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1. Introduction

Recently there was a significant progress in experimentialysof the photon-meson transi-
tions. Theyy* — n°(n,n’) transition form factors (TFFs) were measured by BABAR [1a8H
BELLE [3] collaborations in the range the photon virtual®# ~ 5— 35 Ge\? (the other pho-
ton was almost real). The data on pion TFF, measured by BABYRBELLE [3] and earlier
measurements by CELLO [4] and CLEO [5] collaborations agvet at Q> < 10 Ge\?, while at
Q? > 10 Ge\? the BABAR and BELLE data manifest quite different behavibhe BABAR data
show a steady rise of the product of the TFF fdsurpassing the pQCD predicted [6] asymptote
Q?Fry — V2fy, fr=1307 MeV atQ? ~ 10 Ge\? and questioning the collinear factorization. On
the other hand, the more recent BELLE data do not show suigimsgtbehavior: aIthougIQsz,
reaches the pQCD asymptotic value, it does not manifedtdugrowth (within the experimental
errors).

In these proceedings, based on [7, 8, 9, 10], we demonstratepplication of the anomaly
sum rule to a study of the®, n andn’ TFFs. This nonperturbative QCD method does not rely on
the collinear factorization and can be used even if the ferettion is broken.

2. Anomaly sum rule

The phenomenon of axial anomaly [11] leads to a nonconsernvaf the axial current in the
chiral limit. In QCD, for a given flavor, the divergence of the axial curreifﬂs) = QY Y50 acquires
both electromagnetic and gluonic anomalous terms:

_ 3 ~ x
OuIY = Ma@60+ 5—EANGFF + 2 2NeGG, (2.1)

whereegg is a quark charge in the units of electron chaegd- and G are electromagnetic and
gluonic strength tensors respectiveﬁyandé are their duals, antslC = 3 is a number of colors.
In what follows, we use the definitions of the |sovec]§£ uyuygu dy“ yd) and octet

JL85> = %(uyuysu + dyu ysd — 2Sy,,¥6S) components the octet of aX|aI currents and the singlet axial

0 _ ()
us = /3
magnetic and gluonic anomalies, while the |soved@f and octet,
magnetic anomaly only:

(u_y“ ysU + d_yu ysd + Sy, ¥6S). The singlet axial current,
( )

currentJ s acquires both electro-

currents acquire electro-

LN :7(muuygu+ mydysd + MsS)ss) + si CONFF + \/gachGG 2.2)
ng@_ L g € @ EE

"5 _\/z(muuygu mydysd) + 8712C NFF, (2.3)

gny® 1 (myTysu+ mgdysd — 2msSyss) + ¢ —CEINGFF, (2.4)
HS T /B 82

where the electromagnetic charge fac®td are defined as follows,



Nonperturbative QCD and transition form factors Yaroslav Klopot

)=
—(eﬁ+e§ 2) - m

eﬁ+e§+e§ 3\/5

The two-photon transitions are associated with the vaaoter-axial (VVA) amplitude

(2.5)

Toun(Q) = [ dxalye ) (0T {3a5(0)34(43, (1)}[0). 26)

whereJ,, J, are the vector currents with momerkaand g, and Jys is the axial current with
momentump = k+ g. This amplitude can be decomposed [12],

Tapv(k,0) = F1 Eauvpkp +k Sauqup + F3 kvgaupakpqa
+ F4 Qv Eaupakpqa + F5 kusavpakpqa + FG Q/J Eavpakpqay (2-7)

whereF; = Fj(p?,k%,0%,m?), j = 1,...,6 are the Lorentz invariant amplitudes constrained by cur-
rent conservation and Bose symmetry. In what follows, wdaom the kinematics of the experi-
ments, restricting ourselves to the case with one virtuatqgh(—g? = Q2 > 0) and one real photon
(k?=0).

