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1. Introduction

1.1. The discovery of the J/{

A fourth quark named ‘“‘charm” was proposed by Bjorken and Glashow [1] in 1964 following the
ideas of the “eightfold way” by Gell-Mann and Ne’eman [2]. The concept of the charm quark then
found its first real application in the 1970 paper by Glashow, Iliopoulos and Maiani [3], providing a
mechanism to explain the suppression of strangeness changing neutral currents. The mass of the ¢ quark
was suggested by Gaillard and Lee [4] to be in the region of 1-2 GeV by calculating the rate for the
process Kg—> TIT _

In the so-called “November Revolution of Particle Physics” [5] the 17~ ground state of the
charmonium family, the J/{ particle, was discovered at Brookhaven [6] and SLAC [7] in 1974. At
Brookhaven a narrow resonance at 3.1 GeV was observed in the e e invariant mass spectrum of

p+Be—e’'e +X, (1)
whereas at the e e~ storage ring SPEAR at SLAC the same resonance was seen in the reactions
e’e” —hadrons, p'p7, and e’e” . (2)

Figure 1 shows the signals for the J/{ as observed in reactions (1) and (2), respectively. The MIT-BNL
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Fig. 1. Discovery of the J/{ particle at BNL and at SLAC. (a) J discovery at BNL, showing the ¢*¢” invariant mass distribution of the reaction
p+Be—e’e” + X. The unshaded area is the result after a deliberate 10% shift in the spectrometer momentum [6]. (b) ¥ discovery at SLAC. A
very strong rise of the cross sections for hadron, p, and e"e” final states is observed [7].
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group at Brookhaven used an extremely intense beam of ~10'? protons/pulse at Vs =7.6 GeV and
observed the J as a narrow peak at 3.1 GeV in the e e~ invariant mass.

The SLAC-LBL Collaboration observed an enormous increase in the cross section for multihadron,
e’e”, and pp. production. This finding was confirmed [8, 9] immediately afterwards at the ADONE and
DORIS storage rings.

The most surprising feature of this resonance, apart from its enormous cross section ([ o(E) dE =
12 ub MeV), is its small decay width (74 = 8 keV),*’ which indicates that decays of the J/\ to lighter
hadrons are suppressed. The determination of the J/{ resonance parameters and quantum numbers is
described in chapter 4.

Soon after the discovery of the J/{(3100), first the ’(3685) [10] and then a complete family of cc
states [11], very similar to the energy levels of positronium, were observed. The charmonium family, as
it is known today, is shown in fig. 2.

The reason for the extremely small decay width of the J/i is very relevant to this report. It is usually
referred to by the phenomenological OZI (Okubo-Zweig-lizuka) rule [12], which states that processes
in which the initial quark pairs cannot appear as part of the final state particles are suppressed. Or,
stated more simply, processes with “detached” quark lines are suppressed. The meaning of this rule is
graphically depicted in fig. 3 for decays of the $(1020) and the J/{. The decay of the J/\ is hindered
because it is too light to decay into mesons which contain a ¢ quark (D or D, mesons).

Within the framework of QCD, OZI suppression is described in terms of the annihilation of quark
lines into hard gluons. The Zweig rule violating processes are of higher order in the (small)
quark—gluon coupling aS(QZ) and are therefore suppressed. The J/¢ decay diagrams are shown in figs.
4a and c classifying the decays of the J/¢ into non-radiative (direct) hadronic decays and radiative
decays into hadrons. The strength of the OZI suppression puts the electromagnetic decay rate (fig. 4b)
into the same order of magnitude as its strong decay rate—a remarkable situation for a meson with a
mass around 3 GeV.
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Fig. 2. The charmonium family. Shown are the observed charmonium levels below charm threshold and the transitions between them.

*) This value [23, 24] is different from the one quoted by the Particle Data Group [14] (see also sections 2.1 and 4.1),



L. Kopke and N. Wermes, 11§ decays 71
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Fig. 3. OZI allowed and forbidden decays. Diagrams of $(1020) and J/¢§ decays which are (a) OZI allowed and (b), (c) OZI suppressed.
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Although the J/{§ was discovered almost 15 years ago and ‘its decays have been studied ever since,
experiments operating at the J/y still attract both experimentalists and theorists due to the unique
constellations of this resonance. The attention given to the study of J/¢ decays received an additional
impetus in recent years due to the possibility of finding bound states of gluons (glueballs, gluonia) in
radiative decays of the J/{. This question has been addressed in studies using large-statistics data
samples in the so-called “second- or third-generation” experiments such as Crystal Ball and Mark III at
SPEAR or DM2 at DCI/Orsay.

If the gluons of fig. 4c form a bound state, a resonance peak in the cnergy distribution of the
inclusive photon or in the final state hadron invariant mass distribution should be observed. Since the
gluons can, in principle, form a glueball at any mass between 0 and M,,, the radiative decay process is
ideal to scan the predicted glueball mass spectrum (see section 2.4) and to search for glueball
candidates. In this vein the hadronic and electromagnetic J/{ decays have regained attention because,
together with the observations in radiative decays, they provide additional information about the
quark/glue nature of a glueball candidate resonance.

