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Abstract. We analyze the higher-twist effects and the SU(3)-flavor symmetry breaking in the correlation
functions used to calculate form factors of pseudoscalar mesons in the QCD light-cone sum rule approach.
It is shown that the Ward identities for these correlation functions yield relations between twist-4 two-
and three-particle distribution amplitudes. In addition to the relations already obtained from the QCD
equations of motions, we have found a new one. With the help of these relations, the twist-4 contribution
to the light-cone sum rule for the pion electromagnetic form factor is reduced to a very simple form.
Simultaneously, we correct a sign error in an earlier calculation. The updated light-cone sum rule prediction
for the pion form factor at intermediate momentum transfers is compared with the recent Jefferson Lab
data. Furthermore, from the correlation functions with strange-quark currents the kaon electromagnetic
form factor and the K — 7 weak transition form factors are predicted with O(ms) ~ O(m%) accuracy.

1 Introduction

Accurate knowledge of the pion and kaon light-cone distri-
bution amplitudes (DAs) introduced in the studies of hard
exclusive processes in QCD [1] is important for the vari-
ous frameworks where these DAs are being used. Among
the most topical applications one could mention the cal-
culations of exclusive semileptonic and hadronic B-meson
transitions into pions and kaons using pQCD [2], QCD fac-
torization [3] or light-cone sum rules [4]. Although there
are definite indications that at the normalization scale of
O(1GeV) the leading twist-2 pion DA is already quite
close to its asymptotic shape, one still encounters a large
uncertainty of the non-asymptotic part. Moreover, very
little is known about non-asymptotic SU(3)-flavor asym-
metry in the twist-2 kaon DA.

One of the promising ways to study DAs is to em-
ploy vacuum-to-pion or vacuum-to-kaon correlation func-
tions of light-quark currents. At high virtualities, using the
operator-product expansion (OPE) near the light-cone,
these correlation functions are expressed in terms of DAs.
On the other hand, the same correlation functions are re-
lated, via dispersion relations, to the observable form fac-
tors of pions and kaons with the contributions of excited
hadronic states approximated by quark—hadron duality.
In the resulting relations, known as light-cone sum rules
(LCSRs) [5], the experimental data on form factors can
be used to yield non-trivial constraints on the DAs. The
LCSR for the pion electromagnetic (e.m.) form factor was
derived in [6,7] and for the y*y7® form factor in [8]. In
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order to further increase the accuracy of these sum rules
one has to gain a better control over higher-twist effects
in the OPE. In the case of the pion form factors the most
important subleading contribution to the LCSR is of twist
4. The kaon e.m. form factor, which so far was not ana-
lyzed in the LCSR framework, demands also inclusion of
the twist-3 effects proportional to mg.

The aim of this paper is twofold. First, we analyze the
higher-twist effects in the vacuum-to-pion and vacuum-
to-kaon correlation functions. We demonstrate that a new
useful tool is provided by standard Ward identities for the
conserved e.m. and axial (in the chiral limit) currents. Si-
multaneously, we correct a sign error in the previous calcu-
lation of the twist-4 term and update the LCSR prediction
for the pion e.m. form factor. Second, we include SU(3)-
flavor symmetry breaking effects at O(ms) ~ O(m%) in
the correlation functions. We calculate the twist-3 part
and obtain LCSR for the kaon e.m. and K — 7 weak
transition form factors at intermediate spacelike momen-
tum transfers.

The plan of this paper is as follows. In Sect. 2 we intro-
duce a generic correlation function, which yields LCSRs
for the pion, kaon, and K — 7 form factors for different
flavor combinations of light-quark currents. The correla-
tion function is then calculated with twist-4 accuracy in-
cluding terms of first order in the quark mass. In Sect. 3 we
derive the Ward identities in the chiral limit and demon-
strate that they lead to relations between two- and three-
particle DAs of twist 4. In Sect.4 the numerical results
for the pion form factor are presented with a corrected
twist-4 contribution. A comparison of our prediction is
made with the recent data on the pion e.m. form factor
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obtained at CEBAF. Section5 contains LCSR results for
the kaon electromagnetic form factor, and Sect.6 deals
with the K — 7 weak transition form factor. We sum-
marize our conclusions in Sect. 7. The appendices contain
the expansion of the quark propagator in Appendix A, the
definitions of the DAs and their asymptotic expansions in
Appendix B and in Appendix C the ay corrections to the
twist-2 LCSR obtained in [7].

2 Correlation functions

As a starting point, we introduce a generic correlation
function:

T(p0) =1 [ oo™ (07 { (@2(0)y050.(0)

%(e11 (27,01 (2) + e23(x)v002(2) } P(P), (1)

where, in order to obtain the LCSR for the pion e.m.
form factor the following quark-flavor combination has to
be taken: ¢ = ¢} = u, g2 = ¢5 = d. In this case the
on-shell hadronic state P = 77, and e; = e, = 2/3,
es = eq = —1/3 are the quark e.m. charges in units of
e. To calculate the kaon e.m. form factor, one simply has
to replace d — s and 7+ — KT above. There are two
other physically interesting correlation functions yielding
two independent LCSRs for the K — m weak transition
form factors obtained from (1) at ¢; = s, ¢} = u, g2 = d,
P=gt e =1,ea=0and at 1 =d, @2 = u, ¢4 = s,
e1 =0, e =1, P = K° Summarizing, if one calculates
the correlation function (1) the result can easily be ad-
justed to any of the flavor combinations listed above. If
the external four-momenta squared ¢? and (p — q)? are
spacelike and large, the operator product in the correla-
tion function (1) can be expanded near the light-cone in
terms of pion or kaon DAs of increasing twists. One may
then retain a few first terms in this expansion, keeping in
mind that higher twists are suppressed by inverse powers
of Q% = —¢? and/or |(p — q)?| (for a more detailed discus-
sion see e.g. [7,9]). There are two leading-order diagrams
obtained from the two terms in (1) by contracting the
quark fields ¢; with ¢; and ¢o with @, respectively, and
replacing them by the free-quark propagators. The first di-
agram proportional to e; is depicted in Fig. 1a. The second
diagram, proportional to e, is obtained from the first one
by changing the direction of the quark line and replac-
ing the quark-flavor indices 1 <+ 2. The next-to-leading
approximation for the quark propagator generates the di-
agram in Fig. 1b (and its ~ ey counterpart) which brings
three-particle quark—antiquark—gluon DAs of twist 3 and
4 into the game. This diagram is calculated using term
of the first order in the gluon field in the light-cone ex-
pansion of the quark propagator given in Appendix A. We
systematically retain all terms of O(m,) ~ O(m%) in or-
der to be able to account for SU(3) breaking effects in the
LCSRs for the kaon form factors. At the same time, the
O(m?) contributions, arising e.g. from the denominators

q
of quark propagators, are neglected.