Considering the axial anomaly for the isovector and octetetiis in the dispersive approach
[13], for the invariant amplitud&s — Fs, one can derive the anomaly sum rule (ASR) [14]

[* AP(s QimP)ds— ENCH, a-38 (2.8)

whereAz = %|mpz(|:3 —Fs), mis a quark mass.

The ASR (2.8) has a remarkable property — both perturbatidenanperturbative corrections
to the integral are absent because of the Adler-Bardeeatrdim [15] and 't Hooft’s principle
[16, 14].

3. Isovector channel of ASR and pion transition form factor

In order to get the physical applications of the ASR, we needmploy the quark-hadron
duality hypothesis.

Theyy* — M transition form factorsNl = 11°, n, n’) and meson decay constarifsare defined
as

[ e M(P)T {34(030(0)}10) = Peyupok®e Fuy: (3.1)

(01352 (0)IM(p)) = ipa . (3.2)

In the case of thésovector channelsaturating the lhs of the three-point correlation functio
(2.6) with the resonances, singling out the first contrimuti,(ss, Q% n?), given by the pion, and
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collecting all the other states into the continuum contitbulég%t(ss,,Qz; n?), we get the ASR in
the form (we supposm=m, = my ):

(55, QB -+ 1{3h(, Q2 11P) = - N, 33)
where
| n(s3, Q% MP) = TTfFpy (Q?, 53, 1P), (3.4)
e Qi) = [ A (s QP ds 35)
$3

andss is a continuum threshold;; = f,(f’) = 1307 MeV.
If we employ the one-loop expression for the spectral deris#] (in what follows we take
m=0)

3 N NCC(3) QZ
AP (@)= = a3 (3.6)
from the Eq. (3.3) we get [7]
2 _ 1 3

The continuum threshold (pion duality intervad)is determined from the SVZ QCD sum rules
s3 = 0.75 Ge\? [17]. Alternatively, it can be determined from the hi@R-limit of (3.7), if we rely
on the pQCD predicted value for the pion TRFF,, — v2f [6], 3 =42 f2 = 0.67 Ge\2. Then
(3.7) reproduces the well-known Brodsky-Lepage interjataformula [18].

When compared to the experimental data on the pion trandition factor, the equation (3.7)
gives a fairly good description of the data of CELLO [4], CLE&)and BELLE [3] collaborations,
while the data of BABAR collaboration [1] are described muabrse (see dashed line in Fig. 1).
The BABAR data indicate a log-like growth, and in order to aése them well, one needs to
consider the possibility of corrections. As we mentionedvah the integral in the ASR does not
have any corrections, but the spectral dem@/(s, Q?) can acquire corrections (see also [20]), and
therefore the continuum and the pion contributions can ki@eorrections as well. The exactness
of the ASR results in an interesting interplay between threections to the continuum and pion:
they should cancel each other to preserve the A&Eﬁ%t = —0l;. The form of the correction
is not yet known. Nevertheless, we can propose the form threa®n relying on the boundary
conditions following from the general properties of the ASR

° 5Ié§>m = 0 atsz — oo (the continuum contribution vanishes),
° 5Ié§>m = 0 atsz — O (the full integral has no corrections),
o 3113 = 0atQ? - o (the perturbative theory works at lar@®),

° 5|§§2ﬁ =0 atQ? — 0 (anomaly perfectly describes pion decay width).
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Figure 1: Pion transition form factor compared with experimentabdaee explanations in the text).

Supposing the correction contains rational functions agarithms ofQ?, the simplest form
of the correction satisfying those limits results in [10]

QZ
B

1 1 S AQ?
Fry(Q%) = ——(In+ly) = 1
Q)= 7 (Int-0ln) 2ottt @l st @

(In=-+0)|, (3.8)

whereA ando are dimensionless parameters. This kind of correction aaappear in (a local)
OPE and should be attributed, possibly, to instantons at skrings [19] (see more discussion on
the origin of the correction in [10]). Note also, that thisreation implies that the pion distribution
amplitudeg(x) does not vanish at= 0,1 and violates the QCD factorization (see also [21, 22],
where such kind of distribution amplitude was considerd¢erahe BABAR data appeared).

