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By means of QCD sum rules in the limit of “local duality,” wealpze the behaviour of the form
factorsty(QZ) parametrizing the amplitudes for the transitigng — P of a real photoryand a
virtual photony* to a pseudoscalar mesBn= 1°, 1, n’, nc as functions of the involved spacelike
momentum transfe®? > 0. Except for the findings of the BBAR collaboration for the® y form
factor, the experimental data for all these form factorsarapatible with saturation for larg@?,

as predicted by pQCD factorization. For the light pseudiascaeson® = 1°, ), n’, saturation is
observed already at relatively sm@# > 10-15 GeV, whereas for the. meson it sets in only at
largerQ? > 200-300 GeY. A recent measurement of th# y transition form factor by the Belle
collaboration seems to resolve this disturbing puzzlesasutcome is compatible with saturation
for Q2 > 10-15 Ge and with the larged? behaviour of the) y andn’y transition form factors.
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1. Introduction

Already a long time ago, it has been realized that the “twotqh fusion” processeg' y* — P
to some pseudoscalar medoe: 1°, 1, n’, N constitute rather crucial tests for our understanding of
quantum chromodynamics (QCD) and of the internal struadfifeadrons. Over the years, several
experiments have collected impressive amounts of infaomaitn these transition processes [1-5].
As far as the theoretical description of such kind of transibf two—in general, off-shell—
photonsy*, with associated polarization four-vectars,, to a pseudoscalar meseris concerned,
the corresponding amplitude turns out to be parametrizabjest a single form factdeyy(qf, q%):

(V' (q)Y* (02)|P(P)) = i €650, Fpyy (0, 0)-

QCD factorization of short and long distances provides asbprediction for the behaviour of this
form factor at asymptotically large spacelike momentumsfersg? = -Q2 <0,g3=—-Q3 < 0[6]:

1 dEg(1-%)
0 QFE+Q3(1-¢)

For convenience, we henceforth prefer the nota@r= Q3 and 0< 3 = Q2/Q3 < 1 (that is,Q3 is

the larger virtuality). For the kinematics of experimeritaérestQ? ~ 0 andQ3 = Q?, for instance,
theyy* — mtransition form factoF, (Q?) asymptotically behaves liK@?F,(Q?) — v/2fx, where
fr=130MeV is the charged-pion decay constant. Similar relatarise for botm andn’ mesons.

Fryy(QF,Q%) — 1265 fp

2. Dispersive QCD sum rule for the form factors of the generidransitions y* y* — P

The analysis of the transitiopi y* — P within the framework of the QCD sum-rule approach
conveniently starts from the transition of two virtual piag y* to the vacuum, induced by the quark
axial-vector currenty; its amplitude is found by factorizing off the photon potaiion vectore; »:

(0[i%]y"(a1)y" (d)) = ETyap(Plds, a) €7 €5 , P=a1+ Q. (2.1)

We are interested in this amplitude feg? = Q2 > 0 and—q3 = Q3 > 0. The general decomposition
of T,,qg containgfour independent Lorentz structures [7, 8] but in our preserlystunly one enters:

Tuap(PldL, 92) = Pu€apaq,iF (P%QF,Q5) + -

For the related invariant amplitudre p?, @2, Q3), a spectral representation i for fixed Q¢ andQ3
values may be given in terms of its physical spectral dedsityQ?, Q3) and physical thresholsl:

1/ d
F(P% QQ%) = L > AsQ@.QD).

T Joy S— P
Perturbative QCD (pQCD) expresses this spectral densjipwsr series in the strong coupliog:
0 Qs (1 aZ (2
Bpqco(s. QF. QBIm) = Agge(s Q. QBIM) + —Argon(s QF Q3Im) + 5 Agn(s QF. QBIm) + -+,

wheremis the mass of the quark that propagates in that quark loopivthe two photons couple.
The well-known lowest-order termé%CD arises from the graph of this one-loop quark triangle with
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one axial and two vector currents at its vertices [9]. Thelwap O(as) correctionA[()gCD proves to

vanish [10]. The three-looP(a?) correctiom%CDwas found to yield a nonzero contribution [11].
In the region of smal, the physical spectral density bears no resemblanfgdgen(s, Qf, Q%)
as it must model both meson pole and hadron continuum. Ramos, in thé = 1 channel one has

A(s Q. QB) = (S~ M) V2 Fryy(QF, QB) + 6(5— Sn) Aot (5. Q1. QD).

