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I review present experimental and theoretical status of electromagnetic decays of light 
mesons. Special attention is paid to single-photon decays of charged resonances, and to recent 
applications of the Primakoff technique to measure such processes. New data on radiative 
decays of pseudoscalar, vector, axial and tensor mesons are compared with several theoretical 
calculations involving quark models, unitary symmetry relations, and an effective Lagrangian 
approach. Vector Meson Dominance ideas, as applied to meson spectroscopy, are discussed 
in detail. Also, the electromagnetic properties of the At meson are examined in the context 
of resonance parameters observed in diffractive production and r-lepton decays. Finally, 
I emphasize the importance of radiative processes in searching for glueball and hybrid states 
of matter.

PACS numbers: 13.40. Hg, 13.60. Le, 14.40. Cs, 14.80. Pb

1. IntroductionOne of the major trends in particie physics has been the exploration of ever deeper levels of substructure of matter. Photons, both virtual and real, their interactions theoreti- cally well understood, ρrovide particularly clean probes of properties of complex objects. Scattering of light, and the inverse process of light emission, has proved to be an invaluable tool of research in condensed matter, atomie, and nuclear physics. The same appears to hołd true in the field of elementary particles. Hard interactions of virtual photons in deep inelastic lepton scattering have led to an understanding of the short distance structure of nucleons. Scft interactions of photons with hadrons are sensitive to larger-scale properties of hadron wave functions, and such informaticn is usually less ambiguous than that from investigations using purely hadronie processes. Electromagnetic decays of mesons, in partic- ular, have been recognized for seme time as important for gaining an understanding of the large-distance structure of elementary particles.Lacking a fundamenta! dynamical theory of hadrons, a rich phenomenology has been developed over the years to deal with electromagnetic properties of mesons; some of the 



456popular approaches have involved quark model [1], unitary symmetries [2,3] and the vector meson dominance hypothesis [4, 5], On the experimental side, there has been great activity in the mea&urement of radiative decay widths. Progress in the field of electromagnetic properties of mesons has been particularly impressive. In this review I discuss new informa- tion on radiative decays of light mesons (i.e. mesons not containing charmed, or heavier, quarks), and its impact on the understanding of structure and couplings of hadrons involved in such decays. Many óf the underlying ideas are relatively old, and by nbw fairly standard. I will therefore briefly introduce the morę successful formulations used in the past, and relate them to the morę recent approaches.Stimulated by the accuracy of the new data, and developments within QCD that have been applied to hadron spectroscopy through, e.g., QCD sum rules [6], QCD bag models [7] and potential approaches [8, 9], recent theoretical examinations of meson radiative decays have concentrated on morę global tests and extensions of the previous work. In the course of the following discussion I compare the latest data with several recent calculations to evaluate the success of different approaches and to establish the level of model dependence of the predictions. Particular attention is paid to single-photon decays of mesons and their phenomenological consequenCes. Henceforth, throughout the paper, the term “radiative decays” refers specifically to single-photon transitions.Mpst of the new experimental results on radiative decays have been ohtained using the Primakoff technique, which, at high energies, emerges as a major tool for such measure- ments (for two-photon decays a similar role is played by studies of photon-photon collisions in the e+e- interactions). Consequently, I present in some detail the basics of the Primakofi method, discuss sρecific requirements posed for experiments, describe an example experi- mental setup (the E272 at Fermilab), and evaluate the inherent accuracy of this method (Section 2).In Section 3, I review the new data and several theoretical calculations of electromagnetic decays of vector and pseudoscalar mesons. In particular, various alternatives to nonrelativistic quark-model calculations, developed to explain an apparent suppression of the decay rates, are discussed. In Section 4, the experimental and theoretical status of electromagnetic decays of axial and tensor mesons is presented. Special attention is paid to the still controversial A1 meson. Proper evaluation of the experimental situatión on its radiative properties required a somewhat detailed examination of diffractive-production and τ-lepton decay data relevant to this meson.In Section 5, I discuss the role that electromagnetic transitions play in searches for expected novel states of hadronie matter, such as QCD glueballs and hybrid mesons. The electromagnetic decays of such candidate states can place valuable constraints on their interpretations. The viability of the Primakoff method as a technique of searching for hybrid mesons is emphasized. Section 6 is devoted to a summary and a generał outlook on the direction of this field of research.The issues discussed in this paper cover a rather specialized area of research on electromagnetic properties of mesons. The selection of topics was dictated by the author,s interests and by his involvement in some of the original research (mostly experimental). Recent presentations of related materiał can be found in several excellent reviews that provide 



457overviews of: the physics of two-photon collisions [10], electromagnetic transition form- -factors for mesons [11], earlier work on meson radiative decays [12, 13], and radiative decays of mesons containing heavy quarks [14, 15].
2. Methods used for radiative width measurements2.1. An overview of methodsWith notable exceptions of π0 → γγ, η → γγ, ω → τ√,γ and η' → ρ0γ transitions, electromagnetic decays of mesons comprise smali fractions (of order of 10~3 —10-*)  of all available channels. Clean observation of a radiative decay requires therefore that there be no large background contributiops to the finał state of interest. Serious back- grounds can occur, however, even in the case of exclusive production channels. For example, the direct measurement of theρ+ → π+γ decay width is not feasible, because the ρ+ branch- ing into π+γ is only 0.046%, and backgrounds from ρ+ → ιr,∙π0 → π+γγ decays, where one soft photon is not detected, exceed the size of the signal. This problem is encountered in cases where there exists a matching hadronie decay modę with the photon substituted by the π0, and it is additionally aggrevated if the fuli width of the dęcaying hadron is large (the K* + → K+γ decay is another example).As a consequence of the above, only a limited number of radiative widths could have been measured through direct observation of the relevant finał states. I will now briefly summarize the methods that have been successful in direct determinations of the radiative widths of several mesons.1. The most direct technique involves measuring the decay length of a particie. This was used recently in an elegant and accprate determination of the ι0→ γγ decay [16]. The experiment took advantage of the relatively long mean decay length of high energy π0 mesons produced in the interactions of 450 GeV protons. The π0,s were observed by detecting 150 GeV positrons produced by the π0-decay γ-rays converting in a target con- sisting of two thin tungsten foiłs. The variation of the conversion ratę Y(d) with the foil separation d was measured over the rangę of 5-250 μm. Y(d) is related to the π0 decay length λ through a slightly modified decay-in-flight distribution:

Y(d) cc A+B(1 -exp (- d∕Λ)),where the constant term A has been introduced to account for the yield of positrons that did not depend on foil separation (e.g., due to promptly produced positrons and y-rayś, or photons from η decays). The above distribution was convoluted with the momentum distribution of pions, as determined from charged pions produced in the same experiment. The π0 lifetime has been found to be τno = (0.867 + 0.022 + 0.017) × 10-16 sec.2. The charge exchange reaction π~p → Mnwas used as a clean source of M = η, η', ω Aesons that were subsequently detected in their radiative decay modes. The following relative branching ratios were determined 
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from such studies: ω → π0γ∕ω → 3π [17], ω → π0γ∕ω → ail [18], ci → -ηγ∕ω → π0γ [19], η' → ωγ∕η' → ηπ^+π~ [20]. The corresρonding radiative widths were finally extracted using the table values of known widths of the reference processes.3. The V → ηγ radiative decays of neutral vector mesons V = ρ0, ω, φ were measured in the following photoproduction process [21]γCu → VCu, V → ηγ → γγγ.The absolute normalization of the decay rates was obtained from the known branching value for the decays ω → π0γ, which were also registered in the experiment. The result for the φ → ηγ decay width agreed well with e+e- storage ring determinations (see below). However, two solutions were obtained for the ρ0 and ω decay widths into ηγ, each with different values of ρ0-ω interference phase (≈00 or ≈ 180°). In the following I use the solu- tion preferred by quark-model arguments (i.e. the one with the interference phase ≈00), which is consistent with other available measurements, and fits much better into the overall pattem of radiative decays of vector and pseudoscalar mesons.4. Resonant e+e- annihilation provides a natural source of neutral vector mesons.< It is a particularly convenient way of studying the decays of the φ meson, the hadronie production of which is subject to the OZI-rule suppression. The measurement of cross- -sections for e+e^^ → ≠ → ηγ, π0γ [22] allowed determinations of the φ → ηγ and φ → π0γ radiative widths. The branching ω → π0γ∕ω → 3π and upper limits on ω → ηγ∕ω → π0γ, ω → π0π0γ∕ω → π0γ were also obtained from measurements of e+e- annihilation on reso- nance (last reference of [22]).5. The two-photon widths of neutral, ρositive C-parity mesons can be determined using photon-photon scattering in inelastic e+e- collisions [23]:e+e~ → e+e~γ*γ*  → e+e~M.The photons that are radiated off the electron lines and collide to form the meson M are, unlike in the case of decay, slightly off-mass-shell. However, the usual imposition of tag requirements (keeping the scattering angles of the electrons very smali) selects events with the invariant masses of the colliding virtual photons close to zero, so that the assump- tion of equality of the production and decay couplings can be justified (without electron tagging large-angle scattering corrections are necessary for proper interpretation of the results).The cross-section for the process e+e~ → e+e-M can be expressed as a convolution óf the luminosities of the radiated photons, and the cross-section for the resonance production of the meson M in the interaction of two photons. Calculating the photon fluxes in the equivalent photon apρroximation, and assuming for simplicity a narrow total width of the M, one obtainsσ(e+e~ → e+e-M) = 64α2(2J +1) 3- ln In2 — . (2.1)

‰ meThe characteristic features of exclusive meSon production in two-photon collisions can be seen in the above formula: the direct proportionality of the production cross-section to the 



459
two-photon decay width of M, and the strong increase of σ with collision energy. (A morę detailed presentation, and a discussion of approximations involved in (2.1) can be found, e.g., in [10].)Many two-photon decay-width measurements have been performed in the past few years, these include measurements of the π0, η, η', A2, f, f', and δ(980) mesons; upper limits on two-photon widths of the ι(1460), θ(1710), S*(975)  and ε(1300) have been also obtained. A detailed summary of the recent results was given, e.g., in [10]; the correspond- ing averages are included in Tables III and V below. Most of the measurements mentioned here are not direct, in the sense that the mesons of interest are not necessarily observed in their radiative two-photon decay modę (except in case of the π0 and η mesons).6. Until recently, the most accurate determinations of the two-photon widths of the∙ π0 and η mesons relied on the Primakoff technique [24], applied to coherent meson photo- production in the Coulomb field of nuclei:

jA → γγ*,4  → Mj4, M = π0, η(with the meson M observed in its two-photon decay modę) [25, 26, 27]. The Coulomb field of a nucleus is represented by an effective photon target, the properties of which are calculable using the Weizsacker-Williams method. As previously, the equality of the two- -photon formation and decay coupling constants of the M provides the means of expressing the electromagnetic production of a desired finał state (two-photon systems of a specified mass) in terms of a single unknown parameter, the two-photon decay width (Γ(π0 → γγ) or Γ(η → yγ) in the present case). Primakoff measurements of the π0 → γγ width [25, 26] agree with other determinations; there is, however, a disagreement between the Primakoff and the photon-photon collision results in case of the η → γγ decay width. I will comment morę on this point shortly.The original suggestion of Primakoff [24] to determine the π0 → γγ width by measur- ing the inverse process of π0 photoproduction in nuclear Coulomb field was extended to include other radiative transitions as well [28, 29]. It is presently the only feasible method for measuring single-ρhoton radiative widths of charged resonances. I will now present the Primakoff formalism, and describe, as an example, some recent measurements of radiative widths of charged mesons.2.2. The Primakoff techniqueLet us consider the generał case of coherent production of a certain finał state X in the electromagnetic field of a nucleus A, of charge Ze, by an incident charged particie a:aΛ → aγ*Λ  → XA. (2.2)(The case of an incident photon requires only a change of spin factors in the following expressions.) A fuli description for the production of X has to include strong production mechanisms as well. I shall consider strong-interaction background separately. Both the electromagnetic and- strong processes are represented in Fig. 1.
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Fig. 1. Graphic representation of coherent production of the p+ mesons on nuclei through photon and 
ω exchangesThe amplitudę for the electromagnetic production can be calculated from the basie single-photon-exchange graph: e2

T = <X∣‰(x) ∣a> -r <Alf(β) |A>, (2.3)4where f is the electromagnetic current operator. Ąt high energies and at very smali mo- mentum transfers, which are the conditions relevant to our discussion, the magnetic part of the form factor of the nucleus A may be neglected. Relating the electromagnetic transi- tion a → X to the photoproduction amplitudę of X by real photons interacting with particie aj one can express the cross-section for reaction (2.2) in the following form [28]: 
(2.4)

where m is the mass of the produced system, t = ∣(px-pa)2∣ is the 4-momentum transfer squared (taken here as a positive quantity for convenience), and tmln is the minimal value of t allowed by kinematics, tmio ≈ (m2- m2)2∕4E2, E being the energy of a in tħe laboratory frame. The vanishing of the production cross-section in forward direction proportionally to (t— tmln) (or to the square of the scattering angle, for smali angles) follows directly from the conservation of the electromagnetic current [28]. Under the kinematic conditions of interest, only transverse photons contribute significantly to the process and, as a conse- quence, the helicities of incident meson a and produced system X must differ by unity.For X being a decay product of an intermediate resonance a*,  of spin J*  and mass ∕n*,  the photoproduction cross-section σγ(m2) can be related to the a*  → aγ decay width, again using the equality of the production and decay coupling constants. Taking into account different spin and phase space factors, this relation becomes:στ(n,2) = p γj*̂~  r^a* *̂  aY)β(a* -*  (2.5)
where k is the momentum of a in the a*  frame, k = (m2—m2)∣2m, B represents the branch- ing fraction for a*  → X, Ja is the spin of the beam particie a, and D(m) is the Breit-Wigner



461distribution, noπnalized such that, 2
D{m2) = —π m*Γ⅜, ________(m2-m*) 2 + m*Γj for Γ*  → 0 (2.6)→ 5(m-mφ)

(this choice of nonnalization is particularly convenient when considering a narrow reso- nance). Putting everything together, we obtain
do

dtdm2
∣Tc∣2 = 4πZ2α 2J*  + 1 m22Ja+l.(m2-m2)3cx Γ(a*  → aγ)B(a*  → X)D(m) '-~-π ∣Γem(t)∣2. (2.7)

Care must be taken in calculating the electromagnetic nuclear form factor Fm(t). In case of electron-nucleus scattering, the electromagnetic form factor is related to the nuclear density ρ(r) through = ∫ d3'-ψf*(r)ρ(r)φ i(r) = ∫ d3rXrρ(r). (2.8)Although the process (2.2) proceeds also, through photon exchange, the incoming and outgoing particles a and a*  are hadrons and, unlike electrons, they are subject to multiple strong interactions and absorption when they pass through the nucleus. In addition, the phase of the production amplitudę is modified by strong interactions with the nucleus and by the propagation of the charged particles a and a*  in the nuclear Coulomb potential; such phase changes may be important for the interference of the electromagnetic and strong production mechanisms. Both effects can be taken into account [30] in the eikonal approximation, by using Coulomb-distorted waves, modified by absorption [31], for the incident and outgoing waves:
Zψi(7) = eaa → y>i(r) = eUl exp y J ρ(b, z')dz'^ exp (iχc(b> z)) (2.9)