(a)

Fig. 1la,b. Diagrams corresponding a to the leading order of
the correlation function (1); b to the contributions of twist-
3, -4 quark—antiquark—gluon DAs. Solid, dashed, wavy lines
and ovals represent quarks, gluons, external currents and pseu-
doscalar meson DA, respectively

The result for the correlation function (1) obtained to
twist-4 accuracy reads

1
Tulp.) = ifr [ du{Ti(Q% 5w
0

+ T2 (QQ’ S, u)pﬂql/ + T3 (Q27 S, U)QMPV
+ T4(Q2asau)QHQV +T5(Q2,S,U)g;w}, (2)

with
9 B _
7,(Q? 5w = 2Pt~ covr (1)
u@Q? — us + uums
1
+

(uQ? — us + uum?)?

% {4;13:3 /DO‘i le1mg, pap(a;) — eamg, pap(a;)]

— 2u <4 [erg1p(u) — eag1p(@)]

AfGan () exGap()
= 2ule1gap(u) + e2g2p(u)]

+ /upai {(1 — 20) (2[€1<PLP(O%) + e201 p(a;)]

+ [61%0”13(041') + 62%0|\P(07i)] )

—2[e1@ 1 p() — e2p 1 p(c)]
— le1pyp(ei) — 62¢|P(ai)]}> }

_e1pp(u) — eapp(a)

T(Q? =
2(Q%s,u) uQ? — us + uum?
1
T Zoz Tum2 )2
(u@? — us + aumdp)

i _
X {; [elm(h @UP(UJ) — €2Mg, PopP (’U,)}

+ 4le1g1p(u) — e2g1p(0)]
— 4[e1Gap(u) — e2Gap(t)]
— dule1g2p(u) + e2g2p ()]
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+ /Dozi lll(l —v) [erp1p(a;) + eap 1 p(a;)]

+ (1= 20) [erpyp(as) + eapp(ai)]
—4(1 —v)[e1p1p(ai) — €291 p(i)]

b

_e1pp(u) — expp()

uQ? — us + uum?

— [e1@yp(ci) — 2@ p()]

T3(Q275?u) =

1
+ = -
(uQ? — us + uum?)?

3

+ 4le1g1p(u) — eagi1p(u))
— 4[e1Gap(u) — e2Gap(W)]
— 4u [61g2p(u) + e2g2p (’L_L)}

P _
[e1myg, pop(u) — e2mg,pop ()]

+ /Dai [ —4dvlerprplas) + e p(a;)]

+ (1 —2v) [81@”[)(0(7;) + 6230|\P(0?i)]
—dvle1prp(ai) — e2p 1 p(ai)]

- [61@“13(041‘) - 6295||P(0?i)] ] )

, _ 4le192p(u) + eagop ()]
T4(Q ,s,u) =4 (ﬁQQ —us + ﬂum% 27
T5(Q%, s,u)

:_QQ—I—s—i—(u—ﬂ)m%

2(aQ? — us + uum?) lerpp(w) — exop ()]
G e ) 7 o (1) = €21 ey (0]

Q° + 5+ (u—wmp
(uQ? — us + uum?)?

T3

x < 4lergip(u) — eag1p (1))

— 4[e1Gap(u) — e2Gop(u)]

u

+ /'DOQ |:(1 — 21)) [elcpup(ai) + 62(,0Hp(071‘)]

- [elﬁup(ai) - 6295||P(0?i)] } )

where s = (p—¢)% 4 =1 —u; a; = ag,a2,1 — a1 — ag;

a; = ag, 1,1 —a; —ag and
1—u

u u d
/Daiz/dal/L,
170[170{2
0

0

(7)

u — Qaq
170&170&2.

In the above, pp is a generic notation for the twist-2 DA
of a pseudoscalar meson P = 7 or K, whereas ¢,p, ¢op,
wsp and gi1p, gor, P1p| P, PLP,| P are, respectively, DAs
of twist 3 and 4. Their definitions, taken from [10] (see
also [11]), are collected in AppendixB. The decay con-
stant fp of P is defined as (0 | 27, vsq1 | P(p)) = ifppy.
Furthermore, up = m%/(mg, +my,) is the twist-3 DA nor-
malization factor and Gap(u) = [, dvgap(v). In the case
of non-strange quarks, ¢ = ¢f = u, @@ = ¢4 = d, both
chiral and isospin symmetry limits can safely be adopted.
In this limit the u, d quark masses as well as the pion mass
are neglected and the DAs are either symmetric or anti-
symmetric (see Appendix B)!, with respect to the replace-
ments u <> U, Or a1 <> ao. In this case the twist-3 parts
in (3)—(7) vanish and the combination of quark charges
e1 — ey = e, —eq = 1 factorizes out. The resulting expres-
sion for T coincides with the one obtained in [6] except
that the signs of the terms containing the twist-4 quark—
gluon DA ¢, p | p are opposite. The same discrepancy in
signs is found in the expressions for T; obtained in the chi-
ral limit in [12] comparing them with (3)—(7). In the next
section we will demonstrate that (3)—(7) are fully consis-
tent with the relations obtained from the QCD equations
of motion. Finally, we note that the twist-3 terms in (3)—
(7) are new.

3 Ward identities

Multiplying the correlation function (1) by the four-mo-
mentum ¢ one obtains

¢ Ty = — /d%eiqz

X <<0|T{§2(0)WV591(0)

ox,
= 6(20)(0[[2(0)7,. 7541 (0), (8)

« 2 (er () (a) + ezqé(x)%@(x))}lp(p»

(e11(0, Z)y0q (0, T) + 62@’2(()’5)70(]2(07f))HP(p»)7

where the second term containing equal-time current com-
mutators originates from the differentiation of the 6(xg)
in the T-product of the currents. For the conserved vector
currents ¢; = ¢} and g3 = ¢/ the first term on the r.h.s. of
(1) vanishes. For the second term the standard commuta-
tion relations for the equal-time current densities can be
employed, e.g., in the case of the pion:

[CZ(O)"YH’)%U(O), (euﬂ(or f)’you(()? f) + edJ(Ov f)%d(ov f))]

yielding for the correlation function the Ward identity
¢"Tyy = ifxpp. (10)

! The type of symmetry is established applying a G-parity
transformation to the underlying matrix elements
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In the chiral limit m,, = mgy, = 0 the axial-vector current
is also conserved. Hence, we get an additional relation:

(p - q)MT/_w = _ifﬂpv~

The above Ward identities are valid for arbitrary ¢ and
p. This circumstance allows one to get relations between
various pion DAs by substituting (2) in the Lh.s. of (10)
and (11).