QCD sum rules provide a possibility to relate the propextidsadronic ground states to the spectral
densities of QCD correlators. Applying this approach indgbaventional way devised by Shifman,
Vainshtein, and Zakharov proceeds along a standard roudihd 3] involving the following steps:

1. EvaluateF (p?,Q%,Q3) at QCD and hadron level and equate the two resulting re piatssms.
2. In order to suppress effects of the hadron continuumpperé Borel transformatiop? — 1.

3. Consider the arising sum rule in the limit of local dua(ityD), realized if the Borel parameter
T vanishes [14], to wipe out unwanted nonperturbative powaections increasing wit?.

4. Implement quark—hadron duality by the customary cutefihectral integral at low energies.

With decay constantp, this yields for the transition form factor a sum rule of ineatappearance:

) St (Q1.Q%) 2 ~2
TfpFpyy (Q%,Q3) = A . dsApqen(s, Q1 Q3|m).

Therein, all nonperturbative QCD phenomena are encodeueéffective thresholdes(Q?, Q3); the
actual challenge is to design a convincing algorithm fonfipdihis threshold—a nontrivial task [12].

e For asymptotically larg®3 = Q2 — « but fixed ratio = Q?/Q3, sr(Q?, ) may be inferred
from pQCD factorization: Generally, for nonzero quark mass0, s (Q? — o, 3) depends
on B; for m= 0, the factorization formula is recovered for aByf Seft(Q? — 00, B) = 41 2.

e The naive LDmodelfor the transition form factoassumeshat, also for finiteQ?, set(Q?, B)
may be sufficiently well approximated by its asymptotic i (Q2, B) = Seff(Q? — o, B).

In the LD limit, the form factop,(Q?) = Fpyy(0, Q?) for the transition of a pseudoscalar megon
to a real Qi =0) and a virtual Q% = 0) photon reads, for a single massless= 0) quark flavour,

2 1 Seff(Qz)
Fey(Q7) = 52 (D 1 O (2.2)

Fpy(Q? = 0) is related to the axial anomaly [7] irrespective of the bétavof serr(Q?) nearQ? = 0.

3. Form factor for the transition y*y* — n.

For bound states composed of heavy quarks, the quark maas tamger be neglected. Finite
quark masses provide an option to exploit not only the catoe(AVV) [as in Eq. (2.1)] but also the
correlator(PVV) [8], with, in each case, an LD model of its own; pQCD factatia then predicts
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Figure 1: Form factor for the transitiopy* — nc: Exact effective threshol }f’V(Q2 — oo, 3) (top left) and
sV (Q% — oo, B) (top right); form factors obtained for finit®? from the LD sum rules for the correlators
(AVV) and(PVV) (bottom left); LD model for the correlatgPV V) fitting to BABAR data [3] (bottom right).

Seff(Q% — o, B) for both (AVV) and (PVV). Figure 1 summarizes our findings: theacteffective
thresholdssl/ ¥ (Q? — o0, B) andsyV(Q? — «, B) in the (AVV) and(PV V) sum rules differ in their
behaviour from each other as well as from the effective tiokels of relevant two-point correlators.
The LD assumption &(Q?, B) = seff(Q? — =, B) entails the form-factor behaviour depicted in the
bottom row of Fig. 1. For very smal?, this simple LD model cannot be expected to be applicable.
Interestingly, it yields,_,(Q? = 0) = 0.067 GeV ! from (AVV) andF, ,(Q? = 0) = 0.086 GeV!
from (PVV), in reasonable agreement with the measured VajygQ? = 0) = 0.08+0.01 GeV .
Consequently, we feel entitled to conclude that the LD eatida of, at least, the correlatoPVV)
provides reliable predictions for a bro@d range starting at very lo@? values (see also Ref. [15]).

4. Form factor for the transitions yy* — (n,n’)

Forn () transitions, the form facto , ), (Q?) are mixtures [16] of nonstrange contributions
Fny(Q?), with n abbreviating Gu+dd)/+/2, and strange contributiorf&,(Q?), with sindicatingss

Fny(Q%) = Fny(Q%) cosp — Fg,(Q%) sing, Fry(Q?) = Fy(Q%) sing -+ Fe(Q?) cosg,

with mixing angleg ~ 38°. Of course, the sum rules in LD limit for the latter form factdnvolve
two separate effective thresholgd = 47212 andsS) = 42 f2, with f, ~ 1.07f, and fs~ 1.36f:

") ~2 (8) 12
1 Seff (Q7) 1 [Sert Q)
F(@) = ¢ /0 dsda(s Q). Fy(@)= /0 dsis(s, Q7).
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Figure 2: Form factorsF(n,n/w(Qz) for the transitions/y* — (n,n’): LD predictions [7, 8] (dashed lines)
and fits [17] (solid lines) to measurements by CELLO and CLE[Jljlack dots) and BBAR (red dots) [4].

