, (B.14)
Hy(z,y) =S [9(93; y) ({ Z[;r(lg(czzy)l] 14 Z} In(z — y)
gy ) (L 2 () — 2 [Lis(2) — Lia(D)
71'2
4 {122 + (14 2) [Lia(z) — L12(1)]} xiy)] . (B.15)

C (=,0)-moments up to order a?Sy

Here, we write down the one-fold correlators as the following expansion:

N, (- . . ~
% (z; P?) = FXFQ{H%( + a,CpIIy +a? - (5OCFH§[B] + CFH%) +0 (ag) }, (C.1)

141
N
I, = I (@ Z [ (2 (C.2)

where Fy = % Fr=1, Fs= %. The coefficients of the expansion are listed below:

f[XO = —zzIn(zz), My, = —af, (C.3)

)

7T2

1Y, = o {2 $ [Lis(e) ~ Line) n(e) ~ 3] + (3 - 5) Inaz) + 9 - 16<3}

& 2
L8 femi). )
2 _
TV — 2z | 5 _m2(E
Iy, =zr [ 3 5—1In <$>] , (C.4b)
I, =0, (C.4c)
iy, =z $[5L Lis(2) In(2)] + — In®(22) — ~ 10 ( ) In(ez) — 21n? (Z
2081 = LT i3(2) — Lio(x) In(2)] + 15 (@) — 7% { ~ ) In(ez) — 2 1n* (=
w2 N TP & A . 3 31 w2
—gln(m)JrEﬂ —6}+S{x[L12(:c)—41 (z )+71n( )]}_6’
(C.5a)
. 1.
H;/[B]J =3 S[zIn(z)], (C.5b)
ﬁOT,O =2z [1 + In(xz)], 1:[0T71 =z, (C.6)
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ﬁrﬂo = a:a_:{2 S [— Lis(x) + In(x) Lia(z)] + 1ln?’(scsi) + 1ln2 (i) In(zz) + %1112(9:95)

6 2
9. o/ w2 _ w2
N 1 9
—S|zln(z) + ixln ()], (C.7a)
- 2 z
il = oz [6 -5 (x) + ln(mi)] , (C.7D)
Mg, = a:i’{g[—5 Lig(x) + Liz(z) In(x)] — 1 In3(27) + 1ln2 <j) In(zz) + T In? (5:)
208],1 12 47 \z 12 \z
SR L PR )
4lm (xx) + 3 ( 3 + 7% ) In(zx) T 6
2
+S {a: [—2 Lis(x) + glnz(x) - iln(a:)} } + %, (C.8a)
T, 1 _[19 ln(zs &Mzl C.8b
232 = 0T |5~ n(zz)| + Sz In(x)], (C.8b)
~ 1 _
ngm = —3%%; (C.8¢)
]':‘[(S],O == ln(xf)’ ﬁ§,1 =-1, (Cg)
=3 A . . 1 2 03, 3.5
17y = S |2 Li3(z) — 2 Lig(x) In(z) — 53:111(3:) ~3 In°(zx) — 1 In“(xx)
. _ ™\ 1 _ 7 39
+In(zz) | 2In(x) In(z) — 10 4+ 373 In(z)In(z) — 16¢3 — 3 + 5 (C.10a)
- r
17, = In(zz) — In® -+ 515 (C.10b)
7, = 3, (C.10c)
- N 1 4
ngm = 8[5 Liz(z) — Lizg(x) In(z) + xln(x)} 5 In®(zz) — 3 In?(zz)
_ .31 72 19 11, 479
+ In(zz) <ln(x) In(z) + 5 3) + 3 In(z)In(z) + & T (C.11a)
1515, = 10 — %ln(xa?), (C.11b)
555 = —1. (C.11c)

The expansions above as well as rather cumbersome three-loop nonlogarithmic parts
ﬁé([ﬁ] o of the moments are provided in an .m file appended to the arXiv version of this

paper.
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D Borel transform

The Borel transform with a parameter p is defined as

By 7o) =_ tim S0 (0.1)

In this paper, we used the following special cases:

. . . Car M
B [e t} =6(1 —pa), a>0, B, [t7] = T(a)’ a>0, (D.2)
By (0] = m(-) | | (M e
e e P 9 2B Tl
(D.3)

where | = In (u) and Ig = In(ue 7). For the case of scalar-scalar correlator, one has to
Borel transform the terms proportional to P2 In (P2 / ,uz)k, which can be done with the help
of eq. (D.3) and the relation below,

B, [pIn" (p)] = —p { By 0" (p)] + nBy 0"~ (p)]} (D.4)

In particular,
By, [pln(p)] = 4. B, [p?(p)] =20 +1),  (D.5a)
B, [pn*(p)] = 3u (z% + 2l — 7‘;) . (D.5b)

E Distribution amplitudes of twist 2 and 3 for w and p mesons

Distribution amplitudes (DA) of hadrons appear as a result of applying factorization the-
orems to hard exclusive processes with hadrons, they describe the parton degrees of free-
dom in the soft hadron part of the factorized amplitudes. The DAs parameterize, in
the collinear direction, the matrix elements of the gauge invariant nonlocal operators sand-
wiched between the vacuum and the hadron state. The DAs are ordered by their increasing
twist. Indeed, the two particle DAs presented below describe the partition of longitudinal-
momentum fractions between the valence quark, z, and antiquark, 1 — x. The twist-2 DA
©r(z, u?) for the pion and go%(x, ©2) for the longitudinal p meson, are defined as

(0[d(0)375 [0, 2Ju(2)|7 ™ (p))

1 ) 1
Zifnpy/ dz e =P o (2, 1), / dz (2, p%) = 1;
22=0 0 0
(E.1)

1 , 1
= [ dee T @), [ ) = 1
(E.2)

(0[d(0)y [0, 2Ju(2)|p(p; A))
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where p, and p? are the meson momentum and the factorization scale (u? = u%) The
path-ordered gauge link [0, z] with the integration along the straight line on the light cone is

[0, z] = Pexp( zg/ dt”) (E.3)

On the other hand, the transverse p-meson DA, cpE(a:, ©?), is given by

(10} 0, (o )|, =857 ps — ) [ do e DT, (B4
where 6,@ is the polarization vector of the p meson, A — its helicity.
Below we neglect the contributions of twist-3 three-particle DA, see [15, 16] and
egs. (20)—(21) in [26]:

(0d00)2 0, la(2)m(p)rcg = 20— / dee G (o2, (ES5)
[ e iy =1, L@ =1, (EH)
(0d00)i0a="25 0, Ja(2) (P = )2 L / dee= g5, (2,11%),
(E.7)
[ e iyie =1, 5. (x) = 627 (E3)
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