Here we will only concentrate on the chiral limit, so
that both (10) and (11) are valid and p* = 0. It is easy
to check that the r.h.s. of these equations are saturated
by the twist-2 contribution to their l.h.s. Hence, the Ward
identities (10) and (11) yield non-trivial relations between
two- and three-particle DAs of twist 4. Note that in the
chiral limit different twists are separated by dimensions,
therefore contributions to the correlation function with
twist higher than 4 neglected in our calculation are unim-
portant?. Using

(11)

2q.p 0 1
(q—up)® ~ u (g — up)?
and
q> 1 0 1
G—w)r  G-w)?  oulg—uw? (12)

together with partial integration in u, rewriting all twist-4
contributions in (10) and (11) as fol du(1/(p — uq)?)F(u)
and then extracting F'(u) = 0, one obtains the following
relations:

gom (1 / Doy (p1a(on) — (1 - 20)F1e(ar)),  (13)
Cian() = 2gon(u) — /Dav (0n(0) + Binlar)),
(14)
917(1) = Gian () + éuagmu)
- */Daz (SDHW(Q’L) +2SDJ_7r(az))
~ Gimle) = mﬂ(ai)}, (15)

where g5, (u) = dg2(u)/Ou. We notice that the above ex-
pressions can be used to rewrite in the chiral limit (P = )
the twist-4 part of the correlation function (2) using only
one DA g9, and its derivative over u, so that

T =it 4 {u@?l

X (QUp,upu — quPv — Puqv — (q : p)g;w) O (U)

2 In fact, we also neglect four-particle Fock components of
twist 4 in the light-cone expansion of the matrix elements.
This is consistent with the approximation adopted in deriving
the relations from the QCD equations of motion [10]

2 _
+ W{pupu(2u292w (u> - 2u2u9/27r (u))
+ (p;LQV + quV)(_Zu.gQﬂ' (u) + uagéﬂ' (U))
+ (quV quPv + 2%%)9% (U')
+

9o | (2% + (4:0)(1 + 20) gax ()

— (g-p)uiigh (u)] }}.

The relations (13) and (14) can also be obtained using
the technique of the QCD equations of motion [10]. The
starting objects in this case are the derivatives of quark—
antiquark operators expressed via quark—antiquark—gluon
operators, e.g.:

(16)

ada (0]d(0)y,vs2AGM (az)u(z)|nt (p))  (17)

and

~{0ld(0)yurs (@) 7 (1) (18)

i / ada (0[2(0) 17571502 G (az)u(@)r* (p)) |

where G, = gSwa()\a/Q), trAg Ay = 26%°. The relations
derived from (17) are

2 gam(u) — Gan(u)

gl‘n’(u) = 9

u

—+ %/DO[Z”U (SOHﬂ—(Oéz) - Q@Lﬂ(ai)) s (19)

and its u <> 4 equivalent:

Y o (1) — G (w)

2

—f/Daz

Combining (19) and (20) one gets the two relations ob-
tained in [10]. Equation (18), which was also used in [12],
yields

glﬂ'(u) =

‘P\Iﬂ(az) - 290L7T(O‘Z)) . (20)

— S92 (u) + Gan (1)

glﬂ(u) =
+ %/Daiv (@Hﬁ(ai) + Q‘ZLw(ai)) , o (21)

and

- gg% () + Gar ()

/ Da;(1

Gir(u) (22)

@Hw(O‘Z) + Q‘PLﬂ(az)) .
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Combining (21) and (22) with (19) and (20), after simple
algebra one indeed reproduces the relations obtained from
the Ward identities, but only two of them, (13) and (14).
The relation (15), the only one involving the DA @), is
new and was not obtained using the equations of motion.
Note that the observed consistence between the relations
derived from Ward identities and from QCD equations of
motion provides an independent check of our result for the
correlation function. Indeed, taking the correlation func-
tion calculated in [12] with different signs at the terms
with ¢ . |x we obtain a contradiction between the two
types of relations.

If the chiral symmetry is violated, m, ~ m% # 0, the
Ward identity (10) based on the conservation of the e.m.
current is still valid, but the relations following from this
identity are more complicated, mixing DAs of twist 2, 3
and 4 and not allowing one to reduce the twist-4 part to
an integral over a single DA. The corresponding analysis
goes beyond the scope of this paper.

4 Updated prediction
for the pion e.m. form factor

The LCSR for the pion e.m. form factor was originally de-
rived in [6]. Let us briefly outline the procedure. The part
of the correlation function (2) (in the chiral limit) propor-
tional to ~ p,p, was matched to the hadronic dispersion
relation in the variable s = (p—q)?; that is, in the channel
of the axial-vector current:

1
ifr / duTy (Q?
0

In this relation, the first term on the r.h.s. is the ground-
state contribution of the pion where f; = 132MeV and
F,(Q?) is the pion e.m. form factor defined in the standard
way:

Fr(Q)(2p—q)y = (nT(p—q) | 5™ | 7" (p)),

o™ being the quark e.m. current. The contributions of the
a; meson and excited states with J© = 07, 1% form the
spectral density p” which is estimated as usual, with the
help of quark-hadron duality:

u) = QIf’T_S(QQ) / ph(,sl)dsl. (23)

s — S8

h
So

(24)

" (5)O(s—sl) = fﬂ/dulmaTl(Q s,u)O(s—sf), (25)

where the effective threshold parameter s3 = 0.7 GeV? is
determined from the SVZ sum rule [13] for the correlator
of two 7, vsd currents. Representing the Lh.s of (23) in
the form of the dispersion integral:

o) 1
1 ds’
/dUTl Q S, ’I,L 7/ 7 i /dUIms’Tl(Q27slau)7
s s — 8
0 0

(26)

using (25) and performing the Borel transformation, (p —
q)? — M?, we obtain the resulting sum rule:

S 1

Fr(Q%) = Qi/dSe_s/Mz/duImSTl(QQ’S’“)' (27)

™
0 0

In the twist-2 approximation one has [6]

L — M2

In the above uf = Q?/(s5 +Q?) and we have indicated the
dependence of the DA ¢, on the normalization scale p.

The LCSR (27) was further improved in [7] where the
O(as) contribution to the twist-2 part was calculated by
taking into account the perturbative gluon exchanges be-
tween the quark lines in the diagram of Fig. la. For con-
venience we present in Appendix C the explicit expression
for F**)(92) which has to be added to the r.h.s. of (28).
Recall that this contribution provides the ~ o /Q? asymp-
totic behavior [1] of the form factor. As explained in detail
n [7] the form factor obtained from LCSR includes both
the hard-scattering and soft (end-point) contributions.