Figure 2 reveals that LD sum rules [7, 8] and experiment [Ta] live with each other pretty well.

5. Form factor for the transition yy* — m®

By construction of the sum-rule formalism, the behaviouamf of ther®, n, andn’ transition
form factors in the limit of larg€)? is governed by spectral densities to be deduced by evaiyiin
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Figure 3: Form factoany(QZ) for the transitioryy* — m°: CELLO and CLEO [1] (black dots) vs.ABAR
[2] (top left) and Belle [5] (top right) data; discrepancydy shaded area) between BAR [2] and Belle [5]
data for largeQ? (bottom left); equivalent effective threshagh(Q?) inferred for each data point by means
of Eq. (2.2) (bottom right). Magenta lines represent the L&iled, red or blue solid lines a fit [17] to the data.
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relevant pQCD Feynman diagrams; therefore, it has to beiaifor all light pseudoscalar mesons
[17]: The sum rule for the correlatgAVV) in LD limit is equivalent to the anomaly sum rule [18]

Fﬂv(Qz) = ﬁ {1— 27T/Sth dSAf:Io?tl)(S Qz)} )

with similar relations emerging for tHe= 0 andsschannels. The behaviour of the spectral densities
Acont(s, Q?) at larges determines that of all form factoRsy, (Q?), Fpy(Q?), andF,,(Q?) at largeQ?
[17]. Now, quark—hadron duality assumesalni(s, Q) to be equal to the associatAgocp(s, Q?)
in the respective channel; as purely perturbative quasfitill the latter must be equal to each other.

Figure 3 compares several sets of experimental data aleaftatthe 7° transition form factor.
The BABAR measurement comes as a great surprise in two respects: Ongliand, it obviously
disagrees with thg andn’ form factors and with the conventional LD model f9f up to 40 GeV/.
On the other hand, the LD violations claimed to have beenddiynBABAR rise withQ? even near
Q? ~ 40 Ge\?, which is in conflict with hints from quantum-mechanical awales. Our confidence
in our precursor studies forces us to conclude that it mighidrd to put forward any interpretation
of the BABAR results within QCD (see also the related discussions in.[RE¥H. More recent Belle
results foany(Qz), although within errors compatible with theinBAR counterparts (cf. [20, 21]),
strengthen our trust: the Bell® transition form-factor behaviour for largg? resembles the one of
n andn’ and agrees with the expected onset of the LD regime alreatig imngeQ? > 5-10 Ge\?.

6. Conclusions

The form factors parametrizing the amplitudes for the fitaors P — yy* of the pseudoscalar
mesond = 1°, 1, n’, ne have been analyzed within the framework of local-dualityDEmim rules;
there a single key quantity, the effective continuum thodshicomprises all nonperturbative effects.
Aligning form factors and QCD factorization yields a threkhmodel that we regard as successful:

e For all form factors studied, local duality should perforralifor Q? larger than a few Ge¥/

— For the transitiong) — yy*, n’ — yy*, andn; — yy*, itindeed works reasonably well.
— For the transitiom® — yy*, BABAR measures a considerable violation of local duality,
manifesting by the effective threshold continuing to rige#rly instead of approaching
asymptoticallya finite constant, whereas the trend observed by Belle fitetd Huality.

e As awhole, the existing experimental data on meson—pheoémsitions point towards a tiny
residuallogarithmic rise of Q®Fpy(Q?) [17]. If confirmed, this effect may be interpreted by
amending the ratio of hadron-level and QCD-level speceakdies by an LD-violating term.

e Quantum-mechanical experience also leads us to suspethiéHzD sum-rule prediction for
theelasticform factor of thechargedpion improves withQ? for Q? 2 4-8 Ge\f and that the
corresponding effective threshold approacheasignptotic LD limitses (Q? — o) = 412 f2,
already af)? ~ 5-6 Ge\#[7], which is verifiable by CLAS12 after the JLab 12 GeV upggad

Acknowledgments.D.M. is grateful to B. Stech for the most pleasant collakiorabn the topic of
this talk and to A. Oganesian and O. Teryaev for interestisgugsions. D.M. was supported by the
Austrian Science Fund (FWF) under Project No. P22843.