— coand an analogous expression for the outgoing wave. In the above formula, b is the impact parameter of the beam particie, z is the coordinate along the collision axis and σ'*  = σahi(l — ⅛⅛1), with aaN being the a-nucleon total cross-section, and aaN representing the ratio of imaginary to real parts of the a-nucleon strong-inteiaction scattering amplitudę in forward direction. (Because the interactions of resonant states a*  with nucleons are not well known, it is usually assumed that σa. ■= σa.)The phasς Zc(⅛, z), due to traversing the Coulomb potential of the nucleus, is ,given by a straightforward integration
ZZc(⅛, z) = +Zα f dz'φ(b, z'), φ(r) = [ d3r' . (2.10)
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The nuclear density distribution ρ(r) can be taken as the relevant Woods-Saxon distribu- tion, normalized to unity. The above formulae can be manipulated to obtain a form morę convenient for numerical integrations. References [32, 33] may be consulted for the techni- cal points.The effects of nuclear absorption on Coulomb production decrease with increasing energy. This is because the relevant momentum transfers are of order of a few tmio (the maximum of the cross-section occurs at t = 2∕min), i.e. of order of 10^s GeV2 at energies of a few hundred GeV, so that most of the interactions occur at distances larger than nuclear size (typically, at distances of order of 60 fm at 200 GeV). The situation is quite different in the case of strong interactions, which can proceed through various Reggeon exchanges, and take place within the nucleus; consequently, nuclear absorption has the effect of reducing strong backgrounds that compete with electromagnetic processes.The kinds of contributions from Reggeon exchanges depend, of course, on the naturę of the a → a*  transition in question. The G-parity conservation provides an important constraint on allowed exchanges in case of pion-initiated processes. Net isospin exchange is suppressed relative to isoscalar exchange, sińce, for coherent reactions, the amplitudes on protons and neutrons tend to cancel. For example, in the case of π+ → ρ+ transition, contributions from both ω and A2 exchanges are possible. The nuclear target dependence of the ω-exchange contribution is expected to go as A213 while that of the A2 as (A — IZ}2'2; nevertheless, isovector, exchange may be important at intermediate energies [34] and, in generał, cannot be neglected.Finally, powerful constraints are imposed by angular momentum and parity conser- vation. In particular, for unnatural spin-parity changes in the a → a*  vertex (e.g. π+ → q+), the cross-section must vanish in the forward direction. As a consequence, the cross-section for the strong contribution can be written as [30]:

da 
dtdm2

≡ ∣Ts∣2 = csA2D(rn)(t-tmia) ∣Fs(t)∣2. (2.11)
The strong form factor Fa(t) has to take into account the same nuclear absorption and Coulomb phase effects that were discussed above [30, 32, 33]. The coefficient cs represents the production strength on an isolated nucleon and can be, in principle, determined from ap → a*p  transitions; in practice, however, cs is usually taken as a free parameter.The complete cross-section, used to fit the experimental data, takes finally the form: 

da 
dtdm2

Tc+√*T s∣2 (2.12)
with 7,c and Ts being the Coulomb and strong production amplitudes, as discussed above, and φ is a relative phase. In generał, fits to experimental data (m and t dependent cross- -sections measured on various nuclei) involve three free parameters: the radiative width Γ(a*  → aγ), cs, and φ. The latter twó are of rather minor importance at high energies and smali momentum transfers, as discussed below.



463There are several important differences between the characteristic features of the Coulomb and strong production processes, as revealed by the formulae (2.7) and (2.11):1. Both the photon and Reggeon exchange cross-sections (2.7), (2.11) vanish for exactly forward scattering. However, the maximum of the Coulomb production occurs very close to the forward direction, at t = 2rmln. The height of the Ćoulomb peak is pro- portional to Z2E2 and its width at half-height to E~2. (The enhancement of the cross-section close to the forward direction is due to the pole in the 1/t2 photon propagator factor at 
t = 0.) After taking into account a realistic resolution (of order of several MeV) of the measured momentum transfers, cross-section (2.7) is expected to rise rapidly in the forward direction. On the other hand, the maximum of the Regge-exchange term (2.11) occurs at much Jarger momentum transfers, which are characteristic of nuclear size, 
t ≈ 0.08 A~2'i GeV2 [35] (the amplitudę for ω-exchange in π+ → ρ+ transition, say, is proportional to the gradient of nuclear density and, consequently, the strong production takes place mostly at the rim of the nucleus). Therefore, at smali momentum transfers, the strong-interaction background is suppressed, and can be separated from the electro- magnetic production, taking advantage of the different form for the f-dependence. Sufficient /-resolution is required, however, of experiments that attempt such a separation.2. The t-integrated Coulomb cross-section increases with energy as ln E (this is due to the energy dependence of ∕min). The energy dependence of the Regge-eχchange cross- -section (2.11) is implicit in the coefficient cs; depending on the exchange in question it decreases as E1 or faster (with the exception of the Pomeron-exchange diffractive contribu-

Fig. 2. Relative contributions from the Coulomb and strong terms in coherent production of the p~ mesons 
on lead at 156 GeV, prior to introduction of resolution smearing [32]
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tion, which is not allowed for the transitions discussed in this paper, except for π+ → A*).  As a consequence, at beam energies of several tens GeV or morę, and t <> 0.002 GeV2, the Coulomb mechanism dominates the strong contributions. The relative sizes and t-dependences of the Coulomb and strong production cross-sections are illustrated in Fig. 2 for coherent ρ- production on Pb by 156 GeV π~ mesons.3. The integrated Coulomb cross-section scales with the parameters of the nuclear target as Z2(—1.577—ln ⅛zmin), where b is the effective forward slope of the form factor, ∣F(t)∣2 ≈ e~b, and b ≈ 1242/3 GeV~2. For electromagnetic production of a state of 
m ≈ 1 GeV by a 200 GeV beam, one therefore expects (σpb∕σcu)c ≈ 6.4. Oh the other hand, the integrated hadronie cross-section (2.11) scales as 42/3, in the absence of absorp- tion. The absorption effects can reduce this ratio even further; their accurate estimate requires a detailed optical-model calculation. One expects (σpb∕σc")s ≈ 2. The nuclear target depeńdence of Coulomb production is much stronger than that of the hadronie contribution. This feature provides an additional handle for separating the two mechanisms.2.3. A Primakoff-method experiment: the E 272The Primakoff technique provides an elegant way to study radiative transitions that are often inaccessible to direct decay measurements. It imposes, howeyer, specific require- ments on experiments using this approach. As an example of an apparatus optimized for employing the Primakoff methód, I describe briefly the spectrometer of the Rochester- -Minnesota-Fermilab collaboration. The spectrometer was used in the experiment E272 at Fermilab to collect data on transitions of beam pions and kaons to several heavier meson states in the nuclear Coulomb field.Experiment E272 provides a large part of the exρerimental materiał discussed in this paper, which includes, in particular, measurements of the following coherent processes:

πiA → πiγA [36, 37] (2.13)
πiA → πiπ0√4 [32, 38, 39] (2.14)
π+A → π+τ∖A [40,41] (2.15)

π+A → K+Kθ√4 [40] (2.16)
κ+A → π+π+π~A [41,42,43,44] (2.17)

π+A → π+ωλ [45] (2.18)K*A  → πdzK⅛4 [46, 47, 48] (2.19)K=tA → π0KiA [46,47, 48] (2.20)K+A → ωK+A [49] (2.21)The data were taken at negative beam energies of 156 and 260 GeV and with positive beam of 200 GeV on several targets (C, Al, Cu and Pb). Subsequent analyses of these reactions provided measurements of the radiative widths of the ρ+, ρ~, K*+,  K*~,  K** +, 
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Aj, Aj, B+ mesons. The Primakoff technique has also been used in other measurements of meson radiative widths, e.g. in the determinations of the two-photon widths of the π0 [25,26] and η [27] mesons. However, the E272 project was the most versatile and largest experimental program based on the Prjmakoff method.The major requirements for an experiment of this kind are to obtain an accurate measurement of the very smali momentum transfers involved in Coulomb production at high energies (typically of the order of several MeV), and to efficiently suppress the background interactions. Measuring the Iow momentum transfers requires very good 

angular ręsolution for both charged and neutral particles. The E272 spectrometer (shown schematically in Fig. 3) was constructed to match such requirements. Since its detaiied description can be found in [32, 50], I limit the preęentation to recounting the features most relevant to the topics to follow.The basie elements of the set-up consisted of 1) an evacuated target box, surrounded with veto counters used to suppress incoherent interactions and events with multiparticle production, 2) a magnetic spectrometer used to measure charged-particle trajectories and momenta, 3) a liquid argon calorimeter (LAC), used for measuring the deposition of electro- magnetic energy.The magnetic spectrometer was composed of a system of drift wire chambers (DWC), multiwire proportional chambers (MWPC) and an analysing magnet. The drift chamber system consisted of four DWC modules D1-D4, each composed of 3 pairs of chambers, rotated by different angles around the spectrometer axis, to facilitate spatial reconstruction of particie trajectories (the members of each pair were offset by ca. 1 cm to help in resolving position ambiguity). The spatial ręsolution of each chamber was ≈0.2 mm; in effect, an average angular, ręsolution of ≈0.06mrad was achieved for charged trajectories. The MWPC planes were used primarily for beam tagging (J1 and J2) and for triggering purposes (PI and P2).The magnet aperture of 0.2 × 0.6 m2 was sufficiently large for studying relatively low- -mass systems, of invariant mass m < 1.5 GeV. For heavier systems (especially for three charged pion finał states) the acceptance was too limited to allow precision measurements. This prevented, for example, extending the rangę of the partial wave analysis of the data and, consequently, also of searching for exotic hybrid states (see Section 5.2) in the interest- 

Fig. 3. Schematic diagram of the E272 spectrometer [32]



466ing mass region above 1.5 GeV. The'ιntegrated field strength of the magnet was 3.67 Tm, corresponding to a transverse impulse of 1.1 GeV. That proved adequate for an accurate measurement of charged particie momenta over the fuli rangę. Overall momentum resolu- tion for charged particles was δp∣p ≈ 8 × 10~5p (p in GeV).Several of the finał states, for which data were collected in E272, contaińecj photons. Energies and positions of photons were measured using a finely-segmented LAC. The corresponding resolutions of the detector were determined in a calibration run using a 50 GeV electron beam. The effective energy resolution of the LAC was σ2 =≡ 0.30 +(0.14)2E, and the spatial resolution was ≈0.6 mm (standard deviation per projected coordinate).The overall momentum transfer resolution was determined largely by multiple scatter- ing of the charged particles in the target materiał. To minimize this effect, only thin targets were used (a few tenths of a radiation Jength). Finał momentum-transfer resolutions varied between 9 and 15 MeV for the studied processes. They were sufficient for a reliable separa- tion of the Coulomb and the strong contributions.Another important consideration for an experiment that attempts to measure such rare processes as coherent beam particie excitations in the nuclear Coulomb field is efficient rejection of other (background) interactions. The reactions of interest have typically cross- -sections of order of 1 mb on a lead target, while the total π+Pb cross-section at 200 GeV is about 2000 mb. A very selective trigger is thus a crucial reąuirement.Four different trigger-logic circuits (called Rho, Al, V and Pi-E) were employed in E272 to maximize selectivity of the data taking. Their detailed definitions are beyond the purpose of this discussion, I will therefore give only a generał description (morę details can be found in publications on particular reactions; a comprehensive accourit of all E272 triggers is also given in [51]). The Rho trigger was designed to select one charged track and electromagnetic energy deposition in the LAC; reactions (2.13), (2.14), (2.20) and (2.15), with η → γγ, were obtained using this trigger. The Al trigger was set up to pick out events with three charged tracks leaving the target (reactions (2.16), (2.17), (2.18), (2.19), (2.21) and (2.15) with η → 3π). The V trigger selected processes in which one charged track emerged from the target and two morę charged trajectories appeared downstream, the latter presumed to be decay products of a neutral long-lived particie produced at the target (reactions (2.16), (2.19), with K → 2π). The Pi-E trigger was set up to select pion-electron scattering events.A most important part of all triggers was suppression of incoherent interactions and multiparticle production events by ^veto counters surrounding the target. Judging from the quality of the data, vetoing of such background was highly effective in all cases. A contri- bution from incoherent production would be reflected in momentum-transfer distributions as an additional component exp (—bt), with the sloρe b ≈ 8 GeV-2, characteristic of the nucleon form factor. No siich contributions were detected for any of the reactions measured in E272 (except for three charged pion production at t > 0.5 GeV2, which is far beyond Z-ranges relevant for Coulomb production).The apparatus was equipped with three Cherenkov counters to determine the beam- -particle type (pion, kaon or proton). There was no identification of charged particles in 



467the finał state. In most cases this caused no problems, however, the study of coherent Kω production [49] was, to some extent, affected by the π+ vs K+ ambiguity. Also, the admixture of K+K~π+ to three charged particles finał states coułd not be separated and, consequently, all three charged particles produced by the pion beam were assumed to be pions, namely reaction (2.17). Although the kaon admixture is not expected to exceed an estimated 5%, its influence on weak partial waves, like the 1+S1+ or 1-P1+, was not checked (these waves, relevant for the radiative production of the Ai and of a hypothetical hybrid meson, were extracted from data on three charged-particle production with signals only at the level of several percent of total intensity).Finally, the thorough investigation of the important reference processes K → πev, K → 2π and K → 3π should be mentioned. These beam-kaon decays in flight were collected simultaneously with data on other processes, and were subsequently used to fine-tune the parameters of a Monte Carlo acceptance program for the experiment, and to determine absolute normalizations of other processes. They provided the best check on the mo- mentum-transfer resolution of the spectrometer (for K-decays taken with no target present) and on the influence of multiple scattering in the target materiał (for decays taken with targets in place). The observed distributions of total energy, decay vertices, andinvar- iant masses, agreed well with expectations based on the Monte Carlo model.The same Monte Carlo model was also used to correct data for geometrie losses of the spectrometer, inefficiencies of different parts of the apparatus, random noise effects, and inefficiencies of the event-reconstruction software. After applying corrections for all known causes of event losses, including those that were not incorporated in the Monte Carlo system (such as secondary interactions in the spectrometer materiał, particie decays in flight, <5-ray vetoes, etc.), the number of observed beam-K decays was somewhat smaller that exρected from the known incident flux. Therefore, additional overall normalization adjustments of order of 10% (for K → 2π) to 20% (for K → 3π) were required to correct for event losses of unknown origin. The same corrections were also applied to other reactions of similar topology, separately for each target, beam energy, and reaction type. This procedurę greatly minimized the systematic uncertainties in the experiment.2.4. Tests of the Primakoff formalismMuch of recent progress in measurements of meson radiative widths has łjeen based on the Primakoff technique. In this Section I pay special attention to tests of the formalism per se, and, in particular, to the validity of the single-photon-exchange approximation.One of the cleanest of such tests is provided by elastic pion-photon Compton scattering in the nuclear Coulomb field. According to Eq. (2.4) the cross-section for producing a πγ system in the electromagnetic field of a nucleus by an incident pion takes the form
dσ Z2α 

dtdm2 π 0"πγ(^l ) ^min

m2 ,„„2 /2m — m„ i

l*≈n(0 ∣2,

where mx is the pion mass and m is the mass of the πγ system. The cross-section (2.22) peaks at very Iow values of momentum transfer, t ≈ 10~6 GeV2 at the energy of 200 GeV,. 
(2.22)