Data on J/{ decays are available since 1974. The authors of this report do not intend to review in full
detail all the data and the analysis results that have been published by the various experiments since
then and have already been previously reviewed [13]. Instead, wherever possible, the more recent
results are given priority over older publications unless different experiments come to contradicting or
inconsistent conclusions. Also, whenever new discoveries are reported, the original publication will be
referenced. ,

The emphasis of this report is on reviewing the data which have a strong connection to the physics of
glueballs. The studies which were very important to establish the nature of the J/{ particle and which
are reviewed in great detail elsewhere [13] are treated here only briefly.
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Fig. 4. J/{ decays into hadrons in lowest order. (a) The hadronic decay, (b) the electromagnetic decay, (c) the radiative decay into hadrons, and (d)
the radiative M1 transition to the ..
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1.2. Organization of the paper

In chapter 2 some basic concepts on the physics of J/{ decays are recalled and an introduction to the
spectroscopy of qq states, gluonia, and other exotic phenomena is given. The experiments which have
operated at the J/{s energy in e e~ storage rings are introduced in chapter 3 and some techniques to
analyse the data are discussed. After a brief review on J/¢ resonance parameters in chapter 4, the
wealth of experimental data on the decays of the J/{ is reviewed, in chapter 5 for the non-radiative
decays and in chapter 6 for the radiative decays. Because the question of the existence of gluonic bound
states is extremely relevant to the experimental program of J/{ decays, chapter 7 is specifically devoted
to this topic by confronting the “glueball phenomenology” with the available experimental information.
Chapter 7 also includes comparisons and connections with the results from other reactions such as yy
collisions or hadroproduction. Finally, a summary and an outlook into the future of the still continuing
analyses of J/{ decays is presented in chapter 8.

A word should be said on the use of particle names in this report. We adopt the naming convention
proposed by the Particle Data Group [14] in 1986. Although this is an obviously cogent choice it can
lead to some confusion in the context of the new resonances “iota”/n(1440) and “theta”/f,(1720). We
have therefore taken the liberty to also refer to these states as “iota” and ‘“theta”, respectively,
whenever it seems appropriate to distinguish them from standard quark-based states.

2. The physics of J/{s decays
2.1. J\s decay mechanisms

The lowest-order diagrams for the decays of the J/is are shown in fig. 4, representing (a) the hadronic
decay via cc annihilation into three gluons, (b) the electromagnetic decay via cc annihilation to a virtual
photon, (c) the radiative J/¢ decay with cc annihilation into a photon and two gluons, and (d) the
magnetic dipole transition to the cc 'S, state 7.(2980). The decay rates are readily calculated in
perturbative QCD using lowest-order expressions [15] and first-order QCD corrections [16-18, 20].

The choice of Q at which to evaluate « is to some extent arbitrary. In the literature one commonly
finds the use of 0* = M}, [17] or Q* = m? [18]. Brodsky, Lepage, and Mackenzie [19] have argued for a
particular choice which absorbs the dependence on the number of light quark flavours, n;, into the
lowest-order «, term. The particular choice of the Q7 scale does not affect the corrections to the
electromagnetic processes like J/{— pp or 3y. The rates that depend on «, to lowest order are,
however, affected. Predictions for ratios of rates are expected to be more reliable than individual
predictions involving |%(0)|* [17]. In this chapter we shall use the first-order corrections evaluated at
Q*= Mi following ref. [17].

Starting with the Van Royen-Weisskopf formula [21] for the electromagnetic decay into leptons one
finds, neglecting lepton mass effects [20, 21]

2
Ty— €' ¢7) = B ma’e’N, |#(0)|

Ne g (1= Fam), €)
Y

where e_is the charm quark charge, N, the number of colours, and ¥(0) the value of the radial wave
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function at the J/¢ origin. M, is the J/§ mass and a; is the strong coupling constant evaluated at
Q% = M. Note that in the hterature one often finds the convention [R(O) = 4= |w(0)>

The three -gluon decay width (fig. 4a) can be calculated [15] in close analogy to the 3y decay of
orthopositronium, for which the decay rate [22] is given by

|[%(0 )|2
2 —12.6a/m), (4)

where m_ =~ M, /2 is the charm quark mass.
The prescription to obtain the lowest-order part of the formula for the three-gluon decay of the J/is is
obtained substituting

I('S,~3y) = § (" - 9)a’e;N, —5—

6N - 1801 (5)
Including the first-order corrections [16] one obtains

| (O)Iz

<

I(J/b—ggg) = (7 - 9)a’ (1+49a/m). (6)

Substituting (3) into (6), together with a proper treatment of the first-order terms, results in [17-19]

3

I(/y—geg) = 75— (77 -9) SF(J/q;—)( £7)(1+103a/7) ~48keV (7)

using the experimental value*) of FJ/y— ¢7¢7)=(5.1+0.3)keV [23, 99] and «, =0.16 (see chapter
6). Equation (7) represents the hadronic decay width of the J/¢ to first order if one assumes that the
gluons couple to the final state hadrons with unit probability. Note that the first-order correction
corresponds to a sizeable fraction of the total rate.

The electromagnetic decay width for an individual quark pair (fig. 4b) is identical to (3) when one
corrects for the quark charge and neglects quark mass effects [15]. Summing over u, d and s this results
into
(J/¥—qq) = 326 ‘T(J/6— €7¢7)=(10.2+0.6) keV . (8)

elm

Alternatively one finds

I,..(J/y— hadrons) = R(off-resonance)'(J/y—e*e”) = (13.2 = 1.1) keV, 9
where [25] R(off-resonance) = (2.59 +0.15 +0.08) is the ratio of hadronic and pp cross sections,
Ohad!T,,> at 3GeV. Compared to the total width of the J/{, 13keV is a very large width for an
electromagnetic transition. This is due to the strong suppression of the three-gluon hadronic decay as a-
consequence of the OZI rule.

