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1 Introduction

In recent years there has been increasing interest to hard exclusive production of tensor
mesons az(1320), K3(1430), f2(1270) and f5(1520) by virtual photons or in heavy meson
decays. In particular the possibility of three different polarizations of tensor mesons in
weak B meson decays can shed light on the helicity structure of the underlying electroweak
interactions. A different symmetry of the wave function and hence a different hierarchy
of the leading contributions for the tensor mesons as compared to the vector mesons can
lead to the situations that the color-allowed amplitude is suppressed and becomes compa-
rable to the color-suppressed one. This feature can give an additional handle on penguin
contributions. The early work was devoted mainly on the identification of the interesting
decay modes and their basic theoretical description using various factorization techniques
at the leading-order and the leading-twist level, see e.g. [1-6]. These studies are to a large
extent exploratory. The physics potential of tensor meson production will depend on the
accuracy of the theoretical description of such processes that can be achieved in QCD.
The recent study [7] of hard exclusive production of tensor mesons in single-tag two-
photon processes is an important step forward in this context. This is a “gold-plated”
reaction where the theoretical formalism can be tested and the relevant nonperturbative



functions — tensor meson distribution amplitudes (DAs) — determined, or at least con-
strained. Our work aims to match this experimental progress with a development of the
robust QCD framework for the study of the transition form factor v*y — f2(1270) in
collinear factorization.

This reaction has already attracted some attention. Useful kinematic relations and
estimates of the transition form factors for the mesons built of light and heavy quarks can
be found in [8]. In ref. [9] it was pointed out that hard exclusive production of f»(1270)
with helicity A = +2 is dominated by the gluon component in the meson wave function
and can be used to determine gluon admixture in tensor mesons in a theoretically clean
manner. In ref. [10] the helicity difference sum rule for the weighted integral of the ~v*y
fusion cross section was derived and shown to provide constraints on the transition form
factor in question. A phenomenological model for the tensor meson form factor can also
be found in [11]. A related reaction v*y — 77 near the threshold has been discussed
in [12-14].

Theory of the transition form factors goes back to the classical work on hard exclusive
reactions in QCD [15-17]. The case of tensor mesons does not bring in complications of
principle as compared to the pseudoscalar meson transition form factors that have been
studied in great detail, but the tensor meson case is much less developed on a technical
level. Our paper can be viewed as a major update of a earlier work [9] where the leading
contributions to this process have been identified and calculated at the leading order. The
new elements are:

e We introduce twist-three and twist-four DAs and calculate the corresponding contri-
butions to the form factors;

e We calculate meson mass corrections terms in the higher-twist DAs and estimate the
leading “genuine” three-particle contributions;

e We include the next-to-leading (NLO) corrections and calculate the charm-loop con-
tribution for the helicity amplitude with A = 42 taking into account for the c-quark
mass;

e We estimate quark-gluon coupling constants entering on the higher-twist level using
QCD sum rules and the leading-twist gluon couplings using QCD sum rules and,
alternatively, from the quarkonium decay Y (15) — ~ fo;

e We estimate the soft (end-point) correction for the leading, helicity-conserving am-
plitude.

The main conclusion from our study is that the experimental results on the v*y — f2(1270)
transition form factors reported in ref. [7] appear to be in a very good agreement with the
QCD scaling predictions starting already at moderate Q2 ~ 5 GeV?2. This is in contrast to
the transition form factors for pseudoscalar m,7, 7" mesons where large scaling violations
have been observed [18-20]. The absolute normalization for all helicity form factors can
be reproduced assuming a 10-15% lower value of the tensor meson coupling to the quark



energy-momentum tensor as compared to the estimates existing in the literature, which is
well within the uncertainty.

The presentation is organized as follows. Section 2 is introductory. It contains the
definition of helicity amplitudes for the v*y — f2(1270) transition and the necessary kine-
matic relations. For the reader’s convenience, the relation of our conventions to other def-
initions existing in the literature is explained in appendix A. Section 3 contains a detailed
discussion of the leading-twist and higher-twist DAs of the tensor meson, which are the
main nonperturbative input in the calculations. This section contains several new results.
The relevant nonperturbative parameters are calculated in appendix D using QCD sum
rules. In appendix E we estimate one of the leading-twist gluon couplings from the decay
Y(1S) — 7 fo. In section 4 we calculate the three existing helicity amplitudes in collinear
factorization, including higher-twist and, partially, radiative corrections. In section 5 we
discuss the power suppressed corrections ~ 1/Q? arising from the end-point regions. We
explain how such corrections can be estimated using dispersion relations and duality and
construct the light-cone sum rule for the largest, helicity conserving amplitude. In section
6 we compare our results to the experimental data [7] and summarize.

2 f2(1270) production in two-photon reactions

We consider the reaction

7*(q1)+’7(q2)_>f2(P)’ Q%:_Q27 quo, P*=m’ (2'1)

with one real and one virtual photon, P = g; + ¢3. Here and below m = 1270 MeV is the
meson mass.

The transition amplitude can be related to the matrix element of the time-ordered
product of two electromagnetic currents

T, —i / dhz e~ (5(P, \)| {7 ()75 (0)}0) (2.2)

where
Ju () = eytu(z)yu(z) + edJ(x)'yud(x) +....

The correlation function 7}, can be decomposed in contributions of three Lorentz structures

TH =TI 4+ T 4+ T | (2.3)
defined as
2
T — (N (o ) — )" T0? 7
0" = oy (—01) (0 — @) (@ — @) sy T(Q7)
2 2
TH — ¢M)* %) (@1 — @2)” [qu_qu a ] = T(Q%),
1 afs ( 1 )( ) 1 2 (Q1Q2) (2(]1(]2)2 ( )
1 m?
v _ SN | pap v o TV e VB T (02 24
5 €ws |91 9 591 (2q1q2)2(Q1 22)* (@1 — ¢2) 2(Q7) (2.4)



Here
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The polarization tensor e, 5 is symmetric and traceless, and satisfies the condition eg‘ﬁ) P =
0. Polarization sums can be calculated using

. 1 1 1
3 el = 5 MuoMug + 5 MyueMyp = 5 Myy Moo , (2.6)
A

where M,,, = g, — P, P, / m? and the normalization is such that eE[\V)eEL’p* = ). The

invariant form factors Ty, 77 and 75 correspond to the three possible helicity amplitudes

To: v (£1) +(£1) = f2(0),

Ty: 77(0) + (1) = f2(F1),

To: " (£1) +v4(F1) — fa(£2). (2.7)
All three amplitudes (form factors) have mass dimension equal to one and scale as T}, ~ Q"

(up to logarithms) in the Q% — oo limit. The two-photon decay width of f2(1270) is given
by [21]

a2 (2
Il = 7] = Lo (IO + IBO)F) = 3030 ke (2.8
where o ~ 1/137 is the electromagnetic coupling constant. Assuming that |T5(0)| > |To(0)]
we obtain
om
|T5(0)| ~ \/7?042 I'[f2 — vy] = 339(22) MeV. (2.9)

The relation of our definition of helicity form factors to the other existing in the literature
definitions is given in appendix A.

3 Distribution amplitudes

In the standard classification the tensor J£¢ = 2+ SU(3) ; nonet is composed of f»(1270),
15(1525), a2(1320) and K3(1430). Isoscalar tensor states f2(1270) and f5(1525) have a
dominant decay mode in two pions (or two kaons). The isovector az(1320) decays only in
three pions and is more difficult to observe in hard reactions. In the quark model these
mesons are constructed from a constituent quark-antiquark pair in the P-wave and with the
total spin equal to one. In QCD they can be represented by a set of Fock states in terms of
quarks and gluons, that further reduce to DAs in the limit of small transverse separations.