A puzzle of they transition form factor—resolved? Dmitri Melikhov

References

[1] H. J. Behrencet al, Z. Phys. C49(1991) 401; J. Gronbergt al, Phys. Rev. 57 (1998) 33.
[2] B. Aubertet al,, Phys. Rev. 80 (2009) 052002.

[3] J. P. Leest al, Phys. Rev. (81 (2010) 052010.

[4] P.del Amo Sancheet al, Phys. Rev. 84 (2011) 052001.

[5] S. Uehareet al,, Phys. Rev. 86 (2012) 092007.

[6] G.P.Lepage and S. J. Brodsky, Phys. Re22}1980) 2157.

[7] V. Braguta, W. Lucha, and D. Melikhov, Phys. Lett@81(2008) 354; |. Balakireva, W. Lucha, and
D. Melikhov, J. Phys. B9 (2012) 055007; Phys. Rev. 85 (2012) 036006; Phys. Atom. Nud6
(2013) (in press), arXiv:1203.2599 [hep-ph].

[8] W. Lucha and D. Melikhov, J. Phys. 8 (2012) 045003; Phys. Rev. 86 (2012) 016001.

[9] J. HofejSiand O. V. Teryaev, Z. Phys.65 (1995) 691; D. Melikhov and B. Stech, Phys. Rev. L88.
(2002) 151601; D. Melikhov, Eur. Phys. J. dirét (2002) 2, arXiv:hep-ph/0110087.

[10] F. Jegerlehner and O. V. Tarasov, Phys. Let633(2006) 299; R. S. Pasechnik and O. V. Teryaev,
Phys. Rev. D73(2006) 034017.

[11] J. Mondejar and K. Melnikov, arxiv:1210.0812 [hep-ph]

[12] W. Lucha, D. Melikhov, and S. Simula, Phys. Rev7B(2007) 036002; Phys. Lett. 857 (2007)
148; Phys. Atom. Nucl71(2008) 1461; Phys. Lett. B71(2009) 445; D. Melikhov, Phys. Lett. B
671(2009) 450.

[13] W. Lucha, D. Melikhov, and S. Simula, Phys. Rev/B(2009) 096011; J. Phys. &7 (2010) 035003;
Phys. Lett. B687(2010) 48; Phys. Atom. Nuc¥.3(2010) 1770; J. Phys. 38 (2011) 105002; Phys.
Lett. B701(2011) 82; W. Lucha, D. Melikhov, H. Sazdjian, and S. Sim#&lhys. Rev. (80 (2009)
114028.

[14] V. A. Nesterenko and A. V. Radyushkin, Phys. Lett1B5(1982) 410.
[15] P. Kroll, Eur. Phys. J. @1(2011) 1623.

[16] V. V. Anisovich, D. I. Melikhov, and V. A. Nikonov, Phyfev. D55(1997) 2918; V. V. Anisovich, D.
V. Bugg, D. I. Melikhov, and V. A. Nikonov, Phys. Lett. 804(1997) 166; T. Feldmann, P. Kroll, and
B. Stech, Phys. Rev. B8(1998) 114006; Phys. Lett. 849(1999) 339.

[17] D. Melikhov and B. Stech, Phys. Rev.&% (2012) 051901(R); Phys. Lett. BL8(2012) 488.

[18] Y. N. Klopot, A. G. Oganesian, and O. V. Teryaev, Phystl®B 695(2011) 130; Phys. Rev. B4
(2011) 051901(R); JETP Le®4(2011) 729; arXiv:1211.0874 [hep-ph].

[19] H. L. L. Robertset al,, Phys. Rev. B2(2010) 065202; S. J. Brodsky, F.-G. Cao, and G. F. de
Téramond, Phys. Rev. B4 (2011) 03300184 (2011) 075012; A. P. Bakulev, S. V. Mikhailov, A. V.
Pimikov, and N. G. Stefanis, Phys. Rev88(2011) 03401486 (2012) 031501(R).

[20] S. S. Agaev, V. M. Braun, N. Offen, and F. A. Porkert, PHysv. D83 (2011) 05402086 (2012)
077504.

[21] P. Masjuan, Phys. Rev. 86 (2012) 094021; C.-Q. Geng and C.-C. Lih, Phys. Re86{2012)
038201; B. El-Bennich, J. P. B. C. de Melo, and T. Fredericgival211.2829 [nucl-th].