*) A better understanding of QED radiative corrections has recently led to a modification of the J/{ resonance parameters [23, 24, 99] (see also
section 5.2.2).
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The radiative width (fig. 4c) in first-order QCD is proportional to « e,

| ()I2

C

TU—>vygg) = $(n* - 9)a; (1-0.9aj/m), (10)

assuming on-shell gluons [15-18]. The ratio of the radiative decay to the three-gluon decay of the J/i is

I'd/b—vgg) _ 4 PN

With (7) we find
I'(J/y—vygg)=5keV. (12)

Finally, the transition to the n_(2980) (fig. 4d) has been measured by the Crystal Ball experiment [26]
using the inclusive photon spectrum. The partial decay width is

T /y—n,) = (940 £ 285) eV , (13)

corresponding to a branching fraction [26] of (1.27 +0.36)%.
Summarizing, we note that the decay modes of the J/{ into hadrons, calculated including first-order
corrections, roughly contribute the fractions

al L I
¥ :Fe"“ :F”"’ T = =~75% :16% : 8% : 1% (14)

non-lept non-lept non-lept

I:mn-lept
to the non-leptonic decay width into hadrons. The total non-leptonic width is (63.8 +9.0) keV=
(74 = 8)keV- 1T, ,, [23, 99]. Electromagnetic and radiative decays are thus only suppressed by factors
of about 5 to 10 with respect to the hadronic decays and not by several orders of magnitude as one
would naively expect on the basis of the coupling constant ratios.

2.2. Light-quark meson spectroscopy at the J/\{

The spin 1/2 quarks and antiquarks lie in 6 and 6 representations of SU(6) (u, d, s quarks, two spin
states). For a qq meson the SU(6) representations are

6R6=1@35. (15)

Decomposing the SU(6) representations 1 and 35 into SU(3)4,,,,, and SU(3),,;, representations, one
finds the results of table 1. The ground state qq mesons (u, d, s) are assigned to places in these
irreducible representations. In addition there exist radial and orbital excitations for each representation.

Let us consider, for example, the ground state qq mesons with no orbital angular momentum (s
wave), which form the pseudoscalar and the vector mesons. The classification is shown in table 2. The
SU(3) p1avour Singlet eigenstates m,, M, and o,, w, frequently mix to become the physical mesons (mass
eigenstates). For the vector mesons, as for most SU(3) representations, this mixing is almost ideal, i.e.,
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Table 2

Table 1 Classification of the ground state mesons.
SU(6) decomposition into SU(3),,,.. and peudoscalar vector quark flavour
SU(3),,, multiplets. For the spin part the SU@B3).2s+1)  SUR), mesons mesons decomposition
notation 2s + 1, where s is the k spin, i T a——

o pin, 15 1,1, (1,3) 1 1, o (ui +dd + $§)V3

8,1), (8,3) 3 ot nt,w ool p ud, (u + dd)/V2
Su(6 SU(3),2s +1 @, J 4 ’
© (SUG).2+ 1) 2 K, K’ K*", K*° us, ds

1 1,1) 2 K’ K K* K*~ sd, si
35 (8,1), (8,3), (1,3) 1 s o (uil +dd - 285)V'§

the mass eigenstates are (almost) diagonal in the quark flavour. Because of this it is common to group
the mesons into nonets, rather than octets and singlets. One should note, however, that the
pseudoscalar nonet is not ideally mixed.

A common notation in terms of SU(2) representations is (triplet, singlet, singlet, doublet). Thus the
pseudoscalar nonet will be denoted (m, 1, 7', K), the vector nonet will read (p, o, ¢, K*(892)), and the
tensor meson nonet with orbital angular momentum L =1 (p wave) is (a,(1320), £,(1270), f;(1525),
K3(1430)).

The assignment of experimentally observed states to this scheme is done in fig. 5, showing the orbital
and radial quantum numbers of qq states. Note that the parity, P, and charge conjugation, C, of qq
states are given by P=(—1)"" and C=(-1)"*".

2.3. SU(3) and Zweig’s rule

The quark flavour symmetry group that is explicitly tested in J/§ decays is SU(3),y0u.- Since the J/ ¢
is a cc bound state it behaves as a singlet with respect to a symmetry of three quark flavours.

A very important rule can be derived from charge conjugation invariance (C) applied to the different
meson nonets. Under C, a meson nonet N transforms [27] as N*— 6¢*N® (no sum over a), where € is
the C parity of N°, the centre member of the nonet (the w’-like state), e’ = &> = ¢’ = —1, and all other
£ = +1. We shall regard € as the C parity of the nonet. Since the J/{ has C = —1, € invariance implies
that the two nonets (octets, singlets) to which it can decay must have opposite € parity. Of course, this
rule only holds in the SU(3) symmetry limit. As an example, the decay J/¢— n’n’ is explicitly
forbidden by C parity, while J/§y— K°K’ is forbidden by % only in the SU(3) symmetric limit. Table 3
shows which multiplet combinations are allowed or forbidden by % invariance.