468-which means that the exchanged photon is essentially real. Since the momentum transfer to the target is so lów, the presented analysis is insensitive to nuclear form-factor effects or to the presence of any low-lyirig excited states of the nuclei. In the formulae below I also neglect any intemal structure of the pion.Assuming a point-like pion, the πγ Compton cross-section, σπγ, is easily calculable an QED [52]. The differential Compton cross-section for unpolarized photons is
dστf α2[(m4+m4) (1 + cos2 0)+2(m4—m4) cos 0]
dΩ cm m2[m2 + m2+(m2-m2) cos 0]2 (2.23)

which yields after integration over anglesσ√nj2) = 4α2π(m2+m2)m2(m2 — m2) m4-m4+2m2m2 ln (2-24)
(0 is the scattering angle of the pion in the Gottfried-Jackson frame for πγ systems). This theoretical prediction is compared below with the cross-sections measured [37] from reac- tion (2.13) on Cu and Pb targets at 200 GeV. Notę that the following comparison does not involve any free parameters.The π+γ mass distributions [37] are compared in Fig. 4a with theoretical predictions that have been corrected for the acceptance of the experiment The agreement is very good. The geometrie acceptance was determined using a Monte Carlo model of the spectro- meter; it is shown as a function of m at the top of the figurę. The angular distributions of pions in the Gottfried-Jackson-frame, shown in Fig. 4b, are consistent with the simplest prediction for a point-likę pion. At this level of statistics, there is no indication of pion- -structure effects. Finally, momentum transfer distributions are compared in Fig. 4c with the prediction of the Primakoff formalism (experimental pτ resolutions have been folded into the theoretical distribution). The good agreement indicates that the data are indeed dominated by Coulomb production.The integrated cross-sections for reactions (2.13) are given in Table I, together with corresponding predictions of the one-photon-exchange model. As expected from our discussion of the differential cross-sections, the agreement is good for all targets and for bαth positive and negative beam pions. The presence of any measurable two-photon ex- changes, neglected in the Primakoff formulae, could haves poiled this agreement. The size of the two-photon exchange contributions depends on the target nucleus and on the sign of the beam particie (in case of the interference term), and the absence pf such dependencjes, at the level of accuracy of the presented data, demonstrates that the one-photon exchange aρproximation is fully justified for the, processes discussed in this paper. The weighted mean for the deviations of the measured from the expected values in Table I is — (4+4)%. Consequently, the Primakoff formalism appears to be reliable to an accuracy of at least •8%, at an 84% confidence level.The results of Refs [36, 37] are supported by a recent high-statistics study of reaction (2.13) at 43 GeV at Serpukhov [53]. Unfortunately, the normalization of that exρeriment was uncertain to ≈15% and, consequently, it could not be used to further improve the
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Fig. 4. (a) Mass spectrum of π+γ systems produced coherently on Cu and Pb at 200 GeV [37], for t < 0.001 
GeV2. (b) An⅛ular distributions of π+ in the τr+γ rest frame. Data are for t < 0.001 GeV2 and 0.3 < mκf 
< 0.6 GeV. (c) r-distributions of τr+γ systems, for 0.3 < znπγ < 0.6 GeV. Absolute predictions from the 

Primakoff formalism (assuming point pions) are given by the smooth curves



470above estimate of the accuracy of the Primakoff method. Nonetheless, I quote the result of Ref. [53] for the ratio of the measured to the theoretical cross-sections of 0.96+0.15, averaged over πγ mass between 0.12 and 0.6 GeV. It seems worth mentioning that the precision measurement of the relative photon energy spectra in the 40 GeV data [53] was sensitive to pion-structure effects. These were observed as deviations in the shapes of the photon energy distributions from the predictions that assumed a point-like pion. Such deviations can be interpreted in terms of electric and magnetic pion polarizabilities, which define induced dipole moments of a particie in an electromagnetic field.Additional checks on the Primakoff method are provided by measurements of radiative widths that use other techniques. The most accurate recent test of this kind was ρrovided by a direct measurement of the π0 lifetime [16], which gives Γ(π0 → γγ) = 7.25 ±0.18 +0.11 eV, compared to the average of two most recent Primakoff results [25, 26] of 7.7 +0.3 eV. It should be noted, however, that the determinations of the 2γ width of the η meson using two-photon e+e~ data [10] differ from the most accurate Primakoff measurement [27] by about three standard deviations. These results are presented in morę detail in Section 3.For completeness, I mention also results of tests of the Primakoff formalism based
TABLE I 

Measured and predicted cross-sections for electromagnetic processes πi√4 → πiγA [36, 37], Errors on 
experimental values combine statistical and systematic uncertainties in quadrature. Errors on theoretical 

values are due to estimated uncertainties in parametrizations of nuclear form factors

Interaction Experiment Theory Integration rangę
. (mb) (mb) t (GeV2) m (GeV)

π+Cu 0.0358 ± 0.0030 0.0345 ± 0.0007 t < 0.001, 0.3 < m < 1.2
rr+Pb 0.252±0.021 0.271 ±0.005 t< 0.001, 0.3 < m < 1.2
π^Cu 0.029 ±0.006 0.035 ±0.004 t < 0.002, 0.3 < m < 2.0
π~Pb 0.249 ±0.027 0.268 ±0.018. t < 0.002, 0.3 < m < 2.0

TABLE II
Comparison of recent measurements of the p meson radiative width. Results of Ref. [32] that were obtained 
with the same target materiał and at the same beam energy were combined as weighted averages

Interaction Energy (GeV) Γ(p → πγ) (keV) Ref.

π+C 200 47.3±7±3 [39]
τrt^Cu 200 59.5 ±1.9 ±3.8 [39]
π+Pb 200 59.3 ±1.6 ±3.8 [39]
π~Pb 200 66.6 ±8.5 [55]
π~C 156 77.5 ±7.8 ±7.1 [32]
π-Al 156 88.2±10±8 [32]
π~Cu 156 68.5 ±3.8 ±6.2 [321
π~Pb 156 76.7 ±3.6 ±7 [321
π~Cu 260 74.5 ±8 ±6.8 [321
π-Pb 260 60.5 ±4.1 ±5.5 [321



471on the Coulomb production of the A+ resonances by incident protons [32, 54], The sensitiv- ity of these testś was limited by experimental acceptance, uncertainties in resolution, by the input cross-section for γp → pπ0, and by potential backgrounds from diffractivβ production (e.g., N*(1400)).  The examined data [32, 54] were found consistent with dominant Coulombic production of the A+, and agreement with absolute predictions of the Primakoff fonnalism was demonstrated at ≈10% level.Indirect support for the validity of the Primakoff technique is also provided through detailed comparisons of radiative widths of mesons and their consistency, as determined on different targets, at different energies, and for both charges of beam particles. I collect the most recent resultś for the best studied case of the ρ meson in Table II. Ta king j∏to account both the statistical and (morę difficult to determine precisely) systematic errors a fairly good agreement between d⅛Γerent measurements is observed.I conclude that there is overwhelming proof that the Primakoff method can be used reliably for extracting radiative widths of mesons.
3. Radiative decays of υector and pseudoscalar mesonsRadiative decays involving vector (V) and pseudoscalar (P) mesons are presented separately from tensor (T) and axial (A) decays; this is done because the analysis of the P and V transitions is simpler in most models. Before discussing consequences of these decays for meson phenomenology, I will give a short account of recent measurements.3.1. Recent experimental dataIn the past few years, several precision measurements of vector and pseudoscalar radiative widths have been completed. Of special importance are results for widths of charged mesons. Decays of suęh mesons are not affected by mixing that is present for the isoscalar sector, and, consequently, charged-particle decays provide stronger con- straints for models.Until recently information on radiative decays of most charged mesons was either missing or inaςcurate. New data include decays of ρ+ → π+γ, ρ- → π~γ, K* + → K+y; in all cases the radiative widths have been measured using the Primakoff method.For the charged ρ, the new values obtained by the Rochester-Minnesota-Fermilab collaboration are Γ(ρ+→ π+γ) = 59.8+4keV [39] and Γ(ρ-→rγ) = 71±7keV [32], with the weighted average of 63+4 keV. This result is in agreement with a recent measure- ment at CERN [55] Γ(ρ^→π-γ) = 65±10keV, and it supersedes an older value of 35+10 keV [54]. As it was pointed out in [34], the older value of the radiative width of the ρ- could have been caused because possible A2-exchange contributions to the production of the ρ were neglected in the analysis of Ref. [54]. The new value of 63+4 keV removes a sharp contradiction between experiment and most model predictions, which typically place Γ(ρ- → π~γ) in the rangę of 60—120 keV. At the same time, this result clearly demon- strates the existence of a mechanism that suppresses radiative decay rates compared to exρectations from nonrelativistic quark models. This point is elaborated upon in the next subsection.
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As an aside, the clean and unique Primakoff regime of production of exclusive ρ-meson finał states in the measurement [39] (cf. Fig. 5), also provided an accurate extraction of the values of the ρ-meson mass and total width. The obtained parameters, m9 = 771+4 MeV and Γ(ρ → ππ) = 150+5 MeV agree well with corresponding world averages [56]. I notę that the expected distortion of the resonance shape, due to mass dependent factors (other than just the Breit-Wigner term) in the Primakoff production formula (2.7) is clearly seen in the data, and this result again substantiates the validity of this technique.The radiative width of the charged K*(890)  was measured in the same experiment to be Γ(K* + → K+γ) = 51 + 5 keV [47]. Recently, a remeasurement [57] of Γ(K* 0 → K0γ) provided the value of 116.5+9.9 keV, much improved relative to the previously accepted value of 75 ±35 keV [58]. Because of the presence of strange quarks, the radiative widths of the K*  mesons are sensitive to details of SU(3) breaking pattern. With radiative widtłis of both charged and neutral K*  accurately measured, one can compare the ratio of the two widths to various predictions. In such ratios, uncertainties from overall theoretical normalization factors tend to cancel (see below).A significant reduction of errors on the radiative decay widths of the φ meson has

Fig. 5. (a) t-distributions for π+π0 systems produced coherently on tu and Pb targets- at 200 GeV, and 
fits of Eq. (2.12) to the data [39]. (b) Mass distributions for π+π0 systems and fits used to establish the p+ 
mass and fuli width [39]. The insert displays the mass distribution observed for tagged K+ → π+π0 decays 

in the beam, and a Monte Carlo of the exρected distribution
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been achieved in the most recent measurement. of Ref. [22]; the values Γ(φ → ηγ) = 55±3 keV and Γ(φ → π0γ) = 5.5 ±0.6 keV were obtained.In the isoscalar sector, new results for Γ(η →γγ) and Γ(η' → γγ) have been obtained from γγ data in e+e~ collision experiments. The weighted averages for the γγ results are Γ,(η, —> γγ) = 4.17+0.33 keV and F(η → γγ) = 0.55+0.053 keV [10], The latter value disagrees with an earlier Primakoff measurement of Γ(η →γγ) = Ó.324 ± 0.046 keV [27]. This discrepancy must be resolved to obtain reliable determinations of pseudoscalar mixing angles from two photon widths of the η akd η', and for evaluating possible glueball (or other “inert”) admixtures to the wave functions of these states [15]. A recent measurement of Γ(π0 → γγ) width has been presented in Section 2.1.The experimental values quoted in this Section are taken into account in Table III, together with the older χalues of other vector and pseudoscalar radiative widths. Selected results from several representative theoretical models are also presented in Table III.3.2. Theoretical modelsRadiative decays of mesons have been discussed for over two decades, using many diverse approaches. The main framework of this effort has been based on ideas from quark models, unitary sytnmetry schemes, current algebra and effective low-energy Lagrangians. Often, Vector Dominance Models (VDM) have been used to relate photon and hadronie couplings. Rather than attempting an exhaustive presentation of this vast field of research I will concentrate only on recent developments. References to earlier work can be fóund in the quoted literaturę, espećially in the review papers [11, 12, 13].
QUARK MODELSMost of the recent calculations of vector and pseudoscalar radiative decays were performed within difierent versions of the quark model. I begin with a discussion of a basie scheme for V → Pγ transitions [59, 60], in which these decays are described as magnetic dipole transitions in the qq system (in analogy with Ml transitions in hydrogen-like atoms). In a nonrelativistic, long-wavelength apρroximation the result for the radiative widths isΓ(V→Pγ) = ⅜α∕⅛∕, (3.1)where k is the decay momentum in the rest frame of V and μpv represents matrix element of the magnetic moment transition operator between the vector and pseudoscalar states. In terms of quark magnetic moments μq, it can be expressed as:

μpv = <P∣∕1∣V> = <P∣ ∑ μqeq⅛ql∣V>, (3.2)
qwhere ∂q are Pauli matrices and eą are charges of the quarks in units of the elementary charge. In this notation μq = gJ2mv gą being the quark gyromagnetic factor, and the proton magnetic moment is μp = 2.79∕2wp. If unbroken SU(3) is assumed, one obtains μq = μp for q = u, d, s. Altematively, μu, μd, μs can be determined from the magnetic moments of p, n and A. The latter procedurę takes into account symmetry breaking in the values of baryon magnetic moments, and relates radiative widths of mesons to properties 
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of baryons. It should be recognized, however, that no fully satisfactory (i.e. better than to 10-20%) description of baryon magnetic moments has been achieved to datę [61], Any calculation of meson widths, using input from baryon magnetic moments, bears corresponding uńcertainties. Below, I will also discuss other probleins of this approach.There is a still unresolved controversy conceming the factor∕in Eq. (3.1). The original calculation [59] obtained formula (3.1) using both relativistic phase-space and a relativistic P → Vγ vertex, which can be written in the form [62]:

2μry∂aAβ∂μVJ>ff'"fil∖ (3.3)where f is a Lorentz-scalar function f = f(mN, wp), and Aμ, Vμ, P are electromagnetic, vector-meson, and pseudoscalar-meson fields, respectively. The factor f was oiiginally determined in the limiting case mv = mP = m, by requesting that the relativistic amplitudę reduce to the well-known expressiori for the nonrelativistic Ml-transition in the long- -wavelength approximation: (3.4)In this limit, one obtains f(m, m) = 1. If a weak dependence is assumed for/ón its argu- ments, such that ∕≈ 1 even for physical values of vector and pseudoscalar masses, then one obtains Γ(ρ+ → π+γ) ≈ 123 keV (or ≈ 111 keV if SU(3) breaking of baryon magnetic moments is taken into account). These yalues constitute oχiginal predictions of the quark model [59, 60]. The experimental value of 63+4keV is significantly lower.A different attitude has been proposed in Ref. [12]. There, it was assumed that the relativistic matrix element can be approximated by the nonrelativistic Ml-transition amplitudę at the physical value of the masses. Since, in the rest frame of a V that is polarized along the +z axis, the amplitudes are related by [62]: 
T<rel>(V → py) ≈ t(LW)(V → Pγ)∕1''2 (3.5)for this relationship to hołd, the factor ∕ must equal Epjmy. In the case of q → πγ decay, this factor is EJmi ≈ 0.52, and, consequently, Γ(q+ → π+γ) is predicted to be ≈ 64 keV (≈ 58 keV in case of broken SU(3)). These /-factors haye similar magnitude for the other radiative transitions, and, in generał, improve the agreement o⅛ Eq. (3.1) with experiment, Nevertheless, although the factor f(mN, mp) may, in fact, differ from unity for physical masses of particles, the specific prescription ∕ = Epjm∙v cannot be fully justified [62]. One may conclude therefore that, with no satisfactory relativistic treatment of the quark model, the above calculations of meson radiative widths are subject ta uncertainty by about factors of two.A phenomenological way to skirt this problem is to use Eq. (3.1) for testing ratios of radiative widths of particles with similar decay kinematics and same quark content, e.g. Γ(ω → πγ)∕Γ(ρ → πγ) or Γ(K* + → K+γ)∕Γ(K* 0 → K0γ). In such ratios, the above ambiguity tends to cancel out. I present the result of such a comparison in Table IV. For the ratios, the agreement between Eq. (3.1) and exρeriment is clearly very reasonable, The
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TABLE IV

Comparison of data with predictions from SU(3) for ratios of radiative widths of vector mesons. Experi- 
mental values were taken from Refs [39, 57]

Ratio Experiment Unbroken SU(3) Broken SU(3)

F(ω → π0γ)
12.5 ±1.7 9.6 10.9

Γ(p+ → π÷γ) 
Γ(K* 0 → K0γ)

2.28 ±0.29 4.0 1.64
Γ(K* + → K+γ)error on the ratio of Γ(ω → πγ)∣Γ(q → πγ) is too large to distinguish between the predictions of broken and unbroken SU(3), but the recent measurements of the radiative widths of the K* +(890) and K* o(890) appear to be in better agreement with the prediction of broken symmetry.The data on absolute values of vector and pseudoscalar radiative widths clearly require a suppression, that is / < 1 in Eq. (3.1). It makes it interesting to explore different possible mechanisms for such suppression, especially because its explanation through the phase- -space factor E/m is not well motivated.One linę of argument relates the needed suppression to the presence of spin-dependent quark-quark forces; this arises naturally in QCD-based models of hadrons in which quark interactions are mediated by gluon exchanges [8, 9, 63]. A lesson leamed from heavy-quark mesons, where (y∣c)2 relativistic correctioris to the interaction Hamiltonian can be reliably introduced in a perturbative way, has been that relativistic modifications of meson wave-functions can result in a significant suppression of certain radiative decay widths [64]. A similar approach has been taken for the radiative decays of light mesons [65, 66, 67]. The major calculated effect was found to be caused by spin-spin interactions affecting the scalę of the spatial extent of meson wave functions. Such interactions are repulsive for spin-triplet states and attractive for singlet states, so, consequently, <r>v > <r>p a∏d overlaps of spatial wave functions decrease:

f = ∫ d3ry>^(r)ψp(r) < 1. (3.6)The overlap factors / were calculated numerically and, incorporating them into Eq. (3.1), provides a reasonable description of radiative transitions for V → Pγ and P → Vγ. As an example, I present the results of Ref. [65] in Table III.A generalization of this approach led to a common, QCD-based, description of radia- tive decays, as well as other meson systematics. A detailed study of meson properties (mass spectra, strong, electromagnetic and weak couplings) in such a model [68] demon- strated that all mesons (light and heavy) can be successfully described within a single scheme. In Ref. [68] mesons are represented in terms of rest-frame valence quark configurations, with dynamics govemed by a relativistic Hamiltonian. The Hamiltonian of the model reproduces, in the nonrelativistic limit, a one-gluon exchange potential at short distances, a Lorentz-scalar confinement term, and spin-dependent interactions of the expected form. 



477The main relativistic effects have been parametrized by introducing a dependence of the interaction strength on the energy of the interacting quarks, and by modifying the spatial shape of the potentials through appropriate smearing of the interquark coordinates. Although only approximate, these relativization procedures haVe been argued to capture most of the essential features of relativistic effects for systems with momentum-to-mass ratio p∣m ≈ 1, which are not too far from the nonfelativistic regime. A possibility for mixing of quark configurations was also introduced through the annihilation interaction qq<→gluons. The same model provides a good description of the' known baryons, with parameters very similar to those determined in the meson sector [69]. Similar approaches have.been used widely for describing less relativistic cc and bb systems.In Table,III, I include the results of Ref. [68] for meson radiatiye widths. Correct description of this sector was found sensitive to relativistic features of the model. Besides imposing the above relativization procedurę, the Hamiltonian of electromagnetic interac- tions was also modified in accord with the generał philosophy of this approach. The major modification can be represented by replacement of (static) 1/m factors in the definition of quark magnetic moments by (effective) 1/E denominators.As can be.seen from Tables III and V, other, much simpler, models focused solely on describing radiative decays of mesons, can achieve comparable (or better) overall quantitative agreement with the data. The major advantage of the model of Ref. [68J is, of course, its wide scope of applications and its close relation to basie theory of strong jnteractions, QCD. For radiative transitions, discrepancies with experiment occur, in partic- ular, for decays sensitive to mixing of quark configurations, i.e. those involving η, η' and OZI-suppresśed φ decays. This indicates that the annihilation mixing meęhanism of Ref. [68] needs to be refined.Since the photon emission by mesons is theoretically morę straightforward than their hadronie decays, I believe that further developments of QCD-based models should benefit from detailed analysis of iradiative decay channels. In particular, one may hope for a better formulation of relativistic modifications to the quark model, attempted, but not fully achieved, within the approach of Refs. [68, 70] (see also references quoted therein).Several relativistic calculations of meson radiative widths have been based on the relativistic harmonie oscillator quark model, in the spirit of work by Feynman, Kislinger and Ravndall [71]. It has been pointed out [72] that in such an approach one can expect significant recoil corrections to radiative decay rates, due to relativistic velocities of the finał state mesons in most V → Pγ and P → Vγ transitions. However, the agreement between the results of Ref. [72] and morę recent data is not very good. It is not known if this calculation could be adjusted to fit the data a-posteriori.A related approach has been developed in a covariant oscillator quark model [73] that provides a direct relation between radiative decay amplitudes and hadronie currents involved in the decay process. The results (see Table III) are generally in fair agreement with data, without introducing ad hoc suppression factors needed in nonrelativistic quark model calculations [12, 74].One may conclude that radiative decays of mesons provide a sensitive testing ground for attempts to formulate relativistic quark models of hadrons.
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UNΠ,ARY SYMMETRIES AND VDMWithout going into details of the meson quark structure, radiative decays of light mesons can be interrelated through unitary symmetry schemes. Iń thiś approach, radiative decays provide tests of various symmetry breaking mechanisms that have been proposed in the literaturę.The starting point for discussińg symmetry breaking is, of course, the unbroken case. SU(3) symmetry has been widely used to relate hadronie couplings between vector and pseudoscalar states. This can be extended to incorporate photon couplings, with the usual assumption that the photon is a pure U = 0 member of an SU(3) octet [75, 76, 77], The .g1>vγ couplings are then related as follows:

2,βg
gijk ∞ <Vi∣j∕0) ∣Pfc> oc —- dijk, (3.7)

■where j(x) represents the electromagnetic current and dijk are the usual SU(3) coefficients (for sake of simplicity, Lorentz structure of Eq. (3.7) has been suppressed). Consequently, •one obtains

η = η8 cos 0p-η1 sin 0p, η' == η8 sin 0p+η1 cos 0P, 
φ = ω8 cos 0v-ω1 sin 0v, ω = ω8 sin 0v+ω1 cos 0v. (3.11)(3.12)Substituting these relations into (3.8)-(3.10) it is straightforward to derive relations between the couplings of physical particles (see e.g. [12] for rather lengthy formulae). The radiative widths of mesons are then jexpressed through these couplings as follows

(3.14)
(3.13)

Taking into account that the photon is a 17-spin singlet, one obtains for V8P1γ couplings [3, 78]
(3.8)

and a similar relation for V1P8γ couplings
(subscripts 1 and 8 denote singlet and octet states, respectively). Taking into account mixing of singlet and octet components, both in pseudoscalar and vector sectors, for the physical states we write:

(3.9)
(3.10)
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where k, as before, is the decay momentum in the rest frame of the initial state particie. A “minimal” prescription for symmetry breaking consists of using physical masses in the calculation of k. Additional breaking can be easily introduced by foresaking nonet symmetry and allowing the couplings g, gl and g'1 to differ. Even this simple scheme provides a reasonable description of the radiative widths; in Table III, I show results of such a calculation [79], with broken nonet symmetry and mixing angles taken to correspond to ideał vector mixing θ∙v = 35.3°, and pseudoscalar mixing consistent with a quadratic mass formula, namely θp ≈ —11°. Major disagreement with data occurs for φ → ηγ and K* o → K0γ decays; in both cases the calculated decay widths are too large. The K*  radia- tive decay widths can be reduced by breaking SU(3) and isospin symmetries through the quark masses [80].To improve the agreement with data, various other prescriptions for symmetry breaking have been proposed. In Ref. [81] a symmetry breaking spurion interaction has been conside- red. In the model of Ref. [13], OZI-rule breaking transitions and SU(3) breaking by inter- mediate virtual-meson state are introduced. Although such prescriptions can achieve somewhat better agreement with data, such schemes do not provide any elear advantage, and the price of introducing additional free parameters is probably not justified by the obtained improvements. Moreover, a realistic description of meson wave functions is very likely to involve other ingredients than just the standard SU(3) states; for example, various schemes, that mix ground states of basie multiplets with their radial excitations and/or glueball states, are currently in active consideration (see below for additional details).Interesting extensions of symmetry relationships can be achieved with the help of Vector Dominance Models (VDM). Relevant ideas are reviewed in detail, e.g., in [5, 12]. This approach assumes that any soft interaction of photons with hadrons proceeds via an intermediate virtual vector meson state; dominant contributions are expected to come from the lightest mesons, such as ρ0, ω, and<∕>. The transition couplihgs between the photon and the vector mesons are conventionally defined by a relation between corresponding currents (jμ, again, being the electromagnetic current):

2 2 2

Jμ(x) = ~~ eμ(x) + ωμ(x) sin θv + Φμ(x) ∞s 0v∙ (3.15)2yρ 2 √3 γr 2 √3 yr
For exact SU(3), γβ — γy and, in case of ideał vector mixing, θv = aretan θneway of determining the V—γ couplings is from the measured width of the ρ0 → e+e- decay. Using the above conventions, we can write: 

(3.16)
which yields γρ∕π = 1.98 +0.09. Another estimate follows from the equality yρ = γρmt, which is required within the VDM approach by the Fπ(0) = 1 constraint on the pion form 



480factor. Here, yβm, is the ρππ hadronie coupling, related to the Γ(ρ → ππ) width by:Γ(ρ0 → π+π~) ≡ ∣⅛ ⅛∙. (3.17)
π m'This yields γ*∕π  ≈ 3.0 (see also [82] for similar estimates). Several other determinations, e.g. involving comparisons of (ω → π0γ and π0 → γγ) or (ω → 3π and ω → π0γ) provide intermediate values of yρ∕π. Consequently, I use below γρ∕π = 2.5 ±0.5 as a conservative estimate.As an exampte of the application of VDM, let us consider the relation between ρ+ → π+γ and π0 → γγ decays. The constant gκn can be easily calculated from gπβγ and gwnβγ by considering the couplings of the vector particles to the photon, according to the VDh⅛ prescription g Q g

8*rt  = ~⅛ 7T7Γ- ~ ~ ‰er (3.18)
2ye 2 √3 γγ ‰where in the last step an unbroken nonet relation has been used. Consequently, one obtains the ratio of the widths Γ(ρ÷ 4» π+γ) = 4_ /_fc \3Γ(π0 → γγ) 3α π \mj 'Using Γ(π0 → γγ) = 7.34 + 0.33 eV [56], and yρ∕π as specified above, the expected value of Γ(ρ+→π+γ) becomes 63±12keV. The agreement with the experimental value of 63+4 keV is very reasonable, and far better than thal of the naive (/ = 1) nonrelativistic quark model (i.e. 120 keV), although the uncertainty introduced because of different evaluations of yρ∕π is uncomfortably large. As seen from Table III, SU(3) exterfsions of this result to other radiative deęays, wi,th [13] or without [79] symmetry breaking, account for the major pattems of the data. In Ref. [83], a VDM analysis was performed with the values of γβ and γeππ left unrelated. It should be pointed out that this and other generalized versions of VDM were develoρed, typically, before new data oń radiative meson decays became available (see, e.g., [84, 85]). Because data have now attained a high level of accura- cy, they can provide an excellent laboratory for testing of models of SU(3)-breaking and/or VDM extensions, and the old fits should therefore be reexamined.

CHIRAL ANOMAUES AND LOW-ENERGY EFFECΠVE LAGRANCIANSThe above VDM relation of π0 → γγ to other electromagnetic decays of mesons is of particular interest sińce the absolute value of the two-photon width of the π0 is calculable from the theory of chiral anomalies [86, 87]. The result of the calculation is in good agreement with experiment:Γ(π0 → γγ) ≈ 0=) m, ≈ 7.6,eV, (3.20)
where f„ = 93 MeV has been used. Using VDM and SU(3) symmetjy relations, one can also obtain absolute predjetions for other radiative widths.