In the exact SU(3)-flavor symmetry limit the f2(1270) meson is part of a flavor-octet,
f2 = Ts, and f5(1525) is a flavor-singlet, f5 = 7). However, it is known empirically that the
SU(3)-breaking corrections are large. Since f2(1270) and f5(1525) decay predominantly in
7w and K K, it follows that they are close to the nonstrange and strange flavor eigenstates,
respectively, with a small mixing angle, see [21, 22]. In this paper we assume ideal mixing
at a low scale which we take to be pg = 1 GeV, for definiteness. In other words, we assume



that f2(1270) at this scale is a pure nonstrange isospin singlet. This assumption can easily
be relaxed when more precise data on the form factors become available. In what follows
the notation q...q refers to the SU(2)-flavor-singlet combination

[au+dd], (3.1)

where u ans d are the usual “up” and “down” quark flavors.
Let n* be an arbitrary light-like vector, n? = 0, and
1 m? 1

Pu=Pu— g s Gpir = v = o (D + 1) (3:2)

We define the fo-meson quark-antiquark light-cone DAs as matrix elements of nonlocal

light-ray operators [9, 23]

(A)* 1
Enn izt (pn
(f2(P, N)|@(z2n)yuq(z1m)|0) = fme(pn)?p”/o du e#i2P )¢2(U7M>
e(/\)* 1 '
+ fgmA = / du e#20m) g, (u, 1)
pnJo

1 4 egL)}L)* 1 U
— gMufem (pn)g/o du ™2 g (u, 1),
n’p® 6(;)* 1 )
(f2(P, N|a(z2n)yu750(210)[0) = =i fgm®€pag on pi; /O du 20 g, (u, 1), (3.3)
where
A)*

% — (V)% v eV = oL (Wr _  _) e LGV m? (3.4)

un g ’ Lun nr=vn un ,u(pn) 9 HE=nn (pn)g

and we use a shorthand notation

2iy = Uz + uzy, u=1-u. (3.5)
Note that
N 1 ,m?
e = *56973 o (3.6)

In all expressions light-like Wilson lines between the quark fields are implied.
The DAs defined in (3.3) satisfy the following symmetry relations:

P2(u) = =¢2(v),  gu(u) = —gu(w),  ga(u) = +ga(w),  ga(u) = —ga(u).  (3.7)

and are normalized as

1 1 1
/0 du (2u — 1)¢o(u) = /0 du (2u —1)gy(u) = /0 du (2u —1)gs(u) = 1. (3.8)



The integral of the DA g,(u) vanishes

1
/ du ga(u) = 0, (3.9)
0

and the first nonzero (second) moment, fol du (2u — 1)%g,(u), involves contributions of
three-particle operators, see below.
The coupling f, is defined as the matrix element of the local operator

S (PG [ Do+ Dy al0) = fym?el2)

B 2L q [’Y,ul Dy +vyt Du:| Q|0> fqm € (3'10)
where BM:BM — Bu is the covariant derivative. This coupling is scale dependent and gets
mixed with the gluon coupling and the similar coupling for strange quarks. In appendix B
we summarize the scale dependence of all DA parameters introduced in this section.

The numerical value of f; has been estimated in the past [23-25] (see also appendix D)
using the QCD sum rule approach. Another possibility is to use the experimental result
on the decay width I'(fo — 77) and estimate f, assuming that the matrix element of the
energy-momentum tensor (rt77|0,,|0) is saturated by the tensor meson [23-27]. These
two estimates agree with each other surprisingly well, although this agreement should not
be overrated as in both cases the non-resonant two-pion background is not taken into
account. We use (cf. [23] and appendix D)

f = 101(10) MeV (3.11)

(at the scale 1 GeV) as the default value for the present study. Note that the positive
sign for this coupling is a phase convention, whereas the relative signs of the other matrix
elements with respect to f, are physical and can be determined by considering suitable
correlation functions as explained in appendix D.

Using the definitions in (3.3) it is easy to derive the operator product expansion (OPE)
of quark bilinears close to the light cone 22 — 0 (at the tree level):

(f2(P, M)[q(2)vuq(—2)[0)

(A)* 1
Cxz 1(2u— T 1
= fqm2 (Px)QP“ ; du e 2u—1)(Pz) [qﬁg(u) — go(u) + 4x2m2¢4(u)]
26%)* ! i(2u—1)(Px)
+ fgm Py /Odue’ u—1)(Pz gv(u)

(M)

1 [ 1 u— "
+ 2fqm4xN(Px)3/0 du =P ){291;(“) — ¢a(u) — 94(“)],
(f2(P, N)|a(z)vuv59(—2)]0)

7V P 6 .
s Zix / du D) g, (1) (3.12)

where ¢4(u) is another twist-four two-particle DA that can be expressed in terms of the
other functions using QCD equations of motion (EOM), see below.



In addition we define three-particle twist-three DAs as
g (o (P N)|G(23n)ig G (z2n)ihg(21m)|0) = fqmz(Pn)e(ﬁZ/Da P By ()

9 (f2(P, N)|q(z31)gGun (z2n)hy50(217)|0) = fym? (pr)el) / Dax P20 By ) .

(3.13)
The conformal expansion of the three-particle DAs reads [28, 29]
2 1
@3(0[) = 360503 | (3 + 5(,‘.}3(70[2 — 3) + ...,
~ 1.
®3(a) = 360a;030a3 [0 + @0 —ag) + .. ] . (3.14)

The two-particle DAs g,(u) and g,(u) have collinear twist three and contain con-
tributions of geometric twist-two and twist-three operators.! The contributions of lower
geometric twist are traditionally referred to as Wandzura-Wilczek (WW) contributions.
They can be calculated in the terms of the leading-twist DA ¢2(u) as [9, 23]

u 1
W = [(an 2y [ g 020
0 v u v
u 1
gV W (u) :/ dv qbzfv) —/ dv 92(v) . (3.15)
0 u

v v

)

Assuming for simplicity the asymptotic expression for the leading-twist quark DA
5% (u) = 30u(l —u)(2u —1), (3.16)
one obtains
gV (u) =301 (2u — 1) + 203 (2u — 1),

g (u) = 504 (2u — 1), (3.17)

where Crl/ 2(:1;) are Legendre polynomials. The Legendre expansion can be motivated by
the properties of these DAs under conformal transformations [28, 29]. The “genuine”
geometric twist-three contributions can be related to the three-particle DAs using EOM,
see appendix C. For the truncation in (3.14) one obtains

() = g (u) 1065032 (2u — 1) + 2 (e — B)CY2 (20 - 1),

o) = g"W (u) — |10 — %(W, _ @) u—1). (3.18)

'We remind that geometric twist is defined as “dimension minus spin” of the corresponding operators,
whereas collinear twist is defined as “dimension minus spin projection on the light-ray direction”. The
collinear twist counting is closely related to the counting of powers of large “plus” components of meson
momentum in the matrix elements and determines power suppression of the corresponding contributions
at large Q?, see e.g. ref. [29].



The twist-three matrix elements can be estimated using QCD sum rules, see appendix D.
We obtain (at the scale 1 GeV)

¢35 = 0.15(8), wg =—0.2(3), w3 = 0.06(1). (3.19)

The DAs ¢4(u) and g4(u) have collinear twist four and receive contributions of the
geometric twist-two, -three and -four operators. The Wandzura-Wilczek-type twist-two
contributions assuming the asymptotic expression for ¢o(u) (3.16) have the form

oW (u) = 100u>(1 — u)?(2u — 1),
W (u) = 30u(l — u)(2u —1). (3.20)

We expect that these contributions are the dominant source of the power-suppressed correc-
tions ~ 1/Q? because of the large mass of the f>(1270) and will neglect “genuine” geometric
twist-three and twist-four contributions. The derivation of the expressions in (3.20) pro-
ceeds similar to the case of the DAs of vector mesons considered in [28, 30, 31] so that we
omit the details.

Finally, the leading-twist gluon DAs of f2(1270) can be defined as [9]

g g (o (P, V)| Gl (2m) Gl (210)[0)
1 L.
B - S ] [aucmg
1
— fym*gel) /O du "2 §7 (u) . (3.21)

The distribution amplitudes gb?(u) and gbg (u) are both symmetric to the interchange of
u <> % and describe the momentum fraction distribution of the two gluons in the fo-meson
with the same and the opposite helicity, respectively. The asymptotic distributions at large
scales are equal to

Ga™(u) = ¢ (u) = 30u>(1 — u)?. (3.22)

The normalization constants ng and fég are defined through the matrix element of the local
two-gluon operator:

a a 1 A
(Ja(P, V|G (0)GE (0)]0) = ng{ [(PaPy = 5m*gau) €)= (a6 B)] = (n u>}
1 S, 2 N 3.23
_ifgm [ga“eﬂy—(aﬁﬁ)]—(,uﬁu) : (3.23)
The coupling fég can be estimated from the radiative decay Y(1S) — v f2, see appendix E.

The result is consistent with the assumption that f; is very small at hadronic scales and
is generated mainly by the evolution. In the numerical analysis we use the value

£7(1GeV) =0. (3.24)
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Figure 1. Leading contributions to the transition form factors v*y — f3(1270) in QCD. Adding
crossing-symmetric diagrams is implied.

The coupling to a helicity-aligned gluon pair, ng , is difficult to quantify. The calculation
of the leading contributions to the relevant correlation functions suggests that the two
couplings, fgS and ff , have the same sign, see appendix D. In what follows we use

f1(1GeV) ~ 20 MeV (3.25)

as a ballpark estimate.
As already mentioned, all couplings considered here are scale dependent. The relevant
expressions are collected in appendix B.

4 QCD factorization

QCD description of the transition form factors in two-photon reactions is based on the
analysis of singularities in the product of two electromagnetic currents in (2.2) in the limit
(r —y)? — 0. Typical Feynman diagrams contributing to the leading-order accuracy are
shown in figure 1.