Our main update of the sum rule for F,(Q?) concerns
the twist-4 term for which a new, corrected expression is
obtained from (16):

(28)

; (4) =02
FO(Q?) :/du% ](Wu) exp (;ﬁz)
g
N uS@S,Z(QUS»M) o—sT/M? (29)
where
ot (u, 1) = 2u (g2r (u, 1) — Ul (u, ). (30)
The second term on the r.h.s. of (29) is a “surface

term” originating after the continuum subtraction as ex-
plained in [7]. In the same paper the factorizable twist-6
contribution to LCSR was calculated:

4rasCr
3120

in terms of the quark condensate density (see [7] for the
diagrams and other details concerning this contribution).
Note that the twist-6 term is numerically very small start-
ing from Q% = 1 GeV? which is therefore a natural lower
boundary of the LCSR validity region3.

We turn now to the numerical calculation of the pion
form factor,

Fr(Q*) = FP(Q%) + F*)(Q?)
FI(Q) + FO(Q),

3 Recent work on the pion and kaon form factors at low mo-
mentum transfers can be found in [14]

FO(Q%) = (0]aq]0)® (31)

(32)
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Fig. 2. Pion e.m. form factor obtained from LCSR with the
asymptotic pion DA (solid) including the twist-2 leading-order
(long-dashed), twist-2 O(cs) (short-dashed), twist-4 (dash-
dotted) and factorizable twist-6 (dotted) contributions

where twist-2, -4, and the factorizable twist-6 contribu-
tions to LCSR are added together. In our numerical eval-
uation of (32), following [7] we take 0.8 < M? < 1.5 GeV?
and adopt the variable normalization scale p2 = (1 —
u)Q? + uM? of the light-cone DA. The same scale is
adopted for the normalization of ay. For the latter the two-
loop running is used with A®) = 340 MeV corresponding
to as(1GeV) = 0.48. For the twist-2 pion DA we take
the asymptotic form ¢, (u) = 6u(l — u). The influence of
non-asymptotic corrections will be discussed later. Con-
cerning the twist-4 pion DAs: we actually need only one
of them, go,. Interestingly, in first order of the conformal
expansion [10] this DA does not contain non-asymptotic
contributions. Using the asymptotic form of go,(u) pre-
sented in Appendix B one obtains a compact expression:
(4) = 2052 0w
o () = Ol — u(7 — u)). (33)
The non-perturbative parameter §2 =~ 0.2GeV? deter-
mining the vacuum-to-pion matrix element of the quark—
antiquark—gluon current (see the definition in Appendix B)
was estimated from various two-point QCD sum rules in
[15]. To assess the theoretical uncertainty, we have recal-
culated 02 using the diagonal sum rule for two quark-—
antiquark—gluon currents which is less dependent on the
variations of quark and gluon condensates. The result, in
agreement with [15], is
62(1GeV) = 0.17 + 0.05 GeV?, (34)
obtained with (0 | gg | 0) = (=240 4+ 10MeV)? and (0 |
(as/m) G4, G | 0) = 0.012 £ 0.006 GeV*.
Our prediction for the pion e.m. form factor given by
(32) is plotted in Fig.2, calculated with the asymptotic
pion DA at the typical value of M? = 1GeV?, and at

p = i, and 62 = 0.17 GeV?. Importantly, the corrected
twist-4 contribution is about two times larger than esti-
mated before [6,7]. Note that at Q2 — oo the twist-4 term
given by (29) has the same ~ 1/Q* asymptotic behavior
as the twist-2 contribution (28)%, but has one extra power
of 1/M?. This can be seen explicitly by rewriting (29),
with the help of (33), in the form of a dispersion integral
with the integration variable s = Q2u/u:

T

1) 2y — 42 2 —s/M? Q°
Q7)) = 3 6#(/‘)/(186 (Q2 + 5)6

0

9s 952 s3
X<1_Q2+624_Q6>7 (35)
yielding at Q% — oo
4062 M e
FO@) ~ =g (1-e5) 6o

to be compared with the corresponding limit of (28):
6M*

o (1—(1+1\852> e—sg/Mz) (37)

Although the twist-4 term has indeed an extra suppres-
sion factor 62 /M? as compared with the twist-2 term, the
overall numerical coefficients in (36) and (37) are of the
same order at M? ~ 1GeV?.

The LCSR approach allows one to estimate the theo-
retical uncertainty of the predicted form factor. We did it
in the following way. First of all, M? and §2 were varied
within allowed intervals. Furthermore, in order to inves-
tigate the sensitivity to the choice of the renormalization
scale, our calculation was repeated at two fixed scales Q?
and M? adopting the variation of the results as a the-
oretical uncertainty. Finally, accounting for the missing
twist >6 terms we assume that the absence of the latter
introduces an additional uncertainty equal to +F© (Q?).
All abovementioned variations of the LCSR prediction for
F.(Q?) are then added linearly, which is a rather conser-
vative approach.

In Fig.3 we plot F,(Q?), calculated with the asymp-
totic pion DA and at M? = 1GeV?2. The resulting uncer-
tainty of the form factor indicated in this figure is about
+(20 = 30)% at Q% > 1GeV2. At Q% < 1GeV? the un-
certainty grows revealing the inapplicability of LCSR for
small momentum transfers. In the region 2.0 < Q? <
10 GeV? our prediction for the pion e.m. form factor with
the asymptotic pion DA can be fitted to the following sim-
ple formula:

FD(Q7) ~

0.7908 =+ 0.9340
+ R —

Q*F,(Q%) = (0.0735 + 0.2016) 5

0.8496 + 1.2068

— T

1 Contributions non-vanishing or growing with Q2 are absent
in LCSR. Such anomalous contributions emerge in QCD sum

rules based on the local condensate expansion [16,17] making
the latter not applicable at Q2 > 1 GeV?

(38)
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Fig. 3. The pion e.m. form factor calculated from LCSR in
comparison with the Jefferson Lab data [18] shown with points
(the experimental error and the model uncertainty are added
in quadratures). The solid line corresponds to the asymptotic
pion DA, dashed lines indicate the estimated overall theoreti-
cal uncertainty; the dash-dotted line is calculated with the CZ
model [19] of the pion DA

(all numbers in GeV?), where the correlated intervals take
into account the total uncertainty.