Table 3
Selection rules for J/{ and m decays under generalized C parity. S, P, V, T denote Scalar, Pseudoscalar, Vector and Tensor meson multiplets,
respectively. A* and A™ denote the two axial vector nonets with opposite € parity. For three-particle final states only one example is given. “Yes”

refers to allowed and “-” refers to forbidden decays.
Decay PP PS PV PT SS sv ST A\'A% VT TT PPP
IN—=X - - yes - - yes - - yes - C -
Jp—=yX yes yes - yes yes - yes yes - yes yes
1.~ X yes yes - yes yes - yes yes - yes yes
Decay PA" PA”~ SA* SA” VA* VA~ TA" TA™ A'A* AA A'A”
J—-X yes - - yes yes - - yes - - yes
Jg—>yX - yes yes - - yes yes - yes yes -

n.—X - yes yes - - yes yes - yes yes -
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Fig. 5. The present experimental knowledge of qq states.
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Of course, the same rule can be applied to radiative J/{ decays and to hadronic decays of the 7.
Here the m_ or the system X recoiling against the radiative photon have C = +1. This requires that the
decay products come from nonets with the same €.

This rule is valid only in the SU(3) symmetry limit, and SU(3) breaking effects as well as the OZI
rule spoil the strict predictions of table 3. On the other hand, one can determine the amount of SU(3)
breaking from the measured branching fractions (see section 5.3.1). To give an example how strong this
suppression can be, one may compare the ratios

BUW—K'K)  (236+030)x10™* 1 (16)
IBU/G—>K**'K +cec) (2.58+0.22)x107° 117

BJ/y—p'p ) _ (94=18)x10* 1 .
BON—o,(1210)  (415205)x10° 5" (17

The production of isovector states in radiative J/i{ decays is strongly suppressed because the two gluons
emitted from the cc quark line (fig. 4c) form a singlet in SU(3) and isospin is a conserved quantum
number in hadronic interactions. Radiative decays to isovectors arise from a process where the photon
is radiated from a final state quark line.

Implications of Zweig’s rule. Apart from explaining the narrowness of the J/¢, the OZI rule [12]
plays an important role in the evaluation of hadronic J/{ decays. Although all of the hadronic decays of
the J/\ are singly OZI suppressed (cf. fig. 4a), some decays suffer yet another OZI suppression in the
formation of the final state quarks. This is demonstrated in fig. 6.

The decays J/y— of;(1525) or J/y— &f,(1270) are doubly OZI suppressed as compared to
J/b— of,(1270) or J/¥— ¢f5(1525) because they require disconnected quark lines in the final state,
too.

Experimentally one observes (see table 17 in section 5.3.4)

Ty ofy(1525) 1
Ty wh,(1270) ~30° (18)

Jg— ¢f,(1270) _ 1

Tiy— ofy(1525) ~ 1.5 ° (19)
(a) ud — ud
022222127 a a G'a W
J/qJ 1212228 4 > J/lp
i f,(1270) —— f,(1525)
Qvd Doz!
(b) s s
1122224 g ¢ - o
J/q} TYVETTUY > J/qJ
112022111 f2'(1525) P f2(1270)
S0zi D0Z!

Fig. 6. Singly and doubly OZI suppressed decays. f,(1270), f;(1525) recoiling (a) against an o, and (b) against a ¢.
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2.4. Glueballs, hybrids, and four-quark states

The colour force carried by the gluon is the central feature of the strong interaction. Most directly,
the existence of this force would manifest itself in particles that have gluon constituents like glueballs or’
hybrid states, which can only exist because the gluon carries a colour charge. The unambiguous
identification of such states would be an essential proof of the validity of QCD. As of today, this
identification has not been achieved; the difficulty is largely due to the complexity of the particle
spectrum in the 1-2.5 GeV region, where qq, gg, qqg, and qqqq states are expected to exist. In
addition, states with different constituents may overlap in mass or mix with each other. Therefore it is
very important to find criteria by which one can distinguish the nature of the different objects. The J°¢
values possible for five alternatives are listed in table 4. Naturally, states with quantum numbers
inaccessible for qq states are of particular interest in the search for “exotic” phenomena.

In the following sections we outline by which means theoretical models and QCD inspired
phenomenology may identify these quark and gluon compound states. The discussion is not intended to
be an exhaustive review of all models since excellent reviews [29] have been written on the subject.

2.4.1. Bound states of gluons

Glueballs, being singlet states in SU(3) 0., @1d SU(3)g,v0ur» €an neither carry isospin, nor charge,
nor flavour. Although there are indications that bound states made of gluons exist, masses, widths, and
mixing with other states cannot be rigorously calculated yet. Glueball masses have been estimated in
the context of several models: lattice Monte Carlo calculations [30, 32, 33], bag models [36, 37],
potential models [38], effective lagrangian models [39], and QCD sum rules [40]. These models are in
approximate agreement on the general scale of the mass spectrum (see fig. 7); however, none is devoid
of problems. Of all approaches, the lattice technique [31], an attempt to perform true QCD calculations

Table 4
Allowed qq, qqgq, hybrid, and glueball states. Listed are the J°° combina-
tions that are allowed for the various states. If the valence gluons are
massless, the states marked by ¥ are forbidden by Yang'’s theorem [228]. A
0" hybrid state is only allowed with one unit of angular momentum between
the qq system and the gluon”.