481Vector and axial mesons can be incorporated directly into a chiral Lagrangian as phenomenological gauge fields of flavor SU(3)l ® SU(3)r symmetry [88]. This approach has been recently modified [89, 90] to include vector and axial gauge fields in the presence of the anomalous Wess-Zumino term. This extension is purported to increase the rangę of validity of the chiral-Lagrangian method up to masses of about 1 GeV. In the extended scheme, the gauged Wess-Zumino term describes the “anomalous” decays, for which the product of parities of particles taking part in the process is negative. Such processes include all VVP couplings, and, in particular, a large number of V → Pγ decays. The interactions of photons were incorporated in the calculations using a VDM prescription, without the introduction of new coupling constants [89], With symmetry breaking cor- rections, introduced by allowing somewhat different hadronie decay constants Fκ∣Fκ 
≈ Fn∣Fκ ≈ 1.28, the model [89] claims substantial phenomenological success. The results for V → Pγ and P → Vγ decays are included in Table III. The model also obtains some interesting results concerning the A1 meson, that are deferred to the following Section.The P → W, V → PV transitions have also been calculated [91] from quark triangle diagrams, assuming that the amplitudę is dominated by anomalies, similar to those that determine the π0 → γγ decay probability in the current algebra framework. With no free parameters, exceρt for a phenomenological suppression parameter λ « 1.5 for decays of particles involving strange quarks (using standard mixing angles), numerical results were obtained similar in quality to the ones discussed above. It is interesting that formulae obtained in this approach are identical to those of the nonrelativistic quark model, with effective u and d quark masses replaced by 4π2∕√3yβπn ≈ 410 MeV and ma = λmu ≈ 615 MeV; these large mass values provide automatically the desired suppressions needed in the nonrelativistic quark model.Recent experiments have tested yet another absolute prediction of the theory of chiral anomalies. This test concems the coupling of the photon to 3 pions (f3π) that, within the PCAC [92, 93] or the Wess-Zumino effective Lagrangian [94, 95, 96] frameworks, can be calculated to be: (3.21)in the limit of zero pion-momenta (Nc = 3 is the number of colórs).Experimentally, the F3n coupling can be determined by the strength of the γπ → ππ' process, similar to the one employed to measure the ρ → πγ decay via the Primakoff formalism. The major difference concems the kinematics of the two measurements: F3π is determined at the two-pion production threshold, rather than at the mass of the ρ. The measurement [97], based on the Primakoff method, reported Γ3π(0) = 13+0.9+1.3 GeV~3, in agreement with theoretical prediction for Ne = 3. This result is consistent with the one of Ref. [98], obtained from a similar measurement of πe → ππ0e inelastic pion-electron scattering. The agreement between the two reactions can also be regarded as an additional check on the veracity of the Primakoff technique.The overall pięture that emerges, is that the theoretical methods that successfully predict the π0 → γγ width, when supplemented with VDM relations and apρroximate 
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SU(3) symmetry of couplings, also provide a description of most vector and pseudoscalar radiative widths accurate to about 20%. This agreement strengthens the argument that the factor-of-two discrepancies between data and the nonrelativistic quark model do not indicate any fundamental shortcomings of the theory. The values of Γ(π0 → γγ) and F3n, discussed above, provide tests of implementations of the Wess-Zumino term in the effective chiral Lagrangians and help constrain various extensions of this scheme. This is particularly interesting in the context of the intensive development of this approach in studies of the low-energy limit of QCD and of soliton models of baryons [99].
MIXINGI conclude the discussion of radiative decays of vector and pseudoscalar mesons with a few remarks on mixing of the neutral states. Such mixing has obvious impact on radiative widths and it can consequently be determined from such data. Since the radiative decay rates are sensitive to quark charges, they must, for example, reflect the quark compo- sition of mesons.While ω-φ mixing in the vector sector is known to be almost ideał, the situation for the pseudoscalar nonet is much morę ambiguous. Assuming simple orthogonal mixing (3.11), the two-photon widths of the η and η' mesons can be related to that of the π0 as follows: Γ(η→γγ) = jf(π0→γγ)θ^ (cos 0p-√8 R sin 0p)2, (3.22)

Γ(η' → γγ) = ⅜ Γ(π0 → γγ) (sin θp+√≡ r cos θp)2∙ (3-23)
The parameter R is given by the ratio of octet to singlet decay constants, and is indicative of nonet symmetry breaking if it differs from unity. Using the average e+e- storage ring value of Γ(η → γγ) = 0.55 + 0.053 keV, and weighted averages for the other widths, one obtains [10]

R = 0.94±0.04 and 0p = -19.0±2.2o.The above value of the pseudoscalar mixing angle 0P is much larger than the usual one obtained from the Gell-Mann-Okubo quadratic mass formula (θp ≈ —11°).Similarly large values of pseudoscalar mixing angles were obtained previously from analyses of hadronie processes involving the η and η' [100, 101, 102]. It was also realized before that non-orthogonal mixing schemes may be morę appropriate for the η- η' system [9, 103, 104], and that some additional “inert” component may mix with the basie configu- rations of the quark model. Either glueballs [103, 105, 106] or radial excitations [107, 108] (or both [109]) have been considered as sources for this component. (The related problem of ι(1460) mixing is discussed in Section 5.1.) In most of such schemes the η appears as an almost pure quark state of usual composition, while the η' requires a larger admixture of ground state sś quark configurations (0η> x — 20°) than is afforded by the GMO formula, and, in addition, a significant admixture of inert structure. These results emerge quite naturally from the point of view of the “nearest neighbor mixing” principle [107].



483An updated analysis of new data on vector and pseudoscalar radiative decays and hadronie decays of J∕ψ within a three-component mixing scheme [106], has been presented by Rosner [15]. He writes (3.24),
and a similar expression for the η'. Various linear combinations of X’s and T’s can be determined from the measured radiative widths. These constraints yield a solution such that Xη + Yη is consistent with 1.0, and a pseudoscalar mixing angle θp of ≈ — 20°. The η' data agree with such a large value of the mixing angle, but allow a significant (≈ 65%) glue component in its composition.The conclusion conceming the glue content óf the η and η' mesons is supported independently by data on J∕ψ → VP decays [110], where P and V stand for light (non- -charmed) pseudoscalar and vector mesons. The J∕ψ decays are expected to proceed via a three-gluon intermediate state that couples to the quark lines of the finał state mesons, V and P. Because of the OZI rule, in the dominant process, the quark lines are common to both finał mesons, so that their quark content should be identical. Consequently, the process J∕ψ → ηω determines the nonstrange component of the η while J∕ψ → ηφ gives its strange component, etc. (here, one takes advantage of practically ideał mixing of the vector mesons). The analysis of Ref. [110] implies X^ + Y⅛ = l.l±0.2, X⅛ + Y^ = 0.65 ±0.18 (cf. Fig. 6).

Fig. 6. Quark content of the η and η' from radiative processes involving only light quarks [15J and from 
hadronie decays of the J∕ψ [110]. The black dots indicate pure octet, pure singlet, or mixed states (labelled 

by mixing angle)



484 The discussion of pseudoscalar mixing is also affected by the current discrepancy between Primakoff and e+e~ measurements of the two-photon width of the η. The Primakoff measurement ⅛27J implies (through (3.22), with Jł = 1) a smaller than its storage ring counterpart, θn = —7.4+2.4°, consistent with the GMO value [10]. Improved measure- ments of radiative transitions involving .the η and η' mesons would help to constrain the solułions for pseudoscalar mixing angle, and for the inert component of the η'. In partic- ular, a measurement of φ → η'γ could provide information on the strange quark content of the η'.Uncertainties due to strange-ąuark mass effects can be important in the determina- tion of θr, In the scenarios that relate apparent suppressions of radiative decays of strange mesons to a larger mass of the s quark, a significant suppression of the annihilation amplitudę of sś pairs into two photons is also expected. With the latter suppression of order of 0.5 relative to annihilation amplitudes of non-strange quarks (relevant, e.g., to the model of Ref. [68]), the two-photon widths of both the η and η' mesons can be described with the standard GMO mixing angle, even if the larger storage ring value of Γ(η → γγ) is used [111], and no glueball or other “inert” contributions are introduced to their wave functions. The determination of the pseudoscalar mixing angle is clearly model dependent, and a clean- j-cut choice among various schemes may prove rather difficult to establish.Experimental indications of a large η-η' mixing angle stimulated theoretical examina- <ion of this mixing from the point of view of a chiral description for ground-state pseudoscalar mesons. A pseudoscalar mixing angle that is larger by about a faetor of 2 from that ,expected on the basis of the GMO quadratic mass formula, seemed to threaten the con- sistency of the chiral description [112]. However, it was demonstrated from the point of view of,the chiral-Lagrangian approach [112], anomalous Ward identities [113] and chiral perturbation theory [114], that there exist quark-mass symmetry-breaking corrections that were not taken into account in the usual formulation. With such O(m^) corrections to both mass matrix and photon decay amplitudes included, a consistent mixing scheme was obtained for such large values of the mixing angle [112, 113, 114].
4. Radiative decays of tensor and axial mesons4.1. Experimental situationFor experimental as well as theoretical reasońs, radiative decays of tensor and axial mesons have not been studied as thoroughly as those of vectors and pseudoscalars. Experi- mentally, several radiative decay widths for charged mesons became available for the first time from exρeriment E272, in particular, A½ → π+γ and K** + → K+γ in the tensor sector and Ajh → π+γ and B+ → π+γ in the axial sector, all measured using the Primakoff technique. In addition, two-photon decay widths of the A2, f and f' mesons have been measured in e+e~ storage ring experiments. (Spin-one mesons cannot decay into 2 photons because of Bose statistics for two finał photons [115]).I will begin this Section with a brief discussion of recent results on radiative decays of charged tensor mesons. The Coulombic production of tensor A2 and K** + has been 



485observed through the Aj → π+η, K+Kθ and K** + → K+π0, K°π+ channels [40], Using the model for Primakoff production described in Section 2, the following radiative widths haye been determined: Γ(Aj → π+γ) = 295+60 keV [40] and Γ(K** +→ K+γ) = 240 +45 keV [48]. As part of the usual procedurę, mass, momentum transfer, and decay angular distributions were compared with detailed Monte Carlo simulations, and found to be in good agreement with expectations (cf. Fig. 7 for Aj → π+η distributions). I zstress these

Fig. 7. (a) The mass distributions for π÷η systems prodUced coherently on Cu and Pb targets at 200 GeV 
[40], for t < 0.01 GeV2. (b) The /-distributions for A2 events with flts of Bq. (2.12) to data, (c) The π+ polar 

angle distribution (in Gottfried-Jackson frame) for A2 events
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technical points because these A2 data were used subsequently to check the credibility of a much morę complex analysis needed to extract the radiative width of the A1.The two-photon widths of the A2 and of the f meson have been measured in several γγ collision experiments; the two-photon formation of the f' has been observed by the TASSO group [116]. A recent compilation of these results can be found in [10]; the values, averaged over available measurements, are as follows: Γ(f → γγ) = 2.75+0.14 keV, Γ(A2 → γγ) = 1.01 ±0.19 keV and Γ(f, → γγ)B(f' → KK) = 0.11 ±0.02 ±0.04 keV. These data are consistent with nonet symmetry for tensor mesons, and a mixing angle 0τ close to the “ideał” value (‰eal = 35.26°). Consequently, the f' can be regarded as an almost pure ss state.Now I turn to the discussion of radiative widths of axial mesons: the B(1235) and the A1. Electromagnetic production of the B+ was observed in the π+ω decay modę [45], and the data are shown in Fig. 8. The Primakoff-extracted radiative decay width of the B is 230 ±60 keV. In addition, the same measurement provided a new determination of the mass and the total width of this meson: mB = 1271 ±11 MeV and Γb = 232±29 MeV. The resułt of a fit using a relativistic P-wave Breit-Wigner, modified by the coherent production process, plus polynomial terms for the background (dashed linę), is shown in Fig. 8 as the fuli linę superimposed on the acceptance-corrected experimental mass distribution. It is elear that these data have very little background to the B signal.These new values for the mass and width of the B are considerably larger than the standard parameters accepted from earlier measurements [56]. Previous data were obtained in strong-interaction processes-that may have been subject to morę substantial mterference and background effects than those affecting electromagnetic production. Other measurements of masses and widths for the ρ+, ρ-, K* +, K** + and A2 mesons, obtained from the same experiment as the B data, have all agreed with the standard values.The A1 meson, sińce its initial observation [117], had eluded an unambiguous analysis of its properties for many years [118], Only recently have several experiments provided

Fig. 8. The mass distribution of π+ω systems produced coherently on Ću and Pb targets at 200 GeV.
The data are clearly dominated by the B(1235). The dashed curve indicates the amount of background 

required by the fit of Ref. [45]



487strong support for a resonant inteκpretation of the A1j this has been accomplished in studies of diffractive [44, 119, 120], charge exchange [121], baryon exchange [122] and τ-lepton decay [123,124,125] processes. Nevertheless, the estimates of the A1 mass and width are still rather uncertain [126]. Therefore, the new high-statistics and high- -resolution data on the A1 [44], and, in particular, the evidence for the Coulombic production. of the A1∙, from which the first estimate of its radiative width was extracted [44], have had important impact on the unraveling of the properties of this resonance.Measuring the radiative width of the A1 is a ćhallenging task. Theoretical estimates of this partial width have been typically of order of 1 MeV. One can therefore expect the Coulombic production of the A1 to be of similar magnitude as that of other mesons discus- sed previously. In the present case, however, detection of the electromagnetically produced A1,s has to proceed through the only major decay modę known, namely A1 → 3π. The three-pion finał states can be also produced coherently on nuclei by strong diffractive processes. In the A1 mass rangę diffractive production constitutes a background exceeding the anticipated Coulombic process of interest by about an order of magnitude. Nonetheless, extraction of the electromagnetic production of the A1 is possible by isolating the contribu- tions of the relevant angular momentum states to the total 3π production process by means of a Partial Wave Analysis (PWA). Upon the extraction of such a contribution, the usual Primakoff formalism can be applied to obtain the value of the radiative width.Since the Primakoff measurement [44] provides the only available experimental ⅛for- mation on the radiative width of the A1, and because futurę refmements of this estimate will most likely have to employ a similar technique, I will discuss the major issues involved in such an analysis. In the following subsection I present relevant information on generał features of the 3π data, on the PWA analysis and, finally, on the extraction of the radiative width: Γ(A1+ → π+γ) = 640+ 246 keV [44].4.2. Electromagnetic and diffractive production of the A1The electromagnetic production of the A1 can be observed, in principle, in interac- tions of high energy pions with nuclear targets. The main production mechanism of the A1 proceeds, however, through the strong, mostly diffractive, process. Consequently, both the strong and electromagnetic mechanisms have to be discussed together. Because the A1 decays mainly into the ρπ system, its properties have to be extracted from three- -pion production data, (2.17), containing also several other sizeable contributions.The following discussion is based on the author,s analysis [42, 43,44] of measurements by the Rochester-Minnesota-Fermilab collaboration. The data will be compared with the results of other experimental groups, obtained using nuclear as well as proton targets. 
GENERAŁ PROPERTIES OF 3« PRODUCTION ON NUCLEIReaction (2.17), and other similar simple dissociation processes, have over the years attracted considerable experimental and theoretical attention. Two major physics motiva- tions responsible for this continuing interest have been the search for the A1 meson, and studies of inelastic diffraction as a source of information about the propagation of hadronie states through nuclear matter.
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Diffractive production of three-pion systems is dominated by a nonresonant Deck component [127]. As a consequence, no resonant peaks (either A1 or A2) can be seen directly in the exρerimental 3π mass distributions (cf. Fig. 9).Similarly, even at an energy of 200 GeV, the momentum transfer distributions for 3π production (Fig. lb) do not provide much evidence for electromagnetic contributions, that are usually characterized by a forward peak that is much steeper than the slopes of nuclear form factors. Instead, the data exhibit a dip-bump structure, and scaling prop- erties characteristic of nuclear diffraction. The momentum transfer distributions for0.8 < wj3w <1.5 GeV are shown in Fig. 10 in terms of scaled quantities Σ =

dt
i A \2/3and τ = 11 — I . This scaling is suggested for diffractive production by optical models V4Pb∕in which diffraction has a geometrical origin [128], and the dominant scalę parameter is the nuclear radius R ~ All3. An approximate universality in Σ as a function of τ is obeyed by the data.Under closer scrutiny, however, the z-distributions for z < 0.002 GeV2 appear steeper than at larger z-values [129], The sharpening of the momentum transfer distribution at very smali Z-values can be attributed to a contribution from Coulomb production. Its size