The accuracy of the LCSR prediction (32) can be im-
proved further by including various higher-twist correc-
tions (due to twist-4 multiparticle and twist-6 DAs) which
were not yet analyzed. However, the smallness of the fac-
torizable twist-6 term indicates that these effects are most
probably numerically unimportant. In addition, it is de-
sirable to improve also the perturbative expansion of the
correlation function calculating the O(as) term of twist 4
and the O(a2) term of twist 2. An attempt to account for
the latter was made in [7] by matching LCSR to the NLO
perturbative calculation [20].

Finally, in Fig.3 we compare our numerical predic-
tion with the recent accurate data on Fy(Q?) obtained
from the pion electroproduction at Jefferson Lab [18] at
Q% = 0.6 ~ 1.65GeV?, in the region which only partly
overlaps the LCSR validity region Q% > 1GeV?2. We find
that within theoretical uncertainties and experimental er-
rors the form factor calculated with the asymptotic pion
DA ¢, (u) is consistent with data®.

With F,(Q?) accurately measured at the whole region
Q? = 1+ 10GeV? it should in principle be possible to
constrain/fit the non-asymptotic part of ¢ (u) determined
by the coefficients a,, in the expansion over Gegenbauer
polynomials (see AppendixB). Taking into account the
complete expansion one obtains

5 LCSR predictions also agree with older measurements of
Fr(Q%) at Q* =1+ 6GeV?, which however have large experi-
mental errors

0-8 T T T T T T T T
Q*Fr(Q%)[GeV? e

08T T _

04l e

Q*[GeV?]

Fig. 4. Graphical illustration of (39). The pion e.m. form
factor obtained from LCSR with the asymptotic pion DA
(solid line) and the coefficients at a2 (1 GeV) (long-dashed) and
aa(1GeV) (short-dashed)

Fr(Q%) = [Fr(@)as + D _ a2 (10) fan (Q%, pt, o), (39)

n=1

where the first term on the r.h.s. is the form factor calcu-
lated with the asymptotic DA and in the sum each ao, is
multiplied by a calculable function:

_ as(p) /o
Jon Q% 1t po) = 6 <0ls(/i0)>

! =2
X /ug duuaC;/LQ(u— u) exp (—3132) 4.

(40)

In the above, pg ~ 1GeV is a certain low scale, and the
anomalous dimensions -, of the renormalization factors
are given in Appendix B. For brevity, the O(as) correction
to (40) is denoted by an ellipsis.

A direct fit of all a,, from (39) is of course not a real-
istic task. In fact, using the arguments of the conformal
partial wave expansion, one expects that the coefficients
are decreasing with n, ag,4+2 < ag,. Based on these argu-
ments, the form of ¢, (u) usually discussed in the literature
involves one (ag) or two (ag, as) non-zero coefficients ne-
glecting the rest. Having adopted a certain simple ansatz
for ¢,(u) one is then able to constrain or even fit the
coefficients from (39). However, the current data [18] are
sufficient to constrain only the simplest ansatz with a sin-
gle non-zero coefficient ay. This can be seen from Fig. 4
where fo and fy in (40) are plotted in comparison with
F2. Due to different signs of fo and fy at Q? < 3GeV?
it is difficult to distinguish the form of ¢, with ay # 0
from the one where both as,as # 0. For instance, one
obtains equally good fits to the experimental data shown
in Fig. (3) with a2(1GeV) = 0.05, a4(1 GeV) = —0.30 as
with as(1 GeV) = 0.25,a4(1 GeV) = 0. If we impose that
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all ap~2 = 0 in (39) the coefficient as can be fitted to the
following interval consistent with zero:

az(1GeV) = 0.24 + 0.14 £ 0.08, (41)
where the first error reflects our estimated theoretical un-
certainty, whereas the second one corresponds to the ex-
perimental errors. One needs data at larger Q? to resolve
more complicated patterns of the non-asymptotic coeffi-
cients in .

5 The kaon electromagnetic form factor

The LCSR for the charged kaon e.m. form factor can be
easily obtained from the correlation function (3), substi-
tuting P = KT, e; = e, = +2/3, e = e; = —1/3,
mg, = 0, mg, = m,. We will systematically retain all
O(mg) ~ O(m?%) effects, which are numerous, in gen-
eral. At the purely kinematical level one has to account
for p> = m% in the correlation function. Furthermore,
the s-quark propagator produces a chirally non-invariant
part proportional to mg which brings the twist-3 contri-
bution into the game (the m? in the denominator of the
quark propagator is neglected, being a higher-order ef-
fect). Finally, in the light-cone DA there are SU(3)-flavor
symmetry (SU(3)g) violating corrections of three types.
First, the normalization factors, determining the quark—
antiquark vacuum-to-kaon matrix elements in the local
limit « = 0 differ from the corresponding factors for the
pionic matrix elements, e.g. fx # fr. Secondly, the non-
asymptotic parts of the kaon DA are asymmetric with
respect to the interchange of quark and antiquark fields,
with a larger average momentum fraction of the strange
quark. At the twist-2 level this effect manifests itself in
the non-vanishing odd coefficients of the Gegenbauer ex-
pansion (B.7): af¢, aff .- ~ m, # 0. For the higher-twist
DAs the SU(3)g violating asymmetries were not studied
yet, and in our numerical calculation we will neglect them.
On the other hand, we will take into account the so-called
meson-mass corrections to the twist-4 DAs investigated
and worked out in [11]. These effects include the mixing
of non-asymptotic parts of twist-2, -3 and -4 DAs beyond
the chiral limit. The corresponding expressions are pre-
sented in Appendix B.

Apart from SU(3)g violating corrections listed above
the derivation of the LCSR for the kaon e.m. form factor
repeats the procedure for the pion outlined in the previous
section. The result reads

Fr(Q?) = FP(Q) + F&*0(Q?)
+ FE(@Q) + FP(Q) + Q). (42)

where the twist-2 contribution is

1

F2@Q* = /du (ggoK(u,u) + 1¢K(ﬂ7u)>

3
uQ?  um?
X exp (_UM2 + e ) .

The DA ¢k (u, p) is defined as in (B.1), with ¢; = u and
q2 = s, so that @ is the momentum fraction of the s-
quark. In the above, the lower limit ug is related to the
duality threshold in the kaon channel s by the equa-
tion s = ul (Q?/ulf +m? ) which should be solved with
O(m?%) accuracy. The O(as) correction to the twist-2 con-
tribution has been calculated in [7] in the chiral limit. To

obtain F1(<2 22) e replace ¢, by ¢ in the expression for

FT(rZ’aS) given in Appendix C. In addition, there are SU(3)q
violating corrections in the hard amplitude. Note that the
first-order in mg corrections are absent due to chirality.
Nevertheless, indirectly, O(ms) contributions will appear
due to purely kinematical terms O(p? = m%). To obtain
these terms one has to recalculate the O(as) diagrams re-
taining p? # 0, which is beyond the task of this paper.