The leading contributions in the Q% — oo limit have been calculated already in [9]. The
form factor Tp(Q?) is of the leading twist and is dominated by the quark DA. In this case
we include, in addition, NLO perturbative corrections to the leading twist contribution,
which can be extracted from the corresponding expressions for the two-pion production
in [13]. We also include the twist-four meson-mass correction m?/Q? which is a new result.

The form factor T3 (Q?) is of twist-three. It receives the Wandzura-Wilczek-type con-
tributions calculated in [9] and the “genuine” twist-three contributions of three-particle
quark-antiquark gluon DAs (new result).

As already noticed in [9], the T5(Q?) form factor is rather peculiar: the leading con-
tribution at Q?> — oo comes in this case from the two-gluon DA with aligned helicity
that we refer to as gluon transversity DA. However, this contribution is suppressed by
the factor a/m ~ 0.1 which is the standard perturbation theory factor for an extra loop,
and also the two-gluon coupling to a “conventional” quark-antiquark meson is expected
to be small as compared to the quark-antiquark coupling. By this reason the true QCD
asymptotics for this form factor may be postponed to very large momentum transfers that
are out of reach on the existing experimental facilities. The result for T5(Q?) given below
includes the leading term and the Wandzura-Wilczek-type higher-twist power correction



that does not involve such small factors. We also calculate and add the leading-twist
c-quark contribution.
With these new additions, the expressions for the form factors are

1, - <fq>/0 1+ 2] o - 2255 [ a5 o5
v T ) / o [u In . a(u) - 8@@(“)] 7 (4.1)
T = 2(7,) /0 Mo ) — ga(w)]
= 445) [ B a) +20) [PaCo@)[ts(e) +B@)], (42)
1= Tt [ e 27 22 lew]de. @)

where the notation (f;) stands for the sum of the light quark couplings weighted with the
electromagnetic charges

4 1 1 5v2 1
(fo) = cfulp) + < fa(p) + < fs(n) = = fo() + 5 fs(p) - (4.4)
9 9 9 18 9
The coefficient function of the three-particle DAs to T3 is given by
1 1 1 (Ina Ina Ina
(C@(Oé) = — |: — + — < — ! - 3) + _21:| y (45)
a9 | 101 a9 a1 Qa3 Oél

and the NLO quark and gluon coefficient functions for Ty read [13]

2lnu

Cq(u):CF[IHQTL—i—?)lnu—Q}, CJ(u) = [ lnu—2u—2]. (4.6)

w2

The c-quark contribution to T»(Q?) (this is a new result) is given by

2mg p p+1 Bu Pu+1 ,Bu Ba+1
co -l () e G) e (BE) @

L B+1 Bu+1 Bat1

() o (220) e () e (22))]
2

5u:,/1+ig;, B8=p1. (4.8)

Here m. ~ 1.4 GeV is the c-quark mass. We did not calculate the corresponding contribu-

where

tion to Tp(Q?) because in this case it is a part of a O(as) correction to the leading-order
result O(1). It turns out (see below) that the c-quark contribution to 7% is still strongly
suppressed as compared to the light quarks in the Q? range of the Belle experiment, so
that taking it into account for Ty does not seem to be worth the effort at this stage in view
of the other uncertainties.

~10 -



We have checked the electromagnetic gauge invariance of our results by explicit calcu-
lation. Note that electromagnetic Ward identities relate the contributions of three-particle
DAs, the last diagram in figure 1, to the higher-twist contributions in the first diagram en-
coded in the “genuine” twist-three contributions to the two-particle DAs. Such terms can
be thought of as corresponding to gluon emission from the quark legs in the hard scattering
amplitude. Thus it is not surprising that the twist-three form factor T1(Q?) can be written
in two equivalent representations as in (4.2): either contributions of the three-particle DAs
can be eliminated in favor the two particle ones, or, vice verse, the “genuine” twist-three
contributions to the two-particle DAs can be rewritten in terms of the three-particle DAs.

Evaluating (4.1), (4.2), (4.3) using the expressions for the DAs that are collected in
the previous section we obtain

QZ

%(wa - @3)} ) (4.10)

o = 5(1- 1 ) ) — SR — 5 ). (1.9

T = %O<fq> [1 + 4¢3 +
10 m?
3 Q2

where all nonperturbative parameters and the QCD coupling have to be taken at the hard

T = paltd |2 Gt gplan—a0)| + 5247 |34 D)), ()

scale ;1 oc . The function A\(m?/Q?) takes into account suppression of the charm quark
contribution in comparison to the light flavors; it is given by

A(z) = 1 - 30z — 722" + 24a(1 + 32)51n <é+ 1) — 62 (1 + 6 + 1227) In? (g* 1)

(4.12)

where 3 = /I + 4z. The normalization is such that A(0) = 1. Note that A(0.1) ~ 0.091 so
that the c-quark contribution at Q% ~ 20 GeV? is still suppressed by an order of magnitude
as compared to the contributions of u, d, s quarks.

The expressions for the helicity form factors collected in this section present our
main result.

5 Soft (end-point) contributions

Transition form factors with one real photon receive power corrections ~ 1/Q? coming
from the region of large separation (z —y)% ~ 1/ AQCD between the electromagnetic cur-
rents in (2.2). Such contributions are missing in the OPE and involve overlap integrals of
the nonperturbative light-front wave functions at large transverse separations between the
constituents and cannot be calculated in terms of DAs. They are revealed, nevertheless,
as end-point divergences in the momentum fraction integrals in the framework of QCD
factorization if one tries to extend it beyond the leading power accuracy. Such divergences
are a clear indication that some extra contributions have to be added.

The technique that we adopt in what follows has been suggested originally [32] for
the v*y — 79, see [33, 34] for two recent state-of-the-art analysis. In this section we

- 11 -



demonstrate how the same approach can be applied to the production of tensor mesons
(cf. [35]). To this end we consider the simplest example: the form factor Tj to the leading-
order accuracy, leaving the NLO corrections to Ty and the other two form factors, 77 and
T5, for a future study. Our presentation follows closely the work [33] where further details
and generalizations can be found.

The idea is to calculate the transition form factor for two large virtualities

¢ =—-Q*, ¢ =—¢*, Q*> ¢,

using collinear factorization or, equivalently, OPE, and perform analytic continuation to
the real photon limit ¢?> = 0 using dispersion relations. In this way explicit evaluation of
contributions of the end-point regions is avoided (since they do not contribute for suffi-
ciently large ¢?) and effectively replaced by certain assumptions on the physical spectral
density in the ¢?-channel.

For our purposes it is sufficient to assume that the second photon is transversely
polarized. Then there are no new Lorentz structures and the only difference is that the
form factors depend on two virtualities. The starting point is that the form factor

~ 1

TD(Q2a q2) = ) TD(Q2,(]2) ) TO(Q2) = (m2 + Q2)2 fU(Q27q2 = O) ) (51)

(2q142)

satisfies an unsubtracted dispersion relation in the variable ¢? for fixed Q2. Separating the
contribution of the lowest-lying vector mesons p,w one can write

FY Y =202 2\ ﬂpr(;Y p%fZ(QQ) L[> ImTJ ! %fQ(Qza—S)
Ty (@Q%¢°) = 3 +— [ ds -
m; +q T Jso s+q

where sq is a certain effective threshold. Here we assumed that the p and w contributions
are combined in one resonance term and the zero-width approximation is adopted; f, ~
200 MeV is the usual vector meson decay constant. Since there are no massless states, the
real photon limit is recovered by the simple substitution ¢> — 0 in this equation.

If both virtualities are large, Q2,¢* > AéCD, the same form factor can be calculated
using OPE. Assume this calculation is done to some accuracy. The result is an analytic
function that satisfies a similar dispersion relation

Im T&OVP;fQ (Q?, —s)

s+ q>

(5.3)

TV 22002 2 _1 Ood
0,0PE (Q#])—W s

The basic assumption of the method is that the physical spectral density above the thresh-
old sq coincides (if integrated with a smooth test function) with the spectral density calcu-
lated in OPE, in the very similar way as the total cross section of e*e~-annihilation above
the resonance region coincides with the QCD prediction,

f&gg;ﬁ (QQ, s j_,\(;y*’y*%fQ (QQ, —s), s> 80, (5.4)

We expect that OPE becomes exact as ¢> — oo so that in this limit the calculation has to
reproduce the “true” form factor. Equating the two representations in egs. (5.2), (5.3) at
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q?> — oo and subtracting the contributions of s > so from the both sides one obtains
V21,157 (Q / dsIm T} g (Q%, —s). (5.5)

This relation explains why sq is usually referred to as the interval of duality (in the vector
channel). The (perturbative) QCD spectral density Im 7] OVPE? F2 (Q?, —s) is a smooth func-

tion, very different from the physical spectral density Im fg Ielinet 2(Q% —s) ~ (s — m%)
Nevertheless, their integrals over a certain region of energies coincide. In this sense QCD
description of correlation functions in the terms of quark and gluons is dual to the descrip-
tion in the terms of hadronic states.