1PC - — -
E,

MY vk “lqg 123 =22
0 yes yes yes yes yes
0" - yes yes® - yes
0 yes yes yes yes yes
0" - yes yes - yes
1" yes yes yes yes® yes
1 yes yes yes - yes
1 - yes yes yes® yes
1 yes yes yes - yes
2" yes yes yes yes yes
27 - yes yes - yes
27" yes yes yes yes yes
27" yes yes yes - yes
3t yes yes yes yes yes
37 yes yes yes - yes
37 - yes yes yes®” yes

37 yes yes yes - yes
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Fig. 7. Predictions for glueball masses. The figure is based on a—non-comprehensive—compilation by A. Le Yaouanc et al. [34]. The value for the
0"" glueball mass is taken from ref. [35].

in a non-perturbative manner by employing Monte Carlo techniques, has the best chance to eventually
give accurate quantitative results. Until now, quantum corrections due to fermion loops are not
included in the calculations so that the effect of mixing with qq states is not incorporated in the
results.*’ It is commonly accepted that the lowest lying glueball states are those with J°“ =0**, 0™ " and
2"". Spin 1 glueballs can only be produced by off-shell gluons due to Yang’s theorem. There have been
arguments about which of these is the lowest in mass [32]. Most recent lattice calculations compute that
the 0 state is close to or lower in mass than the 2* " state. For more convincing mass predictions one
will have to wait until more powerful computing methods and computers have been introduced. It has
been estimated [51] that computing speeds of 30 gigaflops for a reduced and 3 teraflops for a full
calculation are necessary for a definite prediction of glueball masses, several orders of magnitude more
than current supercomputers and dedicated number crunching farms can achieve.

A word should be said concerning the expected width of gluonic states. According to the glueball
lore, the width of glueballs should follow the “VOZI” rule [52]. This rule is derived from the
observation that in OZI forbidden meson decays the quarks annihilate into gluons which then mediate
the decay to the final state hadrons. In contrast, a glueball decay does not have to proceed through
quark annihilation. The rate should therefore typically be given by the geometric mean between the
rate of an OZI forbidden and an OZI allowed transition, i.e., ~V FncI’p~10—50 MeV. This naive
argument has been criticized on several grounds [53] and, lacking any detailed calculation, one can only
state that the width cannot be used to provide any guidance, not even qualitative, in the search for
gluonium states.

For the purpose of guiding experimental searches for glueballs it is better to rely on rather general

*) Attempts to estimate the mixing between qq states and gluonia have been made; see, e.g., refs. [50].
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properties of glueballs which are based on their singlet nature and preferable production in gluon
favoured reactions such as radiative J/¢ decays, pomeron—pomeron scattering, and OZI suppressed
processes. Semi-quantitative criteria along these lines will be discussed in chapter 7. These criteria
should always be employed with a critical mind as will be discussed below for the example of flavour
symmetry in the decays of glueballs.

Naively, the decays of glueballs should refiect their singlet nature of SU(3)g,,.., and thus show a
flavour-symmetric pattern. However, several authors have argued for various reasons that an SU(3)-
symmetric decay pattern on the quark/gluon level is not expected to be maintained on the hadron level.
For (TM) gluons in a spherical bag Chanowitz and Sharpe [54, 56] find that decay modes to kaons are
substantially enhanced, a result also obtained in models using QCD sum rules [55]. In addition, helicity
conservation may favour final states with strangeness. For J =0 glueballs, for instance, this mechanism
can suppress decays into two massless spin 1/2 fermions and can enhance ss production by a factor of
m’/m’ [54, 55]. Finally, form factor effects [57] or mixing with ordinary quark states [58, 59] have been
invoked to explain a suppression of = decays.

2.4.2. Hybrid states

Hybrid states [44], also called meiktons or hermaphrodites, have been predicted in bag models [45],
lattice gauge calculations [46], chromodynamic flux tube models [41], and in models based on QCD sum
rules [47]. In hybrid states, the colour octet component of a 3 X 3 quark—antiquark pair is neutralized
by a constituent gluon. Unlike glueballs, hybrids appear also as isodoublet and isovector states. The
states lowest in mass are made from quarks and gluons in relative s waves. In the bag model the valence
gluon can either be transverse electric (TE, J* = 17) or tranverse magnetic (TM, J* = 17) with positive
and negative parity, respectively. Since gluons carry one unit of spin, four ground state nonets each can
be formed,

ladgre): 07" Xgre=1"", 177 Xgp={0"",1"",277}, (20)
|q(_1gTM>: 0" X8m = 1 s 1 Xgy= {0++a 1++32++} . (21)

Bag model calculations [45] agree on the mass scale of the hybrid spectrum (1.2-2.5 GeV). In particular
they predict the mass ordering

m0 ) <m(1™)<m(1”" 7 )<m(2™"). (22)

Two typical sets of mass predictions [45] are displayed in fig. 8. Hybrid states with a transverse magnetic
gluon are expected to be several hundred MeV heavier than the ones with a transverse electric gluon.
While results obtained on the lattice [46] are in fair agreement with bag model calculations, the
corresponding mass predictions are higher in flux tube models [42].

Following Chanowitz [48], two general comments can be made regarding the decays of hybrid
mesons. The first comment concerns hybrid states which contain a non-strange qq pair (denoted as ¢
below) but decay into final states with strangeness. The decay chain

(£5),5¢"),

(26,69, >

(")~ (2,9, ~|
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Fig. 8. Predictions for the masses of hybrid states. Shown are predictions from Barnes and Close (solid) and Chanowitz and Sharpe (dashed) for
Crp/ Cryy = 0.5 (both ref. [45]).

can lead to colour singlet final states either by rearrangement of the quarks or by soft gluon exchange.
If the latter occurs at an appreciable rate, final states like ¢w or w$ may be a signature of a hybrid
decay since such final states are OZI forbidden for all qq mesons.