The twist-3 and -4 terms in (42) can be cast in the
same form as the twist-4 contribution to the pion form
factor:

1
(3,4) — N2 2
34 )2y _ e (u, ) aQ?  um?
RO = [t e (i +
ugl
1 2 _ K 2
+< 2 K+(Q2502<n?{)
Q? + s (@ +SO)
x @& (ulf | p)es0 /MTHmic /M, (44)
where
3 2ms f3x [
05 (u, 1) = T fru /Dai@SK(ai) (45)
and

3

— 42Gox (u) + Gox (0)]
— 2u [2gok (u) — gox ()]

oD (1) = — (4 291 (1) + g1 ()]

+ /Dai [(1 — 20) (2[2901_1((0@‘) — 1 r(a;)]

+ [2¢)x (i) — oy (@i)] ) (46)

— 21291 k(i) + Prx(as)]

— [20)x (i) + Pyxc(@i)] D

In the surface term in (44) only O(m%) terms are taken
into account in accordance with our approximation. Since
the twist-3 contribution to the correlation function is pro-
portional to m it is consistent to use the SU(3)g limit of
the twist-3 DA, in particular ¢s3x = @3, in (45). Finally,
for simplicity we adopt the SU(3)a limit for the numeri-
cally small twist-6 factorizable term.

In Fig.5 we plot the kaon e.m. form factor calculated
with the following choice of parameters:
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Fig. 5. The LCSR prediction for the charged kaon e.m. form
factor F(Q?) (solid line) in comparison with the pion form
factor obtained with the asymptotic pion DA (dashed line) at
M? =1GeV?

(a) the twist-2 DA is taken with af(1GeV) = —0.17 (as
estimated from the two-point sum rule in [19]) and ne-
glecting all higher Gegenbauer coefficients (in particu-
lar aX = 0), that is, maximally close to the asymptotic
regime;

s¥ = 1.2 GeV? is determined from the two-point QCD
sum rules for fr [21]. Importantly, s& is larger than
s§ reflecting heavier states in the kaon channel;

(c) for the strange quark mass we adopt an interval
ms(1GeV) = 150 £ 50 MeV;

the parameters of twist-3 and -4 kaon DAs taken in the
SU(3)q limitS: f3x(1GeV) = f3,(1GeV) = 0.0035
GeV?, §2.(1GeV) = 62(1GeV) = 0.17 £ 0.05GeV?
(see (34)), wsx(1GeV) = w3(1GeV) = —2.88, esx
(1GeV) = €,:(1GeV) = 0.5 [10,11]. The typical ac-
curacy of all parameters except §2 is about 50%. We
also use fx = 1.22f.

Comparing the LCSR prediction for the pion and kaon
form factors calculated at M? = 1 GeV? we observe a no-
ticeable SU(3)g violating difference. The ratio Fx(Q?)/
F,(Q?) approaches 1.5 at Q% ~ 10 GeV2. A closer look at
(43) reveals that this difference originates from an inter-
play of two opposite effects. The SU(3)y asymmetry due
to a1 # 0in @k (u) tends to suppress the kaon form factor
because in the larger contribution (corresponding to the u-
quark interacting with the virtual photon) ¢ i (u) < @x(u)
in the end-point integration region uf < u < 1. On the

6 As noted above this is only consistent for the twist-3 part of
the sum rule. The accuracy of the twist-4 part can be improved
further if one determines the non-perturbative parameters en-
tering the kaon twist-3 and -4 DAs from the corresponding
two-point sum rules in the kaon channel taking into account
SU(3)a violation, a task for future work

other hand, the fact that the duality threshold for the kaon
is higher, sox > sor, implies that the end-point region for
the kaon form factor is itself larger, thereby increasing
Fi. Numerically, the latter effect turns out to be more
important. Interestingly, the twist-3 contribution which
is entirely an SU(3)g violating effect is negligibly small,
so that the m, uncertainty is unimportant. Note that in
the ratio of kaon and pion form factors some theoreti-
cal uncertainties (e.g., due to M? and scale dependence)
cancel, leaving the major uncertainty in the Gegenbauer
coefficient a;. The unaccounted SU(3)g violating effects
in higher twists can presumably be neglected within the
present accuracy. If the kaon e.m. form factor is measured
one would then be able to constrain/fit a;.

Our final comment in this section concerns the neutral
kaon e.m. form factor. It can be easily calculated from
the same LCSR (42) if one replaces the u-quark by the d-
quark in the initial correlation function, keeping in mind
that the DAs of K° and KT are equal due to isospin sym-
metry. In particular, the leading twist-2 contribution is
obtained replacing the u-quark charge 2/3 in (43) by the d-
quark charge —1/3. As a result Fo(Q?) is a pure SU(3)g
violating effect proportional to the integral over the dif-
ference pi(u) — px(@). The numerical result is small:
Q%Fko(Q?) = 0.05-0.09GeV? (at 1 < Q% < 10GeV?),
implying that the measurement of this form factor is a
difficult task.

We conclude that the LCSR method allows one to
systematically account for SU(3)g breaking effects in the
kaon form factors, and that these effects revealed by the
ratio of Kt and 7T form factors are predicted to be quite
noticeable.

6 The K — 7 form factor

As a final application of LCSR in this paper we consider
the K — 7 form factor f}ﬂ defined by

(m=(p—q) | 57.u | K°(p))
= 215 (@®)pu — (F1£:(?) = Frn (@) -

As explained in Sect. 2 this form factor can be calculated
from the correlation function (1) in two different ways: ei-
ther from the vacuum-to-pion or from the vacuum-to-kaon
correlation functions. Both calculations are valid only at
sufficiently large spacelike momentum transfer Q% >
1GeV?, whereas the form factor f;ﬂ is measurable only
at timelike momenta where the LCSR method is not ap-
plicable, e.g., at 0 < ¢® < (mx —my)? in the K.3 decays,
or at (mg +mx)? < ¢®> <m? in 7 — Knv decays.
Nevertheless, one is able to use the fact that the LCSR
obtained for two different settings yield one and the same
physical parameter and derive useful constraints on the
light-cone DAs of the pion and kaon involved in both sum
rules. To explain this idea we explicitly write down the
LCSR obtained from the vacuum-to-pion correlator:

1
FEQY) = I

(47)

dupr (u, 1)



76 J. Bijnens, A. Khodjamirian: Exploring light-cone sum rules for pion and kaon form factors

05 . . .
045 | [E+(@) |
04 | .
0.35
0.3
0.25

0.15 .

0.05 .