In practical applications one uses a certain trick [36] which allows to reduce the sen-
sitivity on the duality assumption in (5.4) and simultaneously suppress contributions of
higher twists in the OPE. This is done going over to the Borel representation 1/(s + ¢?) —
exp[—s/M?] the net effect being the appearance of an additional weight factor under the

integral that suppresses the large invariant mass region:
S s fa 2 L[ (o) /M2 [y FYe o fe
V21,1 (@) =~ ) dse z m Ty (Q?, —s). (5.6)

Varying the Borel parameter M? within a certain window, usually 1-2 GeV? one can test
sensitivity of the results to the particular model of the spectral density.

With this refinement, substituting eq. (5.6) in (5.2) and using eq. (5.4) one obtains for
q> — 0 (cf. [32])

_ 2
Tt @) = 1 [ o e A TG @

ds *

7T/ ~ T T9 opr (@ —s). (5.7)
50

The abbreviation LCSR stands for the Light-Cone Sum Rules [37], as this approach is

usually referred to.

2

Adding and subtracting the contribution of s < sq in the second term,® one can rewrite

the result as
Ty (@) = Ty o (@) + T 00 2(Q%) (5.8)

where the first term is the original OPE expression which is possible but not necessary to
write in the dispersion representation, and the second term is the correction of interest:

1 [%ds [ s (2 sy/m2
Tgsgf?fg(Q ) = 77/0 o [mg elme= )M 1 IngQVCSfQ(Q ,—5). (5.9)
o

An attractive feature of this technique is that one does not need to evaluate the non-
perturbative wave function overlap contributions explicitly: they are taken into account
effectively via the modification of the spectral density.

2Such a rewriting is not always possible as the separation of the OPE result and the soft correction can
suffer from end-point divergences, see [33].
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As an illustration, consider the leading-twist QCD result at the leading order in strong
coupling;:

o~ 1 b,
TO(Q ) = <f¢I>/ [uQ2 + Z)Zing + uq } (5.10)

where
po(u) = — / “dv $2(v), 63 (u) = 150 . (5.11)
0

This expression can easily be brought to the form of a dispersion relation changing variables
u—s= %QQ +@m? and integrating by parts. In this way one obtains after some rewriting,

L e(m%—s)/M2
(Ysgft (@ —(fa) /du€Z52 2 212~ 2,202
[u@? + uum?| mau? M
2 (m2—so)/M? _ 1 M 5.12
<fq> |:mp SO:| u%mQ—I—QQ’ ( . )
where
1

10 o2 [\/(Q2 + 50 —m?)? +4m?Q% — (Q* + so —m?) |, (5.13)

and, for comparison, to the same accuracy

1 & u
T o (@) = <fq>/0 du[_w. (5.14)

uQ? 4 uum?)?

Note that ug — 1 as Q? — oo so that the integration region shrinks to the end-point v — 1
and the correction is power suppressed ~ 1/Q? in this limit, as expected. Numerical results
are presented in the next section.

6 Results and discussion

The effective form factor averaged over polarizations
2y |2
Th(Q?)

2

is calculated using default values of the nonperturbative parameters and compared with

Q2m?2
(m2 + Q2)2

(@) |°
15(0)

To(Q2)|?

T5(0) "

: (6.1)

the experimental data [7] in figure 2. We observe a perfect scaling behavior for Q2 > 4-
5GeV? as predicted by QCD, whereas the normalization is slightly off — about 1-1.50
if systematic errors in the data are taken into account. This difference can easily be
compensated by a 10-15% decrease of the value of the quark coupling f; which serves as
an overall normalization factor in the calculation, or, alternatively, by a moderate deviation
of the leading twist DA ¢9(u) from its asymptotic form. For illustration we show in the
same figure by short dashes the result of the QCD calculation with f, = 85MeV at the
scale 1 GeV.
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Figure 2. The effective form factor summed over polarizations normalized to T2(0) = 339 MeV.
The calculation using default values of the nonperturbative parameters is shown by the solid curve.
The same calculation with the quark coupling f, reduced by 15% is shown by short dashes. The
experimental data are taken from ref. [7]. Ounly statistical errors are shown.

Such a 10-15% smaller coupling as compared to our default value f;, = 101 MeV is
certainly possible as the existing estimates are not reliable. A more precise number can
eventually be obtained from lattice QCD, however, this calculation is rather complicated
and will take time. It would be very interesting to measure the time-like transition form
factor ete™ — f2(1270)7 at large virtualities ¢> ~ 100 GeV? (cf. [38]) where the nonper-
turbative uncertainties are considerably reduced. This would give a direct measurement of
the fg-coupling.

Our results for the helicity-separated form factors Tp(Q?), T1(Q?), T2(Q?) are com-
pared with the experimental data [7] in figure 3. All three form factors are described rather
well, the QCD calculation being slightly above the data as we have already seen for the
helicity-averaged form factor in figure 2. Note that our result for T;(Q?) only includes the
leading-power contribution at large @Q? in contrast to Tp(Q?) and T5(Q?) where we also
calculated the 1/Q? correction. Terms ~ 1/Q? in T1(Q?) correspond to collinear-twist-five
and soft contributions and are more difficult to estimate. They should be expected, how-
ever, to be negative and of the same order of magnitude as for T5(Q?) so that the increase
of the QCD curve for T1(Q?) in figure 3 at smaller Q? will almost certainly be compensated
by power corrections and is not a reason for concern. As expected, T1(Q?) is also more
sensitive to the twist-three quark-antiquark-gluon contributions as compared to the other
two form factors, and the uncertainties in the corresponding parameters are not negligible,
they are shown by the shaded area.

As discussed in [9], the form factor T5(Q?) at asymptotically large Q? is dominated by
the two-gluon contribution with aligned helicity that we refer to as gluon transversity DA.
This contribution is suppressed, however, by the factor as/m ~ 0.1 which is the standard
penalty for an extra loop. Also the two-gluon coupling to a “conventional” quark-antiquark
meson is unlikely to be large as compared to the quark-antiquark coupling. By this reason,
To(Q?) at realistic Q? is still dominated by the Wandzura-Wilczek-type higher-twist power
correction that does not involve such small factors: the shaded area in the plot for T5(Q?)
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Figure 3. The form factors Tp(Q?), T1(Q?), T>(Q?) (from top to bottom) normalized to T5(0) =
339MeV. The result for Tp(Q?) shown by the solid line includes the estimate of soft end-point
contributions using light-cone sum rules. The result without the soft correction is shown by dashes.
The error band for T;(Q?) (shaded area) corresponds to variation of the twist-three parameters
in the range specified in (3.19), whereas for T5(Q?) we also include variation of the tensor gluon
coupling ng in the range +50 MeV. The experimental data are taken from ref. [7]. Only statistical

errors are shown.
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includes variation of the tensor gluon coupling ng in a rather broad range, 50 MeV, but
the effect is barely visible. Our result does not mean that studies of the T form factor
at large Q? are not interesting. On the contrary, a broad resonance structure in the two-
pion channel with a scaling behavior T ~ QY would be a clear signature of a tensor
gluonium state.

To summarize, the main conclusion from our study is that the experimental results
on the v*y — f2(1270) transition form factors reported in ref. [7] appear to be in a very
good agreement with QCD scaling predictions starting already at moderate Q2 ~ 5 GeV?2.
The absolute normalization for all helicity form factors can be reproduced assuming a 10—
15% lower value of the tensor meson coupling to the quark energy-momentum tensor as
compared to the estimates existing in the literature, which is well within the uncertainty.
These findings are in contrast to the transition form factors to pseudoscalar 7, 7,7 mesons
where large scaling violations have been observed [18-20]. If confirmed by future higher-
statistics measurements that can come from BELLE II, perfect scaling behavior can be an
indication that higher-twist and soft corrections are less of an issue for tensor as compared
to pseudoscalar mesons. This can be interesting in context of the studies of heavy meson
decays [1-6] where the effective hard scale is not very large and estimates of preasymptotic
corrections are difficult. In turn, the QCD description implemented in our analysis can
still be improved in many ways, e.g., taking into account deviation from ideal SU(3)-flavor
mixing at hadronic scales, two-loop scale dependence of the couplings, higher-twist and end-
point corrections to T1(Q?), more elaborate models for the DAs, etc. The corresponding
studies will become necessary if the accuracy of the experimental data is increased.
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A Other conventions

The experimental results in ref. [7] are presented for a different set of transition form factors
F;(Q?) suggested in [8]. The form factors T;(Q?) defined in (2.4) are more convenient for
the QCD study but in order to compare our results with the data we need to establish the
precise correspondence between these two descriptions.