The fit of the TFF (3.8) to the combined CELLO, CLEO, BABAR dagieesA = 0.14, 0 =
—2.36,x?%/d.0.f.=0.94 d.o.f. = 35. The plot onsz, for these parameters is shown in Fig. 1 as
a solid line. The TFF (3.8) with these parametgre describes well also the combined CELLO,
CLEO and BELLE data wittx?/d.o.f. = 0.84 (d.o.f. = 35). On the other hand, the TFF without
correction (3.7) (dashed line in Fig. 1)) give$/d.o.f. = 2.29 andy?/d.o.f. = 1.01 for CELLO,
CLEO and BABAR and CELLO, CLEO and BELLE data sets respeltiv&/e can conclude, that
although the BABAR data favors the log-like correction, ttewly released BELLE data neither
confirms, nor excludes the possibility of this correction.

4. Octet channel of ASR and 1, n’ transition form factors

It is interesting to consider in the same way the ASR indbtiet channelHere we should take
into account the first two contributions, which are givenlbyry andn’ mesons. Then the ASR in
the octet channel is (we use the chiral limit) [8]:

1 S8

= 72\/67‘[2 e (4.1)

ffan V(@) + fr?’ Fr;’y(Qz)
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wheresg is a continuum threshold in the octet channel, and the dexayp(ing) constantst,?, f,?,
are defined in (3.2). The continuum threshold in the octetioblsg can be determined from the

large-Q? limit of (4.1) and the pQCD predicted expression for the)’ TFFs [8, 9]:
se =4 ((19)2+ ()2 +2V2[fR 0 + TR 10)). (4.2)

Naturally, if the log-like correction is present in the igotor channel, it should reveal itself

in the octet channel tdo The similar correction in the octet channel leads to the ABIR the
correction term [10]:

2 2
BEn @)+ PP = B [1e 22T vo). @

The Egs. (4.1), (4.2) and (4.3) contain the decay constgjtsvhich are usually analyzed
basing on different mixing schemes or in a scheme independmn (see e.g. [10] and references
therein). For the purposes of numerical analysis, we emiileydecay constants, obtained in a
scheme-independent way in Ref. [10} = 1.11f, f3 = —0.42fy, £ = 0.16f, £3 = 1.04f,
Then, the fit of the Eg. (4.3) to the experimental data of BABéd¥aboration [2] givesA =
0.05,0 = —2.58 with x?/d.o.f. = 0.81 (see the solid line in Fig. 2), while Eq. (4.1) gives
x?/d.o.f. = 0.85 (dashed line). At the same time, if the parameters arenttile same as for
the pion casel = 0.14,0 = —2.36, we getx?/d.o.f. = 1.02 (dot-dashed line). We see that the
current precision of the experimental datalpm’ TFFs can accommodate the log-like correction
in the octet channel, although does not require it.
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Figure2: The ASR in the octet channel for different values of fittinggaeters compared with the experi-
mental data, see explanations in the text.
5. Conclusions

The current experimental status of the pion TFF in the rarig@?c= 10— 35GeV? is rather
ambiguous. The BABAR data show an excess over the asymptitie of the pion TFF, requiring

1The possible universality of the corrections is also disedsn [23]
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an essentially nonperturbative correction which is absetite local OPE and possibly violates the
QCD factorizatioR. The more recent BELLE data do not manifest that strikingalveh and give
more or less consistent with the Brodsky-Lepage interfmiafiormula description. At the same
time, these data do not exclude the considered correction.

The analysis for the octet channel of ASR based on BABAR data,q)’ TFFs leads to the
conclusion, consistent with the one made for the isovedtannel: within the current experimental
errors there is a possibility to accommodate such a coomectHowever, the correction is not
required in this channel by the, n’ BABAR data (contrary to the isovector channel and BABAR
data). The further experimental measurements oftthe) andn’ meson TFFs can enlighten the
guestion whether such a correction exists or not.
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