O 1 1 1
25 3

Q¥GeV?]

Fig. 6. The K — « form factor at spacelike region calculated
with twist-2 accuracy: from (48) with the asymptotic pion DA
(solid) and from (49) with the kaon DA including the SU(3)a
violating correction ~ a1 (dashed) and at a1 = 0 (dash-dotted)

(48)

Using instead the vacuum-to-kaon correlator, one gets

1
Feal@) =25 [ dupreta

2

xexp(—uQQ—umK>+~--, (49)

uM? M?

In the region 1 < Q? < 3GeV? and at M? ~ 1 GeV? both
sum rules are valid and the higher twist and O(ay) con-
tributions denoted by ellipses are small, so that we may
neglect them for the sake of simplicity. Equating (48) and
(49) in this region one may constrain the non-asymptotic
coefficients. In particular, the rate of SU(3)g breaking
asymmetry in the kaon DA g can be estimated if the
pion DA ¢, is determined with sufficient accuracy.

As a numerical illustration, in Fig.6 we compare the
r.hs. of (48) and (49) calculated respectively with the
asymptotic pion DA and with the kaon DA adopted in
our calculation of Fx in the previous section, that is, with
a1(1GeV) = —0.17 and all a,,~1 = 0. The resulting agree-
ment of two different sum rules is non-trivial and gives
confidence in the whole procedure and especially in the
choice of duality thresholds in both pion and kaon chan-
nels. Note that the agreement is violated if we put a; = 0.

7 Conclusions

In this paper, we have studied the correlation functions
of light-quark currents used to derive the LCSR for the
pion and kaon form factors. We have demonstrated that

the Ward identities for these correlators yield relations
between DAs of twist 4, a new alternative to using the
QCD equation of motions. On the phenomenological side,
we have corrected the expression for the twist-4 contri-
bution to the LCSR for the pion form factor. The form
factor calculated with the purely asymptotic pion DA is
generally consistent with the recent Jefferson Lab data.
On the other hand, constraining the non-asymptotic part
of the pion twist-2 DA in terms of separate Gegenbauer
coefficients demands more data at intermediate momen-
tum transfers, 1 < Q% < 10 GeV? and largely depends on
the particular ansatz adopted for this DA. A recent study
of a similar problem for the y*y* — 7° form factor can be
found in [22].

We have presented the first LCSR prediction for the
kaon e.m. form factor and demonstrated that within the
sum rule approach the SU(3)g violating difference be-
tween kaon and pion form factors is systematically cal-
culable in powers of the strange quark mass. It has been
shown that useful complementary information concerning
the kaon DA can be obtained from a comparison of the two
independent sum rules for the K — 7 form factor. In gen-
eral, our results support the point of view that LCSR for
the pion and kaon form factors combined with sufficiently
precise data on these form factors represent a very useful
tool for probing the pion and kaon light-cone distribution
amplitudes.
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Appendix

A Light-cone expansion
of the quark propagator

The expansion of the quark propagator with a non-zero
mass m near the light-cone (z; — 22)? = 0 reads (see e.g.
[23]):

S(z1,z9,m) = —1(0|T{q(1)q(z2)}|0)
[ %k
_/(27r)4e

—ik(z1—x2)

1

K+m v
X m — dvG* (UfL'l + (]. — 'U)xQ) (Al)
0
1 k+m 1
<2 — O T et e o
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with GH = ¢:G,,(A?/2), Tr(A*A%) = 259, At m = 0,
after the integration over k this expression reduces to the
propagator derived in [24] (see also [7]):

ti— #2

S(x1,2,0) = 2m2((z1 — 2222

B ].67T2("E1 — X2

. 1
dvG* (v + (1 — v)ae)
y

% [(#1— #2)0 — div(ar — 22)un] (A2)

B Light-cone distribution amplitudes

The light-cone DAs of the pseudoscalar meson P = 7, K
are defined according to [10,11]. The matrix element of

the axial-vector bilocal operator is expanded around the

light-cone (2% = 23 = (z1 — 22)? = 0):

(01g2(2) 77591 (21)| P (p))
1
_ fP/due—iupxl—iﬁpxz

0

x {ipu (¢p(u) + (x1 — 22)*g1p (1))

+ <(x1 - x2)u - ZM) 92P(U)}v (B'l)

p(Il - £E2)

retaining the leading twist-2 DA pp(u) and the twist-4
DAs g1p(u) and gap(u), where u is the light-cone momen-
tum fraction of the quark ¢;. From the local limit of (B.1)
one has the following normalization conditions:

/0 dupp(u) = 1, /O " dugap(u) = 0. (B.2)

The twist-3 quark—antiquark DAs ¢,p and ¢,p and the
quark—antiquark—gluon DA @3p are defined as follows:

(012 (22) 501 (1) P(p))

= fPMP/due_iuwl_iﬁpxz%P(U%

0
Olis(e2)00s50 (1) P(2)
- ifp,up m2
= L2 (4= 22 g1 = a2) i = )]

1
X /duefi“p“*iﬂp“%p(u), (B.3)
0

where up = m%/(mql + qu)» and

(0|@2(22)075Gap(vry + v22)q1 (21)|P(p))

= ifBP [(papug,ﬁv - pﬂpug(xu)

- (papugﬁu _pﬁpugau)] (B4)

« /Dai<p3p(ai7M)e—ialpxl—iaszz—ias(vpm—&-@pxz)’

all these DAs being normalized to unity. Furthermore, the
quark—antiquark—gluon twist-4 DAs are defined by the fol-
lowing matrix elements:

(0]q2(z2) 7.5 Gap(ver + vx2)q1 (x1)|P(p))

— fP/Daie—ialpxl—iagpwg—iag(vpzl—i-ipwg)

PalZ1 — 22)p — Pp(T1 — T2)a
y {p# ( )5 — sl ) o)

P(Il *Iz)

+ (GjralB — gigpa)mp(ai)}, (B.5)
<0|(72(5F2)%iéa5(v9€1 +vx2)q1(z1)|P(p))
— fP / Daie—ia1pl1—ia2PI2—1a3(UplE1+17p$2)
Pa($1 - 332),6 - P,@(ﬂh - xz)a ~
X (&%)
{p# p(z1 — x2) Piplo)
+ (gi_apﬁ - gtﬁpa)gLP(ai)}» (B.6)

where éag = (1/2)€apprGP* and the following abbrevia-
tions are used:

Da,; = daldagdagﬁ (1 — 0] — Qg — 043)
and

(x1 — 22)aps + (€1 — 22)3Pa
p(r1 — x2)

giﬁ = YGap —

The distribution amplitudes are constructed [10] us-
ing the formalism of the conformal expansion. The most
familiar example is the twist-2 DA [1]

op(u, p) = 6ut 1+Za5(u)02/2(u—ﬂ) ,

n=1

(B.7)

where the expansion goes in Gegenbauer polynomials

C;SL/ ?_ the first four polynomials being

V() =32, CY*(a)= 31~ 52?),

C3/2(x) = —2a(3 — 7o),

3/2 15

Cy e (x) = §(1 — 1422 + 21z%). (B.8)

The scale dependence is given in the leading order by

-8 /60 aﬁ( (B.g)

aﬁ(NQ) = [L(”Q?/’Ll)] ,ul)a
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where L(p2, 1) = as(p2)/as(p1), o = 11— (2/3)Np and
the anomalous dimensions are

0 =cp |3 & (5 B.10
e e R V1) | B

For the pion, the coeflicients a] vanish at odd n in the
isospin symmetry limit.