In ref. [8], the cross section oy, for the production of f3(1270) by photons with
helicities A1 and A9 is written as

51

Trxe = (s —m?)87° mw Fraure (@), (A1)

where s = (q1 + g2)? and I, denotes the two-photon decay width (2.8). The form factors
are defined in terms of the helicity cross sections as [§]

++/12 5 TR

(A.2)
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Calculation of the helicity cross sections (A.1) in terms of the Lorentz covariant amplitudes
similar to T; was done in ref. [10], see appendix C3. Using the expressions presented there

we obtain
ort = 8(s —m?) 8w25’rﬁ {Iﬁj <1 + 7?;>_1 T%Eg) 2}, (A.3)
7ir = 8 —m?) 872 20 {5;?; e ;/27;%3 ‘TI(QQHQ}’ (a4)
oit = 8(s —m?) 8772% {?f (1 + Tnz)l T;i(%j) 2}, (A.5)

where Fﬁy\v stands for the two-photon decay width of f2(1270) with the polarization A:

2
ri=2 — T )2 rA=0 — T 2 0)[2. A6
¥y 5m|2()|’ m|0()| ( )

Using these expressions and the definitions in (A.2) one finds

T30 Q*\ 7 | To(@¥)
Fy(Q?) = W(H) , AT
o2 /02 Im?2
Fl(Qz) = 5 Qg/ 2\2 ‘TI(Q2)|7 (AS)
mI'y, (1 4+ Q?/m?)
L3’ Q*\ 7 a(@?)
F(Q?) = 77<1+> A9
(@) Loy m? 15(0) (4.9)
Experimentally the ratio of the decay widths with A =0 and A = 2 is small [39]:
A=0
1L~ (3.740.3) x 1072 (A.10)
153

Hence the expressions in (A.7)—(A.9) can be simplified neglecting the contribution of Fﬁy\j 0
in the full decay width:

2\ —1 2
Fy(Q%) ~ ; (1 + %) T;jg)) : (A.11)
o V@ /m? | T(Q?)
FI(Q2) - (1 + Q2/m2)2 TQ(O) ) (A12)
N Q*\ 7' | 1a(QY)
F(Q?) ~ <1+mg> ot (A.13)

We use these simplified relations in order to present the data [7] in terms of the 7; form
factors that are more suitable for comparison with QCD predictions.
The effective form factor Fp,(Q?) is defined in [7] as

Fi(Q%) = \JF3(Q2) + F2(Q2) + F3(Q?). (A.14)
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It is written in our notation as

2 Q2m2 2

(m? + Q2)2

2

(1 4+ Q/m?) Fpy(Q2) — ¢ 2| hl@)

15(0)

T1(Q%)
T5(0)

2 T(Q?)
+’ T5(0)

- (A.15)

For completeness we quote the phenomenological ansatz for the form factors F; sug-
gested in [8]:

2 1@
Vem?

Note that the asymptotic behavior for the FF F5 is different from the QCD result, see
eq. (4.3), because the contribution of the gluon transversity distribution has not been

2@

Fo = (1+Q?*/m?) P = (1+Q*/m?) = B=(14 Q*/m*) ™% (A.16)

taken into account. More model predictions can be found in refs. [10, 11].

B Scale dependence

In this appendix we summarize the scale dependence and mixing under renormalization to
the leading one-loop accuracy for all relevant parameters. In what follows
as(p) 11 2

L= , = —"N,.— Zn;. B.1
as(p0) b=y D

As already mentioned in the main text, for simplicity, we make use of the decoupling
scheme, or fixed flavor number scheme (FFNS), such that the DAs only involve the three
light flavors and the charm c-quark contributions are included in the coefficient function.
Going over to the variable flavor number scheme (VEFNS) is straightforward but has very
limited numerical impact so that we do not implement it in this study.

For definiteness we also assume ideal quark mixing at a low normalization point g =
1GeV, fo ~ (u@i + dd)/+/2. Thus all matrix elements involving strange quark vanish at
this scale, but appear at higher scales because of the evolution. Staying within the fixed
three-flavor scheme we decompose the SU(2)-flavor singlet coupling f, in the SU(3)-flavor
singlet and octet parts that have different scale dependence:

1

1
oy = 7% foy = ﬁ(

where f, 4 s are the couplings for the separate flavors. Thus

folp) = \/gf(S)(M) + \/gfu)(u),
fs(p) = —\/gf(g) (1) + \/gfu)(u) : (B.3)

Ideal mixing at the reference scale implies

(fu+fd_2f8)7 fu+fd+f8)a (Bz)

fis) (o) = \/gfq(ﬂo), fay(po) = \/gfq(HO)» fs(o) = 0. (B.4)

~19 —



The relevant renormalization group equation reads [40-42]

0 0 J® Qs §CF 8 ! 40 e
(Maﬂ + 5(9)8g> fao =51 © 4§CF _g\/W foy | (B-5)
f 0 —3n;Cr  3ny 9

where from one finds
8
Fis) () = LGEEPP £ (o)

8 2 4C 2
fay(m) = fay(po) + [L(§CF+§W)/£° - 1} [Mf(l)(uo) 40\/:71 fo(u )}

8 2 2C
Fatu) = fytu) = [£050m 0750 ] | VT i) = 2 )]

7 2
Iy () = LGEOarsm0lB £ F (o) (B.6)
The last expression is based on the calculation of the relevant anomalous dimension by

Hoodbhoy and Ji [43]. Note that the following combination of the quark and gluon cou-
plings is scale-independent:

Vi fay () +2f5 (1) = g fa) (o) + 25 (o) (B.7)

as it corresponds to the matrix element of a conserved current: the traceless part of the
QCD energy-momentum tensor.

The scale dependence of the flavor-nonsinglet twist-three couplings (3, w3z and w3 can
be found, e.g., in [28, 44]. Since the twist-three gluon DAs are completely unknown, using
flavor-singlet evolution equations is not justified, and also the numerical difference between
flavor-singlet and flavor-nonsinglet evolution is negligible as compared with the errors on
the parameters. Staying with the flavor-nonsinglet evolution one obtains

Ca(p) = L3CA=C)/Bota (). (B.8)

The remaining couplings w3 and w3 mix with each other:

(fg) () = L7/ (fg) (o) (B9)

with the anomalous dimension matrix
13 1 7 21 115 7
- <GCA —10r 204~ 4CF> B (18 2 ) (B.10)
I St 1 25 29 o 1 167 | )
§Ca—31Cr  FCa—10F 6 18

C Equations of motion

Two-particle meson DAs of higher twist can be expressed in terms of the three-particle
DAs using QCD equations of motion (EOM). The case at hand is very similar to the
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vector meson DAs considered in [28], see section 4.1 and 4.2, so that we simply quote
the result:

U Q 1
gv(u):/ dv(v)+/ / qu/ dozsf‘l)?, (a1, g, a3)
0 v u v du
+/ud /ud Ly ) Gy ),
0 ™ a3 a9 dag dOzl 3\, a2, 43

ga(u):/ Gl /d (1)

w 1 d d
— - — | D
/ dal/ da;;a2 (al don +a3da3> s(ar, ag, a3)

@

du

d d d \ ~

d/ dozl/ dag— (aldal — (3 da) (133(051,052,0(3) (CZ)

and we tacitly assume as =1 — a1 — as.

where

Qu) = da(u) -

1
2
1
2

The conformal expansion of the two- and three-particle DAs takes the form

¢2(u) = 6un Z anC3?(2u — 1),

n=1,3,...

oo
2
O3(a1, a9, 03) = 360010503 Y wii (a1, a3)
=0

[e.9]
b3(a1, a9, 03) = 360010503 Y Gidp(ar, a3), (C.3)
}1=0

where CZ/ 2(2u — 1) are Gegenbauer polynomials and Jy;(aq,as) are Appell polynomials
of two variables that are orthogonal (for different k + [) with the weight function ajcdas.
The summation index is related to the conformal spin: j = n + 2 for the two-particle
distribution and j = k + [ 4 7/2 for the three-particle ones. Converting to the notation
used in the main text, egs. (3.14) and (3.16), one obtains

a1 =3 (3 = woo W3 = W10 = Wo1 , w3 = 3wip = —3wor - (C.4)

Plugging the conformal expansion (C.3) in (C.1) it is straightforward to derive the general
expansion of g,(u) and g,(u) in orthogonal polynomials, which reduces to the result given
in (3.18) for the particular truncation corresponding to eq. (3.14).