The second comment concerns the possible preference for final states containing one meson in an
orbitally excited state. The decay of a hybrid state into two mesons can either lead to a relative s wave,

lagg) > 1q@) ~°ld'q" )" (s wave), (24)

or relative p wave,

lagg) = 1qa) °la'q’}™* (p wave), (25)

between the final state mesons by transferring the qq angular momentum to an orbital momentum
between the final state particles. Using a chromodynamic flux tube model Isgur, Kokoski, and Paton
[42] have argued that the sequence of eq. (24) dominates, leading preferentially to final states with one
meson being excited, such as b;(1235)w, f,(1285)w, and K}(1430)K. This, and the prediction that

hybrid states generally have fairly large widths of typically 0.5-2 GeV [42], may be the reason why they
have so far escaped detection.

2.4.3. Four-quark states

The fact that most mesonic resonance states can be accommodated for in the simple qq classification
is quite remarkable, since the light mesons constitute relativistic systems. If qqqq, qqqqqqg, etc. wave
functions were important for meson spectroscopy, it would have been much more intricate to establish
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the quark model and QCD. In principle, evidence for four-quark states could easily be found by
searching for exotic quantum numbers, e.g. states with charge or strangeness 2. However, no tell-tale
candidates for qqqq states have yet been found. Bag model calculations [43] offer an explanation to this
fact by predicting that

o the lowest lying qqqq states do not carry exotic quantum numbers and form nonets carrying the same
quantum numbers as qq nonets, and

e most qqqq can fall apart into two colour single mesons and thus have a decay width in the order of
their mass, too wide to be detected as a resonance.

The four-quark states which one may hope to observe are those whose nominal masses lie below the
thresholds of their principal fall-apart modes. It has been argued [43] that f,(975) and a,(980) are
candidates for the /=0 ss(uu+ dd) and I =1 ssdu states of the lowest lying scalar four-quark nonet.
Because of their quark content these states will couple strongly to KK. However, being below the KK
threshold these decays are strongly suppressed by phase space. For the £,(975) the remaining dominant
channel is mm, which requires an OZI violation to annihilate the ss quark pair. The quark content and
the estimated masses for the lightest qqqq nonet with J°©=0"" is shown in fig. 9.

As discussed above, most qqqq states are expected to be essentially unconfined and therefore will
not be observable as resonance peaks with reasonably narrow widths. Those few four-quark states
whose mass is below their principal fall apart mode will feature an unusually large fraction of decays
into pseudoscalar and vector meson pairs.

2.4.4. Production of mesons, hybrids, and glueballs in J/\y decays
A naive estimate of the production rate of the various particle species based simply on counting
powers of the electromagnetic and strong coupling constants yields [48]

F3y—>yG)=0(aai), TJ/4—>yH)=~O0(aai), T(J/y—yM)=~O(aa;),
(26)
I3/y—>MH)=~O0(a;), TI(J/6—>MM)=O0(a), T(/y—>MG)=~0(a;),

where M, H, and G denote mesons, hybrids, and glueballs, respectively. From these estimates one
obtains the hierarchies

I'd—~G)>TI(/y—>yH)>TIJ/—>yM),
(27)
I(J/p—=MH) > I'J/y—MM') = I'(J/y—MG).

While these simple estimates are certainly too naive to be trusted without a detailed calculation, one
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Fig. 9. The lightest qqqq nonet. Quark content and mass estimates of the scalar qqqq states [37].
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can nevertheless see why the radiative decay channel has been considered a ‘“hunting ground” for
gluonic bound states. Note that hybrid states, if they exist, should be produced with a fairly large

production rate in J/i decays. A possible production of qqqq mesons in J/¢ is discussed in refs. [49,
319].

3. The experiments

Results on J/{ decays are almost exclusively obtained from experiments operating at e "¢~ storage
rings, such as SPEAR [60] at Stanford, ADONE [61] at Frascati, DORIS [62] at Hamburg, and DCI
[63] at Orsay. The BEPC storage ring in Beijing, China, is expected to start operation in 1989. Some of
the machine features relevant for the study of decays of the J/{ and the performance of the detectors
are listed in table 3.

One may divide the set of detectors that provided measurements of J/i{s decays into three generations
(table 6). Under the label “first-generation” detectors we gathered detectors that were operational
around the time of the J/{ discovery or soon after. The list includes the SLAC-LBL (Mark I) detector,
the prototype of modern multipurpose € "¢~ storage ring experiments covering a large solid angle.

The *‘second-generation” detectors came into operation in the late seventies and introduced new
detector elements like central drift chambers (Mark II), superconducting solenoids (PLUTO), or
high-resolution photon detectors with large solid angle coverage (Crystal Ball). The quality of these
detectors may be judged from the observation that most of them have subsequently been used at other
storage ring facilities such as PEP, SLC (Mark II), PETRA (PLUTO), or DORIS (Crystal Ball).