Fig. 9. Mass distributions of π+7rt-π~ systems produced coherently on C, Cu, Pb targets by a 200 GeV 
łt* beam [42]. The.data were not corrected by acceptance (detection efficiency, for a limited mass rangę, 

is shown at the top)
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was estimated in a simple two-component model that included the Coulomb cross-section (calculated using the Primakoff formulae) and an exponential term, representing a strong contribution. The resulting estimate of the Coulomb part was 1.2+0.1 mb on Pb target; a cross-section of 0.32+0.03 mb can be attributed to the production of the A2 resonance [40]. Ascribing the remaining part of the estimated Coulomb cross-section to the production of the A1 state, an estimate for its radiative width was obtained in the rangę 500- -1000 keV [129].A morę reliable separation of Coulomb and diffractive contributions can be achieved by means .of a PWA. It has been learned from several PWA,s of nuclear 3π production that the diffractive mechanism favours production of helicity M = 0 states in the t-channel, particularly at smali values of momentum transfers. Coulomb production, on the other hand, involves M = 1 states, which carry the helicity of the mediating {q2 ≈ 0) photon.Before proceeding to a discussion of the results of the PWA, I comment briefly on the +-dependence of the nuclear 3π production, which can serve as another indicator of the production mechanism. The Coulomb component, constituting only an estimated 8% of the total integrated coherent cross-section on Pb at 200 GeV, does not visibly affect

Fig. 10. The geometrically scaled cross-sections (see text for details) for coherent production of π÷π+π∙ 
systems on C (triangles), Cu (filled circlęs), and Pb (open circles) at 200 GpV [42]
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Fig. 11. Λ-dependence of the cross-section for coherent π÷π+ιr- production on nuclei at 200 GeV [42J, 
together with the shape expected from the Kolbig-Margolis model for σ2 = 15 mbthe nuclear target dependence of the cross-section. The measurement at 200 GeV [42], Fig. 11, is consistent with both lower energy data [120] and optical model results [130]. This dependence has traditionally been analysed in terms of the Kolbig-Margolis model [131] to extract the total cross-section, σ2, of new-born 3π systems on nucleons, as they propagate through the nucleus. When analysed in terms of this model, the nuclear production data are consistent with the value σ2 ≈ 15 mb [42, 120], Similar ^-dependence has been observed for production of Iow mass K+ω systems by 200 GeV kaons [49]. One should notę, however, that the applicability of the model [131], and the interpretation of the parameter σ2 as the physical cross-section for unstable hadronie systems, have been questioned by many authors and a variety of alternative approaches to analysing diffractive processes have been proposed [132],The production of the low-mass Kω systems, mentioned above, is known to be domi- nated by the Q mesons [133], Unlike for the case of the At, no contribution of electro- magnetic production of K+ω systems was detected in the E272 data [49]; this was due to much lower event-statistics and morę serious acceptance problems. Although only an upper limit Γ(Q → Kγ) < 500 keV could be inferred [134], the radiative width of the Q should be measurable by methods described in this paper.

DIFFRACTΓVE PRODUCTION OF THE AiMany angular momentum states can contribute to the production of 3π systems in reaction (2.17). The determinations of properties of the At meson from such measurements rely primarily on a PWA for separating different spin-parity components, their intensities and relative phases, as functions of 3π mass and momentum transfer. Most of the recent PWA,s of 3π production (e.g. [43, 119, 120, 135]) employed the Illinois version of PWA, pioneered by Ascoli and collaborators [136]. In such a PWA, the production of 3π systems 



491is approximated through an isobar prescripdon; i.e. it is assumed that the system has a given mass m, spin J, parity P'and spin projection M, and is composed of a single pion and a dipion isobar, with relative angular momentum L (extensive discussion of this approach can be found e.g. in [119, 135, 137]). For low-mass three-pion systems, relevant to the discussion of the A1, a good approkimation of the data can be obtained with only a few isobars; usually the 0+, 1- and 2+ ε(770), ρ(770) and f(1273) are used. The contribu- tions of different angular momentum states to the data are described by a density matrix 
ρm∙, where the indices a, a' represent sets of angular momentum quantum numbers JpLM∖ The reflection parity η coincides, in the high energy limit, with the naturality of the exchange producing the 3π system. The density matrix elements ρω, can be extracted from maximum- -likelihood fits of a selected set of waves to the data.The results of three of the most recent experiments [43, 119, 120] for the wave l+SO+(ρπ) (A1 quantum numbers) are collected in Fig. 12; the intensity distributions and the phase relative to a 0~PO+ reference wave are displayed as functions of 3π mass. Ali three sets of data, although obtained at different energies and on different targets, are in remarkable agreement. In particular, they exhibit strong phase' motion of the 1+S wave, which indicates a significant resonant contribution. An additional comment may be in order here. Because only phase differences are measured in a PWA, phase motion of a reference wave can affect the interpretation of the results, especially in the case of broad structures. The least ambiguous measurement of the phase behaviour of the 1+S0+ wave was obtained in Ref. [119] on a proton target, where the 2+Dl+ state could be used

Fig. 12. The l+S0+ wave intensity and its phase relative to 0~P0+ extracted [43] from data on coherent 
production of π+π+τr- systems at 200 GeV (data points). The solid (dashed) lines represent results of fits 
to the data of Ref. [119] ([120]), normalized to the data points shown. Also displayed are the actual data 

of [119] (open circles), and [120] (pluses) for the 1+S—0~P phase difference
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as a reference wave. Because this wave is, practically, saturated by the A2 resonance, its phase is known and the phase behaviour of other waves ćould be gauged against it. It was established [119] that the 0-P phase had little variation across the A1 bump, while the 1+S wave had substantial phase motion. Since in the nuclear production experiments [43, 120] the A2 signal was too weak to serve as a reference wave, the 0-P wave had to be used for this purpose. According to Ref. [119], the 0~P phase starts to increase above 1.4 GeV and, consequently, the actual motion of the 1+S phase may be even larger than that meas- ured relative to 0~P.The mass dependence of the 1+S0+ intensity for the most recent measurement of Ref.[43] is represented by the data points in Fig. 12; for clarity, the results of Refs [119] and [120] are displayed as fuli and broken curves, respectively. The curves were obtained by fitting the data to a two-component unitarity-corrected model of Bowler et al. [138], which includes both direct resonance production and nonresonant Detk background, and takes into account final state rescattering effects. In order to adequately describe the 1+S intensities and phases the fits require significant contributions of a resonant AŁ; the required A1 mass is in the rangę of 1.22-1.28 GeV, and the width is about 300 MeV [119, 120, 139].The above values for the A1 parameters are in disagreement with determinations that use τ → 3πvτ decays. For example, two recent τ measurements have reported mA1 = 1056 + 25 MeV and rA1 = 476+143 MeV [124], and mAl = 1194±14±10MeVandFA1 = 462 + 56+30 MeV [125]. The discrepancy between the two τ results is due mainly to differences in the parametrizations, not in the actual data; according to the analysis of Ref. [125] the data can sustain a significant contribution from nonresonant ρπ.For consistency, in the following discussion of the electromagnetic production of the A1,1 adopt the resonance parameters obtained in analyses of the same source reaction (2.17).
ELECTROMAGNETIC PRODUCTION OF THE AiEvidence for the electromagnetic production of the A1 is provided by the PWA of reaction (2.17) in Ref. [44]. This contribution was identified with the 1+S1+ wave, which had t-channel helicity M = 1 and exchange naturality η = +, consistent with photon exchange. The 2+D1+ wave, which is dominated by the A2 meson, was also observed in the analysis of Ref. [44], Both waves contributed to the total 3π intensity at a several percent level, Coulomb production of the A2 was aiso measured in the same experiment, in the clean π+η and K+K° decay modes [40]. Comparison of the latter A2 *measurements  with the results of the PWA constitutes a crucial test of the sensitivity of the analysis of Ref.[44] to the rather . smali signals.Following Ref. [44], I present in Fig. 13 the results of such a compąrison for the mass dependence of the 2+D1+ wave intensity and its phase, relative to the 0-P wave. The data points were obtained through a PWA of reaction (2.17). The continuous curves represent the absolute yield of the A2 observed in the cleaner A2 decay channels [40]; dashed curves show the Coulombic yield of the A2 expected from the measured radiative width of the A2, ignoring the contribution from strong production. Considering the difference in the background, the agreement for both targets is surprisingly good. The phase motion of the 2+D1+ 



493
wave relative to 0^P was also recovered, and is consistent with the measurement of Ref. [119]. The curves represent the phase behaviour expected from a pure relativistic D-wave Breit-Wigngj^amplitude; the agreement is quite reasonable. (From the already quoted results of Ref. [119] it is known that the corrections for the intrinsic phase motion of the 0~P wave are smali over the mass rangę of interest.)Finally, the Z-dependence of the 2+Dl+ intensity for 1.2 < m < 1.4 GeV is shown in Fig. 14 in comparison with the absolutely normalized A2 differential cross-section expected from the measurement of Ref. [40]. The agreement is again quite good. In particular,

Fig. 13. Intensities and relative phases of 2+Dl+ waves extracted [44] from data on coherent production 
of π+π+π- systems at 2∞ GeV. Smooth curves are the expectations for A2 production, based on the measure

ment of Ref. [40]the 2+Dl+ wave does not exhibit the forward dip, characteristic of hadronie spin-flip production observed at lower energies [135]. This result provided strong evidence for Coulom- bic production of this wave [40, 44]. A very similar Z-dependence for the spin-flip 1+S1+ wave (candidate for Coulombic production of the A1) is also shown iń the same figurę.From a detailed comparison of the A2 signals measured in all the above described. processes, one can estimate the overall uncertainty in the intensity of the 2+Dl+ wave as about 30 %. This same estimate of systematic uncertainty will also be assumed for the A1.At last, I tum to the discussion of the Coulombic production of the A1. The results. of Ref. [44] for the intensities and phases of the 1+S1+ wave, shown in Fig. 15, are consistent with a broad resonance. The curves in the figurę correspond to a Primakoff-distorted resonant A1, with parameters of Ref. [119] i.e. znA1 = 1280 + 30 MeV and ΓA1 = 300 + 50 MeV. The phase variation is somewhat weaker than expected for these parameters, which could be attributed to the presence of a nonresonant contribution or some intrinsic motion of the 0-P reference wave, as indicated in [119], Although the resonant parameters of the A1 could not be reliably extracted from the measurement of the 1+S1+ wave, it was
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Fig. 14. The z-dependence of the 2+Dl+ wave (for 1.2 < m < 1.4 GeV, crosses) and of the 1+S1+ wave 
(for 1 < m < 1.2 GeV, open circles, ańd for 1.2 < m < 1.4 GeV, solid circles), extracted [44] from data 
on coherent production of π+π+πr systems at 200 GeV. Smooth curves correspond to the total yield of A1, 

as observed in. [40]; broken curves represent the Coulomb part of the A2 yield

Fig. 15. Intensities and relative phases of the 1+S1+ waves, extracted [44] from data on coherent production 
of π+π+τr- systems at 200 GeV. Smoofh curves are predictions based on the standard Ai parameters of

Ref. [119]noted in [44] that an A1 with a mass much below 1.2 GeV would provide a significantly worse description of the data.To obtain an estimate of the radiative width of the A1, the total intensity for the 1+1+ state, summed over different isobar decay modes, was used in [44], The A1 is primarily a ρπ 1+S state, nonetheless, the branching ratios to other modes may be not negligible. 
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Because of the Iow statistics of the data in the helicity-one channel, the total 1+1+ intensity was calculated assuming the same substructure for the Jf = 1+ state in the Mη = 1+ as in the W = 0+ partial waves. The correction for non-ρπ modes of the A1 resulted in about 20% increase of the radiative width, compared to that using just the 1+S1+ intensity.The nuclear target dependence can be used as an indication of the production mechan- ism of the 1+1+ state. The ratio 4.2+1.0 of the Pb to Cu cross-sections [44], integrated over 3π mass rangę 0.9-1.5 GeV and momentum transfers within coherent forward peaks, is very similar to that measured for the production of the A2 [40], which was demonstrated to occur dominantly in the electromagnetic channel. A deviation from the value of 6.4, expected for pure electromagnetic case, is related in the case of the A2 to interference between Coulómb and hadronie production mechanisms. The quality of the data of Ref. [44] for the 1+1+ wave did not warrant an attempt to separate these two contributions. In the case of the A2, ignoring this interference, would have inereased the radiative width by a factor of 1.3.Using the A1 resonant parameters of Ref. [119], the radiative width of the A1 was quoted as [44] Γ(AJt^ → π+γ) = 640± 246keV. The error includes uncertainties of the maximum-likelihood fits of the PWA, overall normalization error in the experiment (15%), and the estimate of additional systematic uncertainty of 30% (carried over from the study of the electromagnetic A2 production), with all errors added in quadrature.The resultzfor the radiative width of the A1 is clearly sensitive to the assumed mass and total width. It is interesting to estimate the value of Γ(A*  → π+γ) for the A1 resonant parameters obtained from the study of τ decays in Ref. [124], i.e. for wa, = 1056±25 MeV and rA1 = 476± 143 MeV. Following the above procedures, and using the data of Ref. [44], a far smaller value of 240+110 keV is obtained. Again, the l+l+ intensity was assumed to be saturated by the AL. The error of 110 keV clearly does not include uncertainties from the choice of the resonant parameters for the A1.In conclusion, significant evidence for the electromagnetic production of the A1 has been obtained. The extracted estimates of the A1 radiative width fali in the rangę of values predicted by theoretical calculations. (The theoretical models are reviewed in the next subsection.) With the data improved by an order of magnitude relative to those available in the analysis [44], it should be possible to obtain an accurate measurement of the electromagnetic decay properties of the A1. Such a high statistics measurement would also provide an improved information on other poorly known states contributing to three-pion production, including, in particular, an exotic Jpc = 1~+ state, which is discus- sed in Section 5.4.3. Theoretical situationIn terms of multipole decomposition, the tensor and axial meson radiative decays considered in this paper can be viewed as El and M2 transitions. There is much less expe- rience with these mesonic transitions than with Ml decays, which have been studied exten- sively (see the preceding Section). In the treatment of Ml transitions, the quark model, phenomenological Lagrangians and the vector dominance were successfully employed. I discuss below several applications of these ideas to the axial and tensor meson sector.