D QCD sum rules

The twist-three quark-gluon couplings can be estimated from the tensor meson contribution
to the correlation functions of

1

S () = 5‘?(1’) [’mi Bu +7u8 Bu} q(z), q7 = (ut +dd)/V2, (D.1)
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< = —
D=D — D, and the quark-gluon light-ray operators that enter the definition of the corre-
sponding DAs,

Ga(21, 22, z3; ) = q(2z3n + 2)igGan(z2n + x)hg(z1n + ),
ga(zl, 29, 23;x) = q(23n + x)géan(zan + z)fhysq(z1n + ) . (D.2)
In particular we consider the following correlation functions:

T — i / 042 €% (O[T { Jun (2)Ga (21, 22, 23 0)}|0)

= [ﬁa(qn) — qa(nﬁ)} (nn) /Da L% T (g2 o) + O(ng) (D.3)

Tann,ﬁﬁ = Z/d4l‘ eiqx<0|T{Jﬁﬁ(x)§a(zla 22,233 O)HO>

= [ﬁa(qn) — qa(nﬁ)} (nn) /Da 2% T2 ) + O(ng) (D.4)
where it is assumed that the auxiliary light-like vectors are chosen such that
(gn) =0,  (qn)#0. (D.5)
We obtain
as T[2—d] 1—20  1—2a3 (?G?) T[2 — 4]
T(a?: - 5 el 4 2 d
(@5 0) =53 EEE [ o T 1o 7Y T 2 e aro3(az)

~ as I''2—d
T(¢*a) = %3[_[(12]211

where (g?G?) is the gluon condensate and (gq) is the quark condensate and we used the

1 -2« 1-2a
oo [ T2 - S22 0 (267 0 (@), (D)

usual factorization approximation for the vacuum expectation values of the four-fermion
operators. Note that the correlation function T'(¢?; ) does not receive nonperturbative
corrections (to this power accuracy in the OPE and to the leading order in the strong

coupling).
The contribution of f2(1270) to these correlation functions is
~ f 2m4 )
go%a’ a’nn,an = _qaL (nn)ng‘—q? Da €anzakzk <I>3(a) + ... (D.?)

and similar for fa/mﬁm so that taking moments and applying the Borel transformation
one ends up with the sum rules

3 S0 2 S0 16
| fal?m* e~ IM? / s2ds e /M — 7<%G2> / ds e/ 4 LO@@(DQ’
0 0

4072 9\ 7 9
24 —m2/M?, _ T /SO 24g g 5/M? 1<%G2>/sod —s/m2 | 8T, g
aPitem MGy = 0ty | s e S (TG [ ds e R g,
o a_—m2/m23 _ Tas /SO 24 s/M2_1<0‘sG2>/s°d —s/M? | 32TQs o
[falFmce 4% T1a40m8 J, T ° 6\ 7 , dse g aa)
|f ’2m4€*m2/M2i@3 = /SOSst e /M (D.8)
? 28 144073 J,
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where, for completeness, we added in the first line the sum rule for the coupling | fq|2 derived
in [24, 25] and reanalyzed more recently in [23]. Using the value sy = 2.53 GeV? [23] and
the interval 1.0 < M? < 1.4GeV? for the Borel parameter we obtain from this sum rule
for the standard values of the gluon <%G2> = 0.012 GeV* and quark (gq) = (—240 MeV)3

condensates
fo(p=1GeV) =101(10) MeV . (D.9)

The quoted error corresponds to a 50% uncertainty in the gluon condensate, other uncer-
tainties are much smaller. The quark-gluon couplings (3,ws,ws can best be estimated by
2

taking the ratios of the corresponding sum rules to the sum rule for |f,|°. Using the same

values of input parameters we obtain
(3 =0.15(8), ws = —0.2(3) ws = 0.06(1). (D.10)

The given values correspond to the scale 1 GeV. Note that the uncertainty in ws is very large
because of the cancellations between gluon and quartic condensates. For w3 the leading
nonperturbative corrections vanish and the perturbative contribution is very small. It is
tempting to conclude that w3 is much smaller than (5 and ws, but the number given above
should be viewed with caution as the sum rule for this coupling is likely to be dominated
by uncalculated higher-order corrections and/or condensates of higher dimension.

Estimates of gluon couplings are notoriously very difficult, see e.g. [45]. A limited
insight can be obtained by considering the correlation function

G = i / dhz €97 (0| T{GY, (1)G2, () Ghe (0)Gle (0)}]0)

— (e = 30 ) (PCA () + a0 Gale?) o (D)
where the ellipses stand for the structures ~ n,,7,,n,,n, and, as above, we assumed that
(ng) = 0. Since tensor 271 gluonium (glueball) states are expected to be rather heavy,
see e.g. [46], by choosing a sufficiently low interval of duality in these invariant functions
one can constrain the contribution of f2(1270). The leading contributions to the invariant
functions G1(¢?) and Go(g?) are, retaining singular terms only (cf. [45]),

(G?) 1 T3]

NI

G1(Q%) = Go(Q?) = ———2-+0-(G? D.12
(@) = G @) = ga he@, o)

and the contribution of the tensor f2(1270) meson is

foTmQ ‘fS‘2m4
2y _ 9719 2y _ g
respectively. Thus
s, 4 —m2? L[ a0, e ST, 2 —m?/M? L2

[fg1"m e / ~ Tom2 s2ds e=s/M” fg fgm©e / N§<G>' (D.14)
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Figure 4. The leading contribution to the correlation function in eq. (D.15).

Taken at face value, these sum rules suggest that both couplings are of the order of 100 MeV
(which should be viewed as an estimate from above), and have the same sign.
A somewhat better estimate can be obtained by considering the correlation function

H,, =i / a6 (0| T{G () G2, () T (0)}[0)
1

*ng/w)(nﬁ)zHl (q2) + %guy(nﬁ)2H2(q2) +.. (D.15)

= (QMQV - 92

Assuming (gn) = 0, the contribution of f5(1270) to this correlator is

B qu5m4

2

T, .2

H(Q?) = + .. (D.16)

m2 —q

The leading contribution in QCD is given by the Feynman diagram shown in figure 4. We
obtain

s 8 2 139
H, = V22 _2CaCr [91n<_“q2) +} T

(47)3 54
« 8 u? 598 u? 5627
Hy = —v2-22_44C,4C 2( ) 71( ) .. (D7
2 \f(4 E F[15 —2) o T T i)t (D)
where from one obtains the sum rules
2 2 S\f Qg 0 _ /M2
fofFm2e mE/ME C’ACF/ ds se™5/ ,
g ™ 9 (4r)? 0
S 2
S4—2/M2N\f045 /Od 2,-s/m2[16, p” 598 D1
faofy (dm)? 5CaCF ; sse {15n8 —|—225]. (D.18)

Dividing these expressions by the sum rule for | fq\Q we obtain for the same values of

parameters
fg/fq =0.25-0.29, f;/fq =0.53 — 0.58. (D.19)

Again, it appears that the two gluon couplings have the same sign. The accuracy of
this calculation is very difficult to quantify, we view the numbers in (D.19) as order-of-
magnitude estimates only.
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Figure 5. The leading contribution to the radiative decay YT(15) — ~f2(1270).

E ff from the radiative decay Y (1S) — ~f2

The scalar gluon coupling f; can be estimated from the bottomonium decay T(15) —
~vf2(1270). The dominant contribution comes from the two-quark Q@ component of the
bottomonium wave function; the contribution of higher Fock states is suppressed by the
small relative velocity of the heavy quarks. To the leading-order accuracy the decay am-
plitude is described by the diagram in figure 5. The corresponding calculation was already
done in refs. [47-49]. The result reads

/ R 1 [td
A[Y(1S) =~ fo] = T)vV?2 10 271'0456’61) eV fsm?cf —I_L ¢ (u), (B.1)
27 94 )y ua Y
where €7, and ey are the polarization vectors of the photon and heavy meson, respectively,

my is the b-quark (pole) mass and R1(0) denotes the radial wave function of T(15) at the
origin. Potentially there could be also a contribution of the transverse DA qbg(t), but the
corresponding terms cancel to the leading-order accuracy.

In order to avoid the dependence on the nonperturbative parameter R1o(0) it is con-
venient to consider the ratio

Br(Y(18) 5 fo] _ 64z ad(dm) ( m?\ [ 1T -
Br[Y(1S) = ete-] 3  a < a W) mZ (E2)

where this dependence cancels. Here we used the notation I, 5 for the integral

1 u
=g [ G edn. (£:3)

For the asymptotic DA qbg(u, p) = 30u?(1 — u)? one obtains Igs = 2. The branching

fractions on the Lh.s. of eq. (E.2) are known, see [21]:

Br[Y(1S) — v fo] = (1.01 £0.09) x 107%,
Br[Y(1S) — eTe™] = (2.38 £ 0.11) x 1072 (E.4)

Using my, ~ 4.8GeV, ag(4m?) = 0.176 and o ~ 1/137 we obtain
|f5 15 1(1® = 4mg) = (18.6 £ 1.9) ,MeV, (E.5)
where from, for the asymptotic DA, one finds

f2(u® = 4mj) = (14.9 £ 0.8) MeV. (E.6)
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Here we tacitly assumed that this coupling is positive (with respect to f;), as suggested
by the QCD sum rule analysis in appendix D. The given error bar reflects experimental
uncertainties only. The theoretical uncertainties are much larger so that we estimate the
overall accuracy of the value in (E.6) as 30-50%.