The “third generation” finally started to come into operation at the beginning of the 1980s, its design

Table 5
Machine parameters of the e”e” storage rings SPEAR, DORIS, DCI, and BEPC (projected)
that are relevant for the study of the J/ parameters and decays are listed. The values are given

for E,,,, = m,/2. Some of the values have changed during the time the rings were in operation.
SPEAR DORIS DCI BEPC

energy spread AE (MeV) 1.7 1.0 14 0.6

bunch length o, (mm) 26 30 190 22

peak luminosity (cm 7s™') 0.5x10°° 2x10% 1.3%10% 5% 10%

Table 6

e’e” detectors operating at the J/{. Detectors that are written in bold face are described in some detail below.
First generation Second generation Third generation
(mid 1970s) (late 1970s) (1980s)
Mark I [65] (SPEAR) PLUTO [76] (DORIS) DM2 [75] (DCI)
MEA, 2v, BB [64] (ADONE) Crystal Ball [68] (SPEAR) Mark III (74} (SPEAR)
DASP [67] (DORIS) Mark II [66] (SPEAR) BES [77] (BEPC)
DESY-Heidelberg [69] (DORIS) OLYA [70] (VEPP4)

SP-14 [73] (SPEAR)
BONANZA {71] (DORIS)
SP-27 [72] (SPEAR)

LGW [78] (SPEAR)”

* The Mark I detector was augmented by a lead glass wall for electron and photon detection [78].
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profiting from several years of analysing complex J/{ decays. One of the lessons learned was to increase
efficiencies and reduce the level of background events by enlarging the solid angle coverage, improving
particle identification, and guaranteeing a high efficiency for both charged and neutral tracks over as
large a momentum range as possible. The other lesson learned was that by employing kinematic fits,
good energy resolution of neutral showers proves to be less important than good spatial resolution,
uniformity, and detection efficiency at low energy. In the following sections we will describe some of
the detectors in more detail.

3.1. First-generation detectors

Within days after the discovery of the J/¢ at BNL and at SLAC the existence of the J/{ resonance
was confirmed by the Gamma Gamma, MEA, and Baryon Antibaryon Collaborations at ADONE and
by DASP at DORIS. (To reach 3.1 GeV, the energy of the storage ring ADONE was pushed beyond its
nominal limit.)

The SLAC-LBL detector (Mark I) [65] was the first solenoidal e e detector covering a large solid
angle. The momenta and directions of charged particles are measured in two cylindrical proportional
chambers and four sets of spark chambers in a magnetic field of 4 kG extending over a region 3 m in
diameter and 3 m in length. A set of 48 scintillation counters at a radial distance of 1.5 m provides TOF
information with a resolution of 0.4 ns. Outside the coil a cylindrical array of 24 lead scintillator shower
counters, covering the polar angle range from 50°-130°, is used for electron identification and
triggering. Outside the 20 cm thick iron magnetic flux return, planar spark chambers cover roughly 70%
of the azimuth. Additional muon detection for 15% of the azimuth is provided by a tower above the
main detector, consisting of concrete slabs interleaved with spark chambers. In total approximately
150000 hadronic J/{ decays were recorded by the SLAC-LBL detector.

The two-arm spectrometer DASP [67] combines a non-magnetic inner detector covering 70% of the
solid angle and two identical magnetic spectrometers symmetrically positioned with respect to the
interaction point. The spectrometer arms, covering 0.9sr, provide high momentum resolution of
a,/p =0.007p (GeV), particle identification by means of gas Cerenkov and shower counters with
o./E=30%/VE (GeV), and time-of-flight measurements (o, = 260 ps over a flight path of 5m).

3.2. Second-generation detectors

The non-magnetic Crystal Ball detector [68] is optimized for high-resolution measurements of
electromagnetically showering particles and is therefore ideal for the study of inclusive and exclusive
events containing photons. A schematic view of the detector is displayed in fig. 10 and the main features
are listed in table 7. During operation at SPEAR the central tracking system consisted of one
proportional chamber sandwiched between two spark chambers, covering 94% of 41 for the innermost
chamber and 71% of 4= for the outermost chamber. While tracks in all chambers are required for
chamber-reconstructed trajectories, information from the innermost chambers may be enough to reject
events with charged tracks. The main part of the detector is a spherical shell made of 672 individual
crystals of 16 radiation lengths thick sodium iodide doped with thallium (NaI(T!)). The resulting energy
resolution is about 4.8 MeV at 100 MeV, and the efficiency for detecting photons is 100% for energies as
small as 1 MeV. The main ball covers 93% of the solid angle; including the end caps increases the
coverage to 98%. While energies of muons and charged hadrons cannot be determined, a separation
between hadrons, muons and electrons is to some extent possible due to their different transverse
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Fig. 10. Schematic view of the Crystal Ball detector.

Table 7
List of features of some second- and third-generation detectors
Mark III DM2 Crystal Ball Mark 11

charged tracking:

a,/p at 1GeV 2.1% 3.5% - 1.7%

solid angle 84% 87% 71-94% 5%
shower counters:

a,/E at 1GeV 17% 35% 2.6% 11%

E(eff = 100%) (MeV) ~100 ~100 <1 ~400

solid angle 94% 70% + 12% 93 +5% 0% + 20%

longitudinal sampling 0.5-1.5r.l 0.25-0.5r.l. - 0.7-1.8r.l.

a, (polar) 15mr T mr 17-35 mr 7 mr

a, (azimuthal) 7 mr 10 mr o,/sin @ 7 mr
particle identification:

TOF resolution 190 ps 540 ps - 300 ps

3o w/K separation 0.85 GeV 0.42 GeV - 0.8 GeV

solid angle 80% 80% - 75%

# of /i decays 5.8x10° 8.6 x 10° 2.2x10° 1.3x 10°
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energy deposition patterns in the crystals. For fully detected J/¢ decays energy and momentum
constraints can be used to completely reconstruct the event even if charged particles are present.