The twist-3 and -4 DAs have been derived in [10] using
QCD equations of motion and a conformal expansion. In
[11] the meson-mass corrections have been worked out.
We present here the explicit expression for these DAs to
next-to-leading accuracy in the conformal spin, including
the meson-mass corrections (as explained in more detail
in [10,11]) and using the original notations of [10]. Note
that SU(3)g violating non-asymptotic corrections to these
DAs (analogous to a; # 0 for pg) are still missing and
have to be worked out in the future.

The twist-3 DAs of the pseudoscalar meson, to next-
to-leading order in conformal spin read

2
opp(u) =1+ (30/53;1) - ZZ?) Cy?(2u—1) (B.11)
P

n (_3f3pw3p _ Eﬂj’
upfer 20 pup

vop(u) = 6uu {1 + (5/5:’;; <1 - 110WBP>

7 m% 12 P 3/2

wsp(a;) = 360a1a2a§ (1 + WSTP(%@ - 3)) )

(1+ 6a§)) c/?u-—1),

(B.12)
(B.13)

The non-perturbative parameter f3p is given by the ma-
trix element which corresponds to the local limit in (B.4).
The second parameter wsp determining the non-asymp-
totic parts of twist-3 DA is defined with the following ma-
trix element (up to higher-twist corrections):

_ 3, _
(0|G20075[Ds, Garlar — ;85q20MA75GaAq1IP(p)>

3
= ﬁf3PW3Ppapﬁpu~ (B.14)

The scale dependence of the twist-3 parameters is given
by

pp(p2) = [L(M27M1)r4/60 pp (),

Fap(p2) = [Lpg, p)| M PNTCRIIEND fop(11y), (B.15)
(fapwsp)(a) = [L(pa, 1)) /5 (TCF/6)+(10N/3))

X (fapwsp)(p1)- (B.16)

Finally, the four twist-4 three-particle DAs defined in (B.5)
and (B.6) are

20

p1p(a;) =30(a; — ag)ag

9
o p(ag) = 120 ((5123613 - afm%) (o1 — ag)agasas,

52 9
X [; +20%ep (1 — 2a3) + 4—0a§m§3(1 — 043)} ,
~ 1
SD||P(ai) = —12()5123a1a2a3 |:3 + Ep(l — 30&3):| s

2
(,BJ_(CVZ') = 3004% |:(6§ + 2(512361:1(1 — 20[3)) (]. — ag)

+ %a?m%(a% +a2— 4041042)} , (B.17)
normalized as
/’Daiapup(ai) = /Daigpj_p(ai) = 07
_ _ 52
_ 'DO&z“PHP(O‘i) = DO@@DLP(O@) = R (B.18)

The corresponding two-particle DAs have the following
expressions:

5
g1p(u) = 56%13112

2
+ 4 BPTE 1a01 o) — wgp (3 — wa(27 — 56ua))]
dfpup
2
mp B _
+ £ {5(25 29ui)

— 12421 — 5u@(19 — 52uﬂ))] }uu

1 9
+ 5 ((51236 - 20a§m%> [2u3(10 — 15u + 6u?) Inu

+2a3(10 — 15 + 6a2) In @ + ua(2 + 13uﬂ)] ., (B.19)
10 2 2 9 P _
gap(u) = 3513 +mp |1+ 32 (1 = Tuw) (B.20)

_ fapmb
frup

(10 — wsp(1 — 7uﬂ))} au(u — ).

The non-perturbative parameter 6% is defined by

(0132Gap 1 |P(p)) = —i0% frpy, (B.21)
with the scale dependence
03 (p2) = [L(pz, )] CC %) 62 (1), (B.22)

whereas the second parameter ep determining the non-
asymptotic corrections has the following definition in
terms of a local matrix element (up to twist-5 corrections)
[10,11]:

_ 4 _
(0|@[D,, Guelv a1 — -0,G0:Grer* 1| P(p))

9

8 1
= 7ifP5123€P (p,upl/ - 4777339;“/) . (B23)

The corresponding scale dependence is

(65ep) (p2) = [Lp, p)] OV O (5Fep) (). (B.24)
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C Radiative corrections
to the twist-2 pion form factor

Here, for completeness, we present the formula for the
radiative correction to the twist-2 part of the sum rule for
the pion form factor obtained in [7]:

F2e(Q%) = | dugr(u, 1)[O(u — uo) Feor (u, M?, 50)

o _

+ @(UO - u)fhard<ua M27 80)]3 (Cl)
where

fsoft(uv M27 80)

_ %o ) (897
BT uM?

2 2 —M2 2 —M)2
wlor ™ i3 a2 @2
3 112 upi 112 upi
S0 2
dsQ2e_S/M 9 —p
Exe T |5 1422
o/ W@ e eI

Q2 /u
2 _
+ 2 (Q + S> In —
u S

2Q%2 (Q*+s  2M?+Q*+s. —p —p
b2 In—2 ) 1n—£
+ u < s + M? " n;ﬂ
aQ?/u
dsQ2e—s/M* 9 s
i 2SR ' — In —
v [ g (@ e
0

+ <—Q2 + 55 +2(Q? — s)lni2

1
5(Q + 5) S\, 0
2 _ _
+ 220 g=so/M? )y ZP0 ), BT MO , (C.2)
w2 12 Tio

and

fhard(’“@ M27 SO)

S0 2
Qg dsQ?e=s/M 9 s
= ECF /W 2 Q — S+ sln E
0
1 9 9 s
+ = -Q°+55+2(Q° —s)In—
u H

_ 3@ +s) (3+21n:2>> 1n”]

2 12
— D0 g so/r? (2 m - 3) m2 (C3)
ui I I

Here p = uQ? — us and pg = uQ? — usg = (1 — u/ug)Q>.
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