This result appears to support an intuitive picture that the gluon coupling of “ordi-
nary” quark-antiquark mesons is very small at hadronic scales and is generated entirely by
the evolution. Indeed, assuming f,(1GeV) = 101(10) MeV and ff (1GeV)=0 and using
the expressions collected in appendix B one finds

£5 (1 = 4mi) = (25 + 3) MeV. (E.7)

This number is in a reasonable agreement with the above extraction from the bottomonium
radiative decay having in mind the theoretical uncertainties.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] W. Wang, B to tensor meson form factors in the perturbative QCD approach, Phys. Rev. D
83 (2011) 014008 [arXiv:1008.5326] [INSPIRE].

[2] K.-C. Yang, B to light tensor meson form factors derived from light-cone sum rules, Phys.
Lett. B 695 (2011) 444 [arXiv:1010.2944] [INSPIRE].

[3] H.-Y. Cheng and K.-C. Yang, Charmless hadronic B decays into a tensor meson, Phys. Rev.
D 83 (2011) 034001 [arXiv:1010.3309] [iNSPIRE].

[4] R.-H. Li, C.-D. Lu and W. Wang, Branching ratios, forward-backward asymmetries and
angular distributions of B — K311~ in the standard model and new physics scenarios, Phys.
Rev. D 83 (2011) 034034 [arXiv:1012.2129] InSPIRE].

[5] C.-D. Lu and W. Wang, Analysis of B — K%(— Km)utp~ in the higher kaon resonance
region, Phys. Rev. D 85 (2012) 034014 [arXiv:1111.1513] [INSPIRE].

[6] Z.-T. Zou, X. Yu and C.-D. Lu, The B, — DT decays in perturbative QCD approach,
Phys. Rev. D 87 (2013) 074027 [arXiv:1208.4252] [INSPIRE].

[7] BELLE collaboration, M. Masuda et al., Study of ©° pair production in single-tag two-photon
collisions, Phys. Rev. D 93 (2016) 032003 [arXiv:1508.06757] [INSPIRE].

[8] G.A. Schuler, F.A. Berends and R. van Gulik, Meson photon transition form-factors and
resonance cross-sections in ete™ collisions, Nucl. Phys. B 523 (1998) 423 [hep-ph/9710462]
[INSPIRE].

[9] V.M. Braun and N. Kivel, Hard exclusive production of tensor mesons, Phys. Lett. B 501
(2001) 48 [hep-ph/0012220] INSPIRE].

[10] V. Pascalutsa, V. Pauk and M. Vanderhaeghen, Light-by-light scattering sum rules
constraining meson transition form factors, Phys. Rev. D 85 (2012) 116001
[arXiv:1204.0740] [iNSPIRE].

[11] N.N. Achasov, A.V. Kiselev and G.N. Shestakov, Study of the f2(1270) and a2(1320)
resonances in v*(Q?)y collisions, JETP Lett. 102 (2015) 571 [arXiv:1509.09150] [INSPIRE].

— 96 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevD.83.014008
http://dx.doi.org/10.1103/PhysRevD.83.014008
http://arxiv.org/abs/1008.5326
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.5326
http://dx.doi.org/10.1016/j.physletb.2010.11.053
http://dx.doi.org/10.1016/j.physletb.2010.11.053
http://arxiv.org/abs/1010.2944
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.2944
http://dx.doi.org/10.1103/PhysRevD.83.034001
http://dx.doi.org/10.1103/PhysRevD.83.034001
http://arxiv.org/abs/1010.3309
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.3309
http://dx.doi.org/10.1103/PhysRevD.83.034034
http://dx.doi.org/10.1103/PhysRevD.83.034034
http://arxiv.org/abs/1012.2129
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.2129
http://dx.doi.org/10.1103/PhysRevD.85.034014
http://arxiv.org/abs/1111.1513
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.1513
http://dx.doi.org/10.1103/PhysRevD.87.074027
http://arxiv.org/abs/1208.4252
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.4252
http://dx.doi.org/10.1103/PhysRevD.93.032003
http://arxiv.org/abs/1508.06757
http://inspirehep.net/search?p=find+EPRINT+arXiv:1508.06757
http://dx.doi.org/10.1016/S0550-3213(98)00128-X
http://arxiv.org/abs/hep-ph/9710462
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9710462
http://dx.doi.org/10.1016/S0370-2693(01)00095-8
http://dx.doi.org/10.1016/S0370-2693(01)00095-8
http://arxiv.org/abs/hep-ph/0012220
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012220
http://dx.doi.org/10.1103/PhysRevD.85.116001
http://arxiv.org/abs/1204.0740
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.0740
http://dx.doi.org/10.1134/S002136401521002X
http://arxiv.org/abs/1509.09150
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.09150

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

M. Diehl, T. Gousset, B. Pire and O. Teryaev, Probing partonic structure in y*~y — wm near
threshold, Phys. Rev. Lett. 81 (1998) 1782 [hep-ph/9805380] [INSPIRE].

N. Kivel, L. Mankiewicz and M.V. Polyakov, NLO corrections and contribution of a tensor
gluon operator to the process v*~y — ww, Phys. Lett. B 467 (1999) 263 [hep-ph/9908334|
[INSPIRE].

M. Diehl, T. Gousset and B. Pire, Ezclusive production of pion pairs in v*~ collisions at
large Q2, Phys. Rev. D 62 (2000) 073014 [hep-ph/0003233] [INSPIRE].

V.L. Chernyak and A.R. Zhitnitsky, Asymptotic behavior of hadron form-factors in quark
model (in Russian), JETP Lett. 25 (1977) 510 [Pisma Zh. Eksp. Teor. Fiz. 544 25 (1977)].
[INSPIRE].

A.V. Efremov and A.V. Radyushkin, Factorization and asymptotical behavior of pion
form-factor in QCD, Phys. Lett. B 94 (1980) 245 [INSPIRE].

G.P. Lepage and S.J. Brodsky, Fzclusive processes in perturbative quantum chromodynamics,
Phys. Rev. D 22 (1980) 2157 [nSPIRE].

BABAR collaboration, B. Aubert et al., Measurement of the yy* — w° transition form
factor, Phys. Rev. D 80 (2009) 052002 [arXiv:0905.4778] [iNSPIRE].

BABAR collaboration, P. del Amo Sanchez et al., Measurement of the vy* — n and yy* — 7/

transition form factors, Phys. Rev. D 84 (2011) 052001 [arXiv:1101.1142] [INSPIRE].

BELLE collaboration, S. Uehara et al., Measurement of yy* — w¥ transition form factor at
Belle, Phys. Rev. D 86 (2012) 092007 [arXiv:1205.3249] [INSPIRE].

PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of particle physics, Chin.
Phys. C 38 (2014) 090001 [NnSPIRE].

D.-M. Li, H. Yu and Q.-X. Shen, Properties of the tensor mesons f2(1270) and f5(1525), J.
Phys. G 27 (2001) 807 [hep-ph/0010342] [InSPIRE].

H.-Y. Cheng, Y. Koike and K.-C. Yang, Two-parton light-cone distribution amplitudes of
tensor mesons, Phys. Rev. D 82 (2010) 054019 [arXiv:1007.3541] [INSPIRE].

T.M. Aliev and M.A. Shifman, Old tensor mesons in QCD sum rules, Phys. Lett. B 112
(1982) 401 [INSPIRE].

T.M. Aliev and M.A. Shifman, QCD sum rules and tensor mesons (in Russian), Sov. J.
Nucl. Phys. 36 (1982) 891 [Yad. Fiz. 36 (1982) 1532] [iINSPIRE].

H. Terazawa, fo dominance of the energy momentum tensor, Phys. Lett. B 246 (1990) 503
[INSPIRE].

M. Suzuki, Tensor meson dominance: phenomenology of the fo meson, Phys. Rev. D 47

(1993) 1043 [NSPIRE].

P. Ball, V.M. Braun, Y. Koike and K. Tanaka, Higher twist distribution amplitudes of vector
mesons in QCD: formalism and twist-three distributions, Nucl. Phys. B 529 (1998) 323
[hep-ph/9802299] [INSPIRE].

V.M. Braun, G.P. Korchemsky and D. Mueller, The uses of conformal symmetry in QCD,
Prog. Part. Nucl. Phys. 51 (2003) 311 [hep-ph/0306057] [INSPIRE].

P. Ball, V.M. Braun and A. Lenz, Twist-4 distribution amplitudes of the K* and ¢ mesons in
QCD, JHEP 08 (2007) 090 [arXiv:0707.1201] [iNSPIRE].