496 A multipole analysis of axial and tensor meson radiative decays has been performed by Rosner [82, 140]. Tbis approach is based on a single-quark transition hypothesis for photon and meson emission, as formulated in the work of Melosh [141]. Since several results of Ref. [140] are sensitive to the numerical values of input parameters, which have changed considerably in the past few years, I will now reevaluate the present status of these predictions.The El transition amplitudes are related to A1 → πγ and B → πγ decays (the latter involving no quark spin flip), while the M2 component to the A2 → πγ. As derived in [140], VDM provides a relation between the El and M2 amplitudes. Provided the ρ meson is dominated by the photon, this relation follows, essentially, from the requirement that the amplitudę for the radiative decay of a related isoscalar axial meson D → ργ vanish (again, because the decay of a spin-one state into two identical transversely polarized particles is forbidden by Yang,s theorem [115]). In terms of radiative widths, this constraint becomes [140]:[Γ(B → πγ)]v2 + [⅛ f (A1 → πγ)]1^2 - [⅛ Γ(A2 → πγ)]1'2 = 0, (4.1)where the f ’s denote reduced partial widths, with kinematic factors divided out, i.e. Γ = k3f, and k is the decay momentum in the rest frame of the decaying meson. This specific kinematic prescription has been adopted in Ref. [140] as appropriate for single- -quark-transitions, but it is obviously model-dependent. For example, in the long-wave- length limit of the nonrelativistic model one expects. 2j-pole radiation to be associated with a kinematic factor of k2j+ *.  It should be also pointed out that a ⅛imilar k3 momentum dependence was also assumed for hadronie decays of axial and tensor mesons in Refs [82, 140], On the other hand, models of two-body hadronie transitions often use k2L+l kinematic factors, where L is the relative angular monfentum of the decay produets. Con- sequently, predictions of Refs [82,140] are based on the validity of this particular kinematic prescription, as well as on other physics ingredients of the model (i.e. the single-quark transition hypothesis and VDM).Relation (4.1) is in approximate agreement with present data only with the choice of the minus sign in the second term; I will consequently assume that form for the ensuing discussion. As a result of this choice, relation (4.1) can be used, e.g., to predict the radiative width of the poorest measured A1 meson. For this one obtains Γ(Aj^ → π+γ) = 1900+650 keV, compared to the experimental value 640 + 246 keV. Relation (4.1) is therefore just barely consistent with the present data. Because of the numerical coefficients in (4.1), the finał errar is dominated by the error on the radiative width of the B. Notę that using the measured widths for the A1 and A2 relation (4.1) could be fulfilled with a value for Γ(B+ → π+γ) about 2σ below the reported value 230 + 60keV [45].With El and M2 transition strengths determined by the A1, A2 and B radiative decays, one can calculate the width for f → ργ, which includes both (El) and M2 components. The experimental value for this decay width is not known, but, using VDM, one can relate it to the measured Γ(f → γγ). In terms of the reduced widths, one obtains [140]:f (f → ργ) = 9([f (B → πγ)]v2 + [⅛ Γ(A1 → πγ)]1'2)2 +⅜ f (A2 → πγ). (4.2) 



497Relation (4.1) can be used to eliminate one of the widths on the right-hand side of this equation. Since (4.1) is poorly satisfied by the data, the result for Γ(f → ργ) depends on which of the radiative widths remain in the finał calculation; the extracted values of Γ(f → ργ) rangę between 0.75±0.2 MeV (if the B is eliminated) and 1.6±O.5 MeV (if the Ai is eliminated). For the VDM calculation of Γ(f → γγ) as indicated in Ref. [140], one obtains the rangę of 4.1 + 1.2keV to 8.8 + 3.0keV (the original estimate of Ref. [140] was 7.7 ± 2.0 keV). The result that does not use Γ(B+ → π+γ) is in better agreement with the experimental value of Γ(f → γγ) = 2.65+0.12 keV [56]. The calculated value of the two-photon width of the f is somewhat reduced in schemes that consider mixing of this meson with tensor glueball states (see the following Section). In Ref. [142] this reduction factor was estimated to be 0.8-0.9.Using standard VDM, the A1 → πγ, A2 → πγ, and B → πγ radiative decays can be also related to their decays into a pion and a transversely polarized vector meson (ρ in case of the Al and A2, ω in case of the B):Γ(A1,2 → πγ) = (⅞Y -⅞- γ(ai,2 → ρθπ), (4.3)W ‰∕πΓ<B→κγ)-∣(A)3^ΛB→^π), (4.4)
where an unbroken SU(3) relation between ργ and ωγ couplings has been used. If one follows the estimate of Refs [82, 140] for γ≡∕π = 2.7 ±0.3, then the prediction of Ref. [140] for the A2 remains unchanged, Γ(A2 → π+γ) = 375 ± 50 keV, and it is consistent with the experimental value.For the A1 parameters: mA1 = 1280+30 MeV and ΓA1 = 300+50 MeV, as deter- mined from diffractive production processes, a result some whatlower than the original estimate is obtained: Γ(A*  → π+γ) = 0.75-1.4 MeV. This rangę of values includes uncer- tainties due to errors on the A1 mass, the total width and the branching into transversely polarized ρ, which depends on D/S decay wave ratio in the A1 decay. The latter branching is ⅝ if D = 0, and about 0.5 if the scalę of D is set according to the overall parameters of the single-quark transition hypothesis [140]. The lower end of the predicted rangę for the radiative width of the A1 is consistent with the measured value. Using, instead, the Ai parameters from τ-lepton decays determined in [124], an expected rangę of 3-8 MeV is estimated, while the experimental value, as already mentioned, is 240+110keV. I conclude that the A1 parameters obtained from studies of diffractive processes (2.17) are consistent with VDM relations, while those of Ref. [124] are in strong disagreement with .experimental data on electromagnetic production of the A1.The new values for the resonance parameters of the B meson [45] yield a VDM prediction for Γ(B+ → π+γ) of 274+48 keV; the result using previous world av√rages for the B was 184+30keV. Both values are consistent with the measured radiative width of 230+60 keV, however, the new VDM result is just barely consistent with constraint (4.1). Considering the sensitivity of relation (4.1) to the radiative width of the B it is likely that
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TABLE V 

Comparison of experimental data on radiative widths of axial and tensor mesons with several tbeoretical 
calculations. Ali values of the radiative widths are given in keV. Experimental values were taken from [56], 
unless specified otherwise. Predictions of Ref. £140] reevaluated with morę recent values of input parameters 

are given in parentheses — see text for morę details

Decay Experiment Rosner [140] Godfrey 
[68]

Singer [147] Berger 
[149]

B+→ π+γ 230 ±60 184 ± 30 (274 ±48 [45]) 397 440
At → π+γ 640 ±246 1000-1600 (700-1400) 314 240
At → π+γ 295 ±60 375 ±50 302 400
K*»+  → K+γ 240 ±45 312 [82] 230
f→ pγ 1350 ± 200 (550-2100) 527 [144] 220
f→γγ 2.7 ±0.14 7.7 ±2 (3-12) 3.6 2.66 ±0.45 2.3
A2→γγ 0.87±0.12 1.7-8 [82] 1.4 0.9 ±0.36 0.81
f'→π 0.11 ±0.05 0.59-2.8 [82] 0.6 0.14±0.C4∕B(f'→ KK) 0.19
θ → γγ see text

any approximations introduced in the approach of [140] contribute significantly to this discrepancy. The results of Ref. [140] for axial and tensor radiative decays are summarized in Table yV, together with available data and relevant predictions of other models.Certain calculations of tensor radiative decays have predicted very large rates (~10 MeV) for A2 → ωγ and f → ργ decays [143]. Radiative widths of this order imply, through VDM, two-photon widths far larger than have been observed. This has been interpreted as a failure of VDM and of the multipole description for tensor meson decays [144]. Improvement of measurements of axial and tensor meson radiative widths would therefore be of elear importance for evaluating the applicability of these ideas.The results of the previously discussed QCD-improved quark model of Ref. [68] are also included in Table V. This model reproduces generał trends of the data, although the results deviatρ rather significantly from the measured values in a few cases. It should be noted, however, that the relativistic features inherent in the model are important for achieving the observed level of agreement. A calculation of two-photon decays of tensor mesons in the nonrelativistic “contact” quark annihilation model predicts decay rates that are a factor of 20 too large [111]. Comparing with the results of Ref. [140], differences for radjative widths of the Aj and B are apparent. In particular, the results of Ref. [68] are not in agreement with relation [4.1] of Ref. [140]. The discrepancies between these two approaches can be related to different momentum dependences of the decay amplitudes in the two models, and to the explicit dependence of the calculation in Ref. [68] on the details of meson wave functions, which does not come in the single-quark transition picture [140]. These differences demonstrate the dependence of the predictions on the choice of theoretical models.An interesting result conceming the A1 meson has been obtained in Refs [89, 90] within the chiral description of axial mesons. It was shown that the longstanding inability of this approach to accomr⅛odate the properties of the A1 (as observed in diffractive 



499processes) can be overcome through a suitable generalization of an effective Lagrangian. A new term has been introduced into the Lagrangian that spoils the Weinberg relation for the A1 mass [145], and provides a simultaneous description of the mass and total width of the A1, and the q → ππ decay width. Without the new term, the theoretical results for these parameters tend to be significantly lower than the measured values (see e.g. [90] for a discussion of this point). Within the extended scheme, a straightforward application of the VDM provides a prediction for the radiative width of the A1 of 740 keV [89], which agrees with the experimental result. There are, however, significant differences in the implementations of VDM in Refs [89] and [140]; the former uses S-wave decay phase-space (i.e. the decay ratę was assumed to be proportional to the first power, rather than the cube, of the decay momentum), and it also neglects any possible interference between the S and D decay waves.The uncertainties related to applications of the VDM hypothesis were circumvented in the approach of Ref. [146], In this model, the two-photon and T → γV decays of the tensor mesons were calculated from a Veneziano-type dual amplitudę describing the scatter- ing of pseudoscalar mesons on vector mesons. Using crossing symmetry of the amplitudę,, and duality, the couplings of tensor mesons, dominating the s-channel, have been related to vector contributions to the crossed channels. The T → γγ couplings were expressed by one-photon decay widths of vector mesons and by strong couplings of tensor mesons to two pseudoscalars, without invoking VDM. The calculations of Ref. [146] were updated in [144], after several new measurements of vector-meson radiative widths, needed as an input, became available, and extended in [147] to include f' → γγ decays, which are sensitive to SU(3) breaking. The agreement of the model with the measured values is very good (see Table V). It may be interesting to notę that this model [147] relates correctly the symmetry breaking patterns observed in vector and tensor meson radiative decays (very similar results were obtained in [144] using the tensor-dominance model of Renner [148]).Finally, results of an older calculation [149] of several radiative decays of vector and axial mesons are included in Table V for sake of comparison. The calculation was performed within a nonrelativistic quark-oscillator model. Because the experimental data were not available at that time, the harmonic-oscillator-well width, assumed in derivation of the presented results, was not optimized to fit the data.
5. Radiative meson decays and searches for gluonic statesRadiative decays have been used as one of the major tools in searches for novel meson- -like states of hadronie matter, that cannot be represented as usual qq mesons of the quark model. These still hypothetical new objects include, in particular, glueballs (with wave functions dominated by a pure glue component), hybrid (hermaphrodite, or meikton) mesons (which contain a valence gluon in addition to a qq pair in a color-octet state) and multiquark state (qqqq being the simplest one). The existence of such objects is natura! within the generall QCD picture of hadrons [150], and it is sUpported by many specific calculations based on QCD sum rules, lattice simulations, and morę phenomenological approaches such as QCD-bag or potential models.



500 Much effort, both experimental and theoretical, has been devoted to the spectroscopy of glueballs, for which several candidates exist (see, e.g., [151]). It has been also realized, however, that hybrid states may be as amenable to discovery, and perhaps less ambiguous to interpretation. The status of multiquarks states may prove most difficult to evaluate because of their anticipated large widths [152]. Light scalar states have been considered in the literaturę as candidates for four-quark objects [153]. The electromagnetic properties of the light scalars <5(980) and S*(975)  have recently been analysed from the point of view of their possible exotic qqqq assignments in [111, 154, 155].The interrelation betweon searches for gluonic states and the electromagnetic properties of hadrons is severalfold. The radiative decays of J∕ψ have long been considered a potentially rich source of glueball states. In the QCD framework, J∕ψ radiative decays proceed through a two gluon intermediate state (in addition to the photon) [156] and, consequently, enhanced production of gluon-rich finał states is expected in such decays. Radiative decays of glueballs are also possible, but only through quark admixtures to their wave functions, thereby providing strong constraints for the interpretations of candidate ■states. In addition, most of the expected glueballs can mix with normal qq mesons, and affect thereby their spectrum and decay properties, including their radiative widths. This property, although obscuring interpretations of glueball candidates, has been used, within various mixing schemes (see, e.g., [9, 15, 104, 106, 157]), to obtain indirect indications ■of the presence of gluonic states in the spectrum of hadrons. In Section 5.1 I will briefly discuss the phenomenology of glueballs from the point of view of their impact on radiative transitions.The radiative decays of the hybrid mesons can also serve as a powerful tool for detect- ing and interpreting such states. The hybrids that are expected to decay into πγ should also be produced by the Primakoff process, as discussed previously for ordinary mesons. For a given value of the radiative width, the absolute value of the Primakoff production ■cross-section is uniquely determined. This property can provide strict experimental tests of models that predict πγ or πV couplings of hybrids (VDM can be used in the latter case to estimate the radiative width). The cleanness of the electromagnetic production modę should make it particularly attractive for further experimental searches for such objects. Of special interest in the hybrid sector are exotic states, such as Jpc = l~+, with quantum numbers not allowed by the traditional quark models. If discovered, such states would not be subject to ambiguity of interpretation because of possible mixing with qq resonances.Using the electromagnetic modę-for searching for hybrid mesons was proposed in Ref. [41]. In Section 5.2 I will elaborate somewhat on this point and discuss the experi- mental situation.5.1. Radiative decays and glueball spectroscopyLight glueballs, in the mass rangę of 1-2 GeV, have been predicted by lattice Monte- -Carlo calculations [158], within the MIT bag model [159], and from QCD sum rules [160]. Considering the theoretical uncertainties, the models can provide only qualitative guidance for searches for such states. The leading glueball candidates include the. t(1460), G(1590), 



5010(1710), g(2120), g(2220) and g(2320) [151]. Limited experimental information concerning radiative decays is presently available for the ι(1460) and 0(1710). The follbwing presenta- tion is focused therefore on these two states.
THE l(1460)Since its discovery in radiative J∕ψ decays [161], the ι(1460) has been considered a likely glueball candidate. The experimental situation in the ι(1460) mass region is confused due to the presence of at least two states in that mass rangę, the other established state being the E(1420). Although spin-parity determinations are not yet fully conclusive, 0~+ assignments are recently favoured for both states [162, 163]. A critical analysis of the available data for the i/E system is presented in Ref. [164], New experimental information of the ι(1460) is provided by a Iow limit on its two-photon decay width [165]:Γ(ι → γγ)5(ι → KKπ) < 1.6 keV (5.1)which, together with an estimate jB(i → KKπ) ≈ 0.7, implies Γ(ι → γγ) < 2.2 keV (95% C.L.)The smali coupling of the ι(1460) to two photons, and its strong production in the J∕ψ radiative decays, intuitively support the glueball interpretation. On the other hand, to explain a large coupling to the KKπ system many models require a significant quark admixture in the 1(1460). In particular, both the smali two-photon width and the large hadronie width can be understood assuming that the ι(1460) is predominantly cpmposed of glue and of an electromagnetically inert quark component, uu+dd—5ss, which does not couple to two photons [164]. In this picture a smali ργ and relatively large ≠γ decay widths of the ι(1460) are expected. The latter width is presently not known, the former has been estimated from observed J/tp → γ(ργ) decays to be about 1.5 + 0.4 MeV [166, 167]. Using VDM [168], this value implies a much larger two-photon decay width (Γ(ι → γγ) ≈ 11 keV) than is allowed by the experimental upper limit. It should be noted, however, that, because of significant differences seen in the γρ and KKπ mass distributions [166, 167], not all of the observed J/tp → γ(ργ) decays may be associated with the ι(1460).The present limit on the two-photon decay width of the ι(1460) disagrees with several recent calculations based on η- η'-1 mixing, which rangę between 2.5 and 16 keV [169], but is consistent with a QCD sum rules prediction [170], that Γ(ι → γγ) ≈ 1.5+0.5 keV. Measurements of ργ and φγ decays of the ι(1460), as well as its two-photon width, will be important for testing its interpretation as a glueball, and its mixing with qq mesons.The status of the ι(1460) as a mixture of radial excitations of the pseudoscalar nonet has been reviewed by Lipkin [171]. His approach provides several testable relations between couplings of the ι(1460) and E(1420) to photons and nonstrange hadrons [172], however, the relevant data are not presently available.
THE θ(1719)The 0(1710), like the ι(1460), was discovered in the radiative J/tp decays [173], and for similar reasons has been regarded as a possible glueball candidate, especia∏y because the existence of a gluonic tensor state below the mass of 2 GeV was expected on the basis of several theoretical calculations [174].