— 97 -


http://dx.doi.org/10.1103/PhysRevLett.81.1782
http://arxiv.org/abs/hep-ph/9805380
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9805380
http://dx.doi.org/10.1016/S0370-2693(99)01148-X
http://arxiv.org/abs/hep-ph/9908334
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9908334
http://dx.doi.org/10.1103/PhysRevD.62.073014
http://arxiv.org/abs/hep-ph/0003233
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0003233
http://inspirehep.net/search?p=find+J+%22JETPLett.,25,510%22
http://dx.doi.org/10.1016/0370-2693(80)90869-2
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B94,245%22
http://dx.doi.org/10.1103/PhysRevD.22.2157
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2157%22
http://dx.doi.org/10.1103/PhysRevD.80.052002
http://arxiv.org/abs/0905.4778
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4778
http://dx.doi.org/10.1103/PhysRevD.84.052001
http://arxiv.org/abs/1101.1142
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.1142
http://dx.doi.org/10.1103/PhysRevD.86.092007
http://arxiv.org/abs/1205.3249
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3249
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
http://dx.doi.org/10.1088/0954-3899/27/4/305
http://dx.doi.org/10.1088/0954-3899/27/4/305
http://arxiv.org/abs/hep-ph/0010342
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0010342
http://dx.doi.org/10.1103/PhysRevD.82.054019
http://arxiv.org/abs/1007.3541
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.3541
http://dx.doi.org/10.1016/0370-2693(82)91078-4
http://dx.doi.org/10.1016/0370-2693(82)91078-4
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B112,401%22
http://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,36,891%22
http://dx.doi.org/10.1016/0370-2693(90)90638-M
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B246,503%22
http://dx.doi.org/10.1103/PhysRevD.47.1043
http://dx.doi.org/10.1103/PhysRevD.47.1043
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D47,1043%22
http://dx.doi.org/10.1016/S0550-3213(98)00356-3
http://arxiv.org/abs/hep-ph/9802299
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9802299
http://dx.doi.org/10.1016/S0146-6410(03)90004-4
http://arxiv.org/abs/hep-ph/0306057
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0306057
http://dx.doi.org/10.1088/1126-6708/2007/08/090
http://arxiv.org/abs/0707.1201
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1201

[31] P. Ball and V.M. Braun, Higher twist distribution amplitudes of vector mesons in QCD:
twist-4 distributions and meson mass corrections, Nucl. Phys. B 543 (1999) 201
[hep-ph/9810475] [INSPIRE].

[32] A. Khodjamirian, Form-factors of v*p — m and v*y — 7° transitions and light cone sum
rules, Eur. Phys. J. C 6 (1999) 477 [hep-ph/9712451] [INSPIRE].

[33] S.S. Agaev, V.M. Braun, N. Offen and F.A. Porkert, Light cone sum rules for the m°-y*-y
form factor revisited, Phys. Rev. D 83 (2011) 054020 [arXiv:1012.4671] [INSPIRE].

[34] A.P. Bakulev, S.V. Mikhailov, A.V. Pimikov and N.G. Stefanis, Pion-photon transition: the
new QCD frontier, Phys. Rev. D 84 (2011) 034014 [arXiv:1105.2753] [INSPIRE].

[35] N. Kivel and L. Mankiewicz, Power corrections to the process vy* — wm in the light cone
sum rules approach, Eur. Phys. J. C 18 (2000) 107 [hep-ph/0008168] [INSPIRE].

[36] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, QCD and resonance physics. Theoretical
foundations, Nucl. Phys. B 147 (1979) 385 [INSPIRE].

[37] LI Balitsky, V.M. Braun and A.V. Kolesnichenko, Radiative decay ¥ — pvy in quantum
chromodynamics, Nucl. Phys. B 312 (1989) 509 [INSPIRE].

[38] BABAR collaboration, B. Aubert et al., Measurement of the eta and eta-prime transition
form-factors at Q* = 112 GeV?, Phys. Rev. D 74 (2006) 012002 [hep-ex/0605018] [INSPIRE].

[39] BELLE collaboration, S. Uehara et al., High-statistics measurement of neutral pion-pair
production in two-photon collisions, Phys. Rev. D 78 (2008) 052004 [arXiv:0805.3387]
[INSPIRE].

[40] D.J. Gross and F. Wilczek, Asymptotically free gauge theories. 1, Phys. Rev. D 8 (1973)
3633 [INSPIRE].

[41] H. Georgi and H.D. Politzer, Electroproduction scaling in an asymptotically free theory of
strong interactions, Phys. Rev. D 9 (1974) 416 [INSPIRE].

[42] D.J. Gross and F. Wilczek, Asymptotically free gauge theories. 2, Phys. Rev. D 9 (1974) 980
[INSPIRE].

[43] P. Hoodbhoy and X.-D. Ji, Helicity flip off forward parton distributions of the nucleon, Phys.
Rev. D 58 (1998) 054006 [hep-ph/9801369] INSPIRE].

[44] P. Ball and G.W. Jones, Twist-3 distribution amplitudes of K* and ¢ mesons, JHEP 03
(2007) 069 [hep-ph/0702100] [INSPIRE].

[45] V.A. Novikov, M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Are all hadrons alike?
Nucl. Phys. B 191 (1981) 301 [inSPIRE].

[46] E. Gregory et al., Towards the glueball spectrum from unquenched lattice QCD, JHEP 10
(2012) 170 [arXiv:1208.1858] [INSPIRE].

[47] V.N. Baier and A.G. Grozin, Certain exclusive processes in QCD taking into account
two-gluon states, Sov. J. Nucl. Phys. 35 (1982) 596 [Yad. Fiz. 35 (1982) 1021] [INSPIRE].

[48] V.N. Baier and A.G. Grozin, Gluonic contributions to the exclusive amplitudes, Z. Phys. C
29 (1985) 161 [INSPIRE].

[49] S. Fleming, C. Lee and A.K. Leibovich, Ezclusive radiative decays of Y in SCET, Phys. Rev.
D 71 (2005) 074002 [hep-ph/0411180] [INSPIRE].

_ 98 —


http://dx.doi.org/10.1016/S0550-3213(99)00014-0
http://arxiv.org/abs/hep-ph/9810475
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9810475
http://dx.doi.org/10.1007/s100520050357
http://arxiv.org/abs/hep-ph/9712451
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9712451
http://dx.doi.org/10.1103/PhysRevD.83.054020
http://arxiv.org/abs/1012.4671
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4671
http://dx.doi.org/10.1103/PhysRevD.84.034014
http://arxiv.org/abs/1105.2753
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2753
http://dx.doi.org/10.1007/s100520000524
http://arxiv.org/abs/hep-ph/0008168
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0008168
http://dx.doi.org/10.1016/0550-3213(79)90022-1
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B147,385%22
http://dx.doi.org/10.1016/0550-3213(89)90570-1
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B312,509%22
http://dx.doi.org/10.1103/PhysRevD.74.012002
http://arxiv.org/abs/hep-ex/0605018
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0605018
http://dx.doi.org/10.1103/PhysRevD.78.052004
http://arxiv.org/abs/0805.3387
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.3387
http://dx.doi.org/10.1103/PhysRevD.8.3633
http://dx.doi.org/10.1103/PhysRevD.8.3633
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D8,3633%22
http://dx.doi.org/10.1103/PhysRevD.9.416
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D9,416%22
http://dx.doi.org/10.1103/PhysRevD.9.980
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D9,980%22
http://dx.doi.org/10.1103/PhysRevD.58.054006
http://dx.doi.org/10.1103/PhysRevD.58.054006
http://arxiv.org/abs/hep-ph/9801369
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9801369
http://dx.doi.org/10.1088/1126-6708/2007/03/069
http://dx.doi.org/10.1088/1126-6708/2007/03/069
http://arxiv.org/abs/hep-ph/0702100
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0702100
http://dx.doi.org/10.1016/0550-3213(81)90303-5
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B191,301%22
http://dx.doi.org/10.1007/JHEP10(2012)170
http://dx.doi.org/10.1007/JHEP10(2012)170
http://arxiv.org/abs/1208.1858
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.1858
http://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,35,596%22
http://dx.doi.org/10.1007/BF01571399
http://dx.doi.org/10.1007/BF01571399
http://inspirehep.net/search?p=find+J+%22Z.Physik,C29,161%22
http://dx.doi.org/10.1103/PhysRevD.71.074002
http://dx.doi.org/10.1103/PhysRevD.71.074002
http://arxiv.org/abs/hep-ph/0411180
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0411180

	Introduction
	f(2)(1270) production in two-photon reactions
	Distribution amplitudes
	QCD factorization
	Soft (end-point) contributions
	Results and discussion
	Other conventions
	Scale dependence
	Equations of motion
	QCD sum rules
	f(g)**S from the radiative decay Upsilon(1S) to gamma f(2)