502 The conjecture that the θ(1710) might be a glueball was strengthened by observations of its helicity, that; differed markedly from the ones measured for the nearby tensors f and f' [167]. The helicity properties of the J∕ψ → γθ amplitudę can be understood by regarding the 0(1710) as a 2++ glueball, with a smali D-wave contribution to the dominant S-wave component of the wave function [175],Even before the discovery of the 0(1710), SU(3) and SU(6) analyses of the properties of the f meson revealed indications of its possible mixing with a glueball state [142], The 0(1710) has been examined on this basis, together with the f and f', in a mass matrix analysis in Ref. [9], After a subsequent development of this model [157], it was believed that such mixing was ruled out by the experimental limit on the two-photon width of the f': Γ(Γ→γγ)B(f'→ KK) = 0.11+0.02 + 0.04 keV [176], (This model required the width to be of order of 10 eV. A version in which the f and 0(1710) mixed together, and the f' remained unmixed, was not ruled out, but appeared unnatural.) This conclusion has recently been contradicted by a very similar f—f' —0 mixing analysjs [177], A mixing matrix solution has been found in [177] that is consistent with the data on f → γγ, f' → γγ, A2 → γγ, J∕ψ → ω(f, f') and J∕ψ → φ(f, f') decays, and does nof contradict the flavour independence of 0(1710) decays that would be expected for a glueball. The two-photon width of the 0(1710) was predicted to be 0.3+0.1 keV, to be compared with the experi- mental limit Γ(θ → γγ)B(θ → KK) < 0.28 keV [178], Improved measurements of this limit, and of KK and ππ decays of the 0(1710) and f', are needed to clarify the situation.Meanwhile, with f—f'—0 mixing appearing to be ruled out [157], a different scheme has been considered [179] in which the G(1410) took the place of the 0(1710), and no contra- diction with experiment was encountered. Morę recently, a mixing analysis of the tensor massesĄnd decay widths [104] has claimed a lower limit on the glueball mass in this channel of m > 1880 MeV. If correct, this result would exclude both the 0(1710) and the G(1410) as glueballs that mix with f and f'.
5.2. Radiative decays of hybrid mesonsIn the QCD-motivated pursuit of gluonic degrees of freedom in hadron spectroscopy, several hybrid states have been predicted to exist at Iow masses. Unfortunately, there is very little experimental information available in the literaturę on such hybrid states [56].Rather than reviewing the spectroscopy of hybrids, I will concentrate on a particularly interesting exotic 1=1, Jrc = 1~+ state, which. will be denoted by q. This kind of state is expected on the basis of recent calculations using QCD sum rules [180, 181, 182], QCD bag [183,184, 185], flux tubę [186] or potential [187] models. Although the results of these calculations differ concerning the expected mass (m of 1-2 GeV), width (typically of order of 50-200 MeV), and dominant decay modes (the ρπ branching, in particular, being large in sóme models [180, 181] and suppressed in others [187]), several of the proposals for ρ are accessible to experimental study, as discussed below. To put the discussion in .perspec- tive, I have collected in Table VI a summary of the thebretical expectations.Given a relatively large width, and a ρπ decay modę of a hybrid, a strong radiative
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TABLE VI

Summary of tħeoretical expectations for mass, width, and decay modes of I = 1, Jpc = 1^+ exotic hybrid 
meson (p)

Calculation mJ-(GeV) Γe~(MeV) Decay modes Model

[180] ≈1.3 20-200 pπ, ηπ, η'π, πAj, πB QCD sum rules
[181] 1.6-2.1 700-2000 pπ, ηπ, η'π, K*K QCD sum rules
[182] ≈1 QCD sum rules
[183] ≈1.4 ηπ, πf, K*K QCD bag
[184] 1.4-1.8 ηπ, *)X  ηA1, K»K, KQ, πB, πD QCD bag
[185] 1.3-1.6 30-80 pπ, ηπ, η'π, K*K QCD bag
[186] 1.6-1.9 ≈180 πB, πD QCD flux tubę
[187] ≈2.1 p→PT, PA; p+->PV, PS potential

coupling (to πγ) is also expected. Usmg the VDM relation

Γ(ρ+ → π+γ) ≈ T(ρ+ → ρ0π+) (5.2)7e∕π Wthe radiative width of a ρ can be estimated to be between several hundred keV, for a state predicted in [180] (at mass of 1.3 GeV), and several MeV, for a state at m~ ≈ 2 GeV [181]. A hybrid state with such a large radiative width would be produced at detectable levels through the Primakoff mechanism in coherent interactions of pions with nuclei.This possibility was first proposed and investigated in [41] using data on coherent ρπ production on nuclei [42, 43] for m < 1.5 GeV. The analysis procedures were identical to the ones used in the successful study of the A1 and A2 [44], and have already been out- lined in this paper. Notę, that for a substantial ρπ decay modę the expected signal from a Iow mass ρ is of similar magriitude as that observed for the A1 and A2.The angular momentum state relevant to the ρ, the 1^P1+ wave, was isolated using the PWA that was described before. The corresponding mass and momentum transfer distributions, Fig. 16, and their J-dependence, have been examined for the presence of Coulombic contributions. The data do not exhibit any significant narrow structure in mass, and the Λdistributions are not peaked nearly as sharply in the forward direction as expected for dominant electromagnetic production. This clearly indicates that a large contribution from non-Coulombic background must be included in order to account for the data.Assuming different vahιes of the ρ mass and total width, the four spectra shown in Fig. 16 were fitted for a ρ radiative width and strong background (two parameters). The same optical model [30] was used here as in the extraction of the radiative widths of the other mesons discussed previously. A typical result is also shown in Fig. 16: for a ρ mass of 1.25 GeV and width of 50 MeV a radiative width of Γ(ρ+ → π+γ)5(ρ+ → ρ0π+) = 15 + 8 keV was obtained.The results for the fitted radiative widths are summarized in Fig. 17, for several values of total width, as a function of assumed resonance mass of the hybrid o. The lines in the
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Fig. 16. (a) Mass and (b) f-dependences of the 1~P1+ intensity, extracted from data on coherent production 
π+π+π^^ systems at 200 GeV, together with the result of a typical fit assuming rriζ = 1.25 GeV, 

fg = 50 MeV, and a fitted value of Z,(p+ → π+γ)B(ρ+ → ρ0π+) = 15+8 keV [41]

figurę indicate the upper edges of one standard deviation bands for Γ(ρ+ → π+γ)B(ρ+ → ρ0π+). The errors include the uncertainties of the PWA maximum likelihood fits, and the estimated 30% overall normalization uncertainty, that was carried over from studies of the A1 and A2.From Fig. 17 it is apparent that the size of resonant ρ signal that can be accomodated by the data is a factor of ≈ 10 smaller than expected if the ρ decayed primarily into ρπ, that is, if B(q+ → ρ0π+) ≈ 0.5. The VDM estimate of the expected ratio of the widths into ρ0π+ and π+γ for a 1’ state is ≈100 at a mass of 1.3 GeV. Analogous VDM predictions for the A2 and A1 mesons are approximately satisfied by the data.Fig. 18 presents a comparison of expected and observed radiative width of the ρ, as a function of its width, for a representative resonance mass of 1.3 GeV (as predicted in [180]), and assuming 2J(ρ+ → ρ0π+) ≈ 0.5. It is elear that the observed level of Coulomb production of the hybrid is inconsistent with expectation, except perhaps for very narrow total widths of < 15 MeV. The conclusion from the presented analysis is that the data do not support the existence of a Jpc = 1~+ resonant object with a mass below 1.5 GeV and a width larger than 20 MeV, that couples dominantly to ρπ.The discrepancy between the VDM prediction and the observed level of the signal can be avoided if the branching B(q+ → ρ0π+) is sufficiently smali. The requirement that
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Fig. 17. The upper edges of 1 standard deviation bands on the fitted value of Γ(p+ → π+γ)B(p+ → ρ0π+), 
as function of mg, for scveral values of the total width of the hybrid state p [41]

∏Hybrid (θθV)

Fig. 18. Comparison of the VDM prediction, Eq. (5.2), and the experimental values of Γ(p+ → π+γ), extracted 
under assumption that B(p+ → p0π+) ≈ 0.5, as a function of Γg, at a representative mass of 1.3 GeV [41]

the VDM prediction be satisfied can be translated [41] into an upper limit on B(q+ → ρ0π+) < 0.2. This result suggests that other channels of the ρ must be dominant if such a state exists below ≈1.5 GeV. An analysis of Iow mass ηπ systems [41], proposed as another likely decay modę of the ρ [180, 183, 184, 185] provided an even morę stringent limit for the ρ. As presented already in Section 4.1, the ηπ data [40] are dominated by Coulomb production of the A2 (cf. Fig. 7). A particularly strong constrąint on the contribution from a 1- resonance is provided by the angular distributión of the π+, which is clearly dominated by the D-wave decay of the A2. The P-wave decay distributión of the ρ should have a maxi- mum, instead of the observed minimum, at cos θ ≈ 0. (The fuli curves in Fig. 7 represent distributions expected only from the A2.) As a consequence, a rather Iow limit has been obtained for Γ(ρ+ → π+γ)5(ρ+ → ρ0π+) < 0.03 [41].The original study [41], and the present discussion, demonstrate the usefulness and sensitivity of Primakoff production in searching for states that couple to ρπ. With about 



506ten times the data that was available for the above analysis one should be able to conduct a morę conclusive search for the hybrid ρ for a rangę of parameters that would cover most of the predictions, i.e. for ρπ widths as Iow as about 10 MeV and/or mass values óf up to about 2 GeV.
6. SummaryThroughout the preceding discussion, I tried to illustrate the diversity and the richness of physics in the study of radiative decays of mesons. This great breadth makes it all the morę difficult to provide a coherent and concise summary. I will recapitulate these topics that, in my opinion, are of most interest for futurę work.Recent accurate measurements of radiative widths of several mesons have madę it possible to quantitatively test old ideas on the quark model, symmetry relationships and yector meson dominance. In generał, new implementations of these approaches do quite well in describing the data. The following physics issues have become morę fully clarified as a result of this reanalysis process.• Relativistic properties of ligħt quark systems appear to have a profound influence on the observed level of electromagnetic transition rates. Detailed investigations of such relativistic effects have just begun within QCD-based dynamical models, and morę phenomenological approaches, such as harmonic-oscillator quark models. Initial work has achieved significant success in explaining major pattems of the data, and further refine- ment is therefore of elear interest.• Quark mass effects have been found important, but are not yet fully understood. The recently determined precision widths for K* + → K+γ, K* o → K0γ, φ → π0γ, and 

φ → ηγ decays, are sensitive to such effects. Their better understanding is of particular importance for evaluating different mixing schemes and for addressing the question of gluonic content of conventional mesons. In generał, electromagnetic decays provide a sen- sitive measure of symmetry breaking effects.• As an unforeseen development, new data on radiative decays of light mesons have proved useful for phenomenological tests of recent extenSions of low-energy chiral Lagran- gians that are irńportant for soliton models of baryons.• Experimentally, the Primakoff technique and photon-photon collisions in e+e~ interactions have emerged as major tools for measurements of radiative widths at high energies. Several independent tests of the Primakoff formalism have demonstrated the method to be fully reliable.• Resolving the present discrepancy between the Primakoff and e+e~ measurements of the η → γγ width is important for understanding mixing effects in the pseudoscalar sector. A measurement of φ → η'γ would also aid such a study, by constraining the strange quark content in the η,. Strong indications of gluonic admixtures to the η' wave function have alfeady been inferred from available data.• With the ρ+ → π+γ decay width now accilrately known, it becomes even morę crucial to remeasure the ω → π0γ process and solve the longstanding controversy concern- ing the value of the radiative width of the ω. The value of the ratio of radiative widths of the 
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q and ω is an essential parameter in most models of electromagnetic decays of vector and pseudoscalar mesons.• An improved measurement of the electromagnetic production of fhe A1 is of interest, not only for precision determinations of El and M2 multipole amplitudes, but also because this would add a decisive argument to current disputes conceming the' mass and width of this meson.• Electromagnetic interactions may be as important for potential discoveries of novel states of hadronie matter as they are for unraveling the structure of conventional mesons. Improved measurements of two-photon widths of the ι(1460) and 0(1710) would help clarify their interpretations as glueball states. The Primakoff method has been recognized as a sensitive way of searching for certain exotic hybrid states. First results are promising enough to encourage further effort in this interesting field.In conclusion, significant progress has been achjeved in studies of electromagnetic properties of mesons over the past few years. In many areas the work has just started and is progressing at fast pace. Many fundamental properties of bound states of light quarks have been scrutinized in studies of radiative decays. Further experimental and theoretical effort in this field will certainly have important impact on our understanding of large-scale properties of hadrons.This paper benefited from several years of my work with the Rochester-Minnesota- -Fermilab collaboration on the physics of radiative decays of mesons. I thank all my col- leagues on the E272, and in particular T. Ferbel and J. Huston, for numerous discussions. Special thanks are due to Tom Ferbel for reading the manuscript and for providing many valuable comments. I acknowledge useful conversations with N. Isgur, S. Narison and J. Rosner on the phenomenology of hybrid piesons. I am thankful to A. Białas and K. Zalewski for their interest in the progress of this work. Finally, I acknowledge support of the Jagellonian University and the University of Rochester during the course of this research.
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