The main features of the Mark II detector [66] are listed in table 7. The momenta of charged tracks
are measured in a cylindrical drift chamber containing 16 sense wire layers of radii from 0.41 to 1.45 m.
The magnetic field of 4.1kG allows a measurement of particle momenta over 75% of 47 with an
accuracy of a,/p= [(0.010p)* + (0.0145)°]""?, where p is the track momentum in GeV. The drift
chamber is surrounded by 48 scintillation counters, 2.54 cm thick, providing a time-of-flight resolution
of 300 ps. The liquid argon calorimeter behind 1.36 radiation lengths of solenoidal coil covers 70% of
the solid angle and contains about 14 radiation lengths of lead and argon with readout strips parallel,
perpendicular, and at 45° to the beam axis. The energy resolution above 0.5 GeV is o,/E =0.11/VE
and the angular resolution is about 8 mrad, both in azimuth and polar angle. The measured photon
efficiencies are 15% at 100 MeV, 50% at 200 MeV, and >90% above 400 MeV. Additional shower
counters at small angles relative to the beam extend the solid angle coverage to 90% of 4. Finally, two
steel walls each followed by one layer of proportional tubes are used for the detection of muons with
momenta above 700 MeV, covering an angular range of 55% of 4.

3.3. Third-generation detectors

The DM?2 magnetic detector [75] is depicted in fig. 11 and its main features are listed in table 7. A
5 kG magnetic field is produced by a 2 m diameter and 3 m length solenoid with a 1 X, aluminium coil.
Charged track momenta are measured by two layers of cylindrical proportional and 13 layers of drift
chambers over 87% of the solid angle with a momentum resolution of 3.5% at 1GeV. Inside the
solenoid coil, 36 scintillator counters measure the time of flight of charged particles; the resolution of
540 ps is dominated by the uncertainty on the interaction time (440 ps) introduced by the longitudinal
beam spread. A 30 w/K separation is obtained up to 420 MeV and 3o w/p separation up to 830 MeV.
The photon detector, placed outside the coil, is segmented into 8 octants of 5 radiation lengths
thickness. Each octant consists of 14 planes of delay line streamer tubes interleaved with lead and 5
planes of scintillators. The barrel covers 70% of the solid angle with a detection efficiency greater than
96% for E > 110 MeV; the resolution in the photon detection is 10 mrad in azimuth and 7 mrad in polar
angle. The resolution in energy scales as o,/E =0.19/VE (GeV) below 300 MeV and stays at the level
of 35% above. The two end cap detectors, covering an additional 12% of the solid angle, have mostly
only been used as veto counters since they do not provide an energy measurement. The granularity of
the shower detector allows a measurement of the shower apex with an accuracy of the order of 1 cm and
to reconstruct the track direction for both charged particles and photon showers.

The Mark Il detector [74] (fig. 12) is a general purpose solenoidal detector optimized for the
reconstruction of exclusive hadronic final states in the SPEAR energy range. A low-mass inner drift
chamber surrounding the beryllium beam pipe provides tracking and a first-level trigger. The main drift
chamber system, in a 4 kG magnetic field, measures the momentum of charged particles over 84% of
the solid angle with a resolution of o,/p = 0.015\1+ p* (p in GeV). Two stereo layers and charge
division on four of the axial layers provide a measurement of the polar angle. Charged particle
identification is obtained with a system of 48 time-of-flight counters of 5 cm thick scintillator, covering
80% of the solid angle and featuring a time resolution of 190 ps for hadrons. Between the TOF counters
and the solenoidal coil is a highly segmented gas sampling calorimeter consisting of 24 layers of
alternating 0.5 radiation length lead sheets and proportional counters. End cap counters of similar
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Fig. 11. Axial and transverse view of the DM2 detector.

design extend the photon detection to 94% of the solid angle. For 100 MeV photons, the shower
counters are fully efficient and have an angular resolution of approximately 10 mrad and an energy
resolution of ¢,/E =0.17/VE (GeV).

3.4. Analysis techniques

The techniques for analysing J/¢ decays have evolved over the years based on the experience gained
by many experiments. They are optimized for analysing data collected by e e multi-purpose detectors
and reflect the characteristics of J/{ decays leading to low-multiplicity events with rather low particle
momenta (typically less than one GeV). The necessity to reconstruct 7’s over a large momentum range
requires optimized procedures to detect very low-energy photons in the presence of spurious
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backgrounds*’ as well as high momentum =*s where the two photons have merged into one shower
cluster.**’ Kaons and protons have to be safely identified without substantial deterioration in the
acceptance (see fig. 13).

The analysis techniques for detecting J/& decays have some common features for different final
states and even for different experiments. The event selection for a desired final state usually begins
with the requirement of a compatible topology (exact number of charged tracks and a number of
showers equal to or larger than that required by the final state). Additional showers are allowed, since
the identification of photons is complicated by the fact that charged particles often interact in the
material of the shower counters, producing spurious clusters of hits, which can be mistaken for photon
signals. Analyses which eliminate showers inside a cone around charged tracks or require a minimum
photon energy help to cope with this source of background. The first-generation detectors (section 3.1),
handicapped by relatively meager statistics and inferior photon detection capabilities, sometimes
employed techniques allowing for missing particles. Similar methods have been employed for the
detection of final states including K} ’s and neutrons.

Particle identification, mostly by time of flight, is used whenever possible to distinguish pions, kaons,
and protons. To avoid efficiency losses due to K decays or geometrical acceptance, the cuts are chosen
as loose as allowed by background.

The events are often kinematically fitted by imposing constraints from energy and momentum
conservation and from final state invariant masses. This serves to improve the resolution of the
measured quantities, especially those which are poorly determined. In the case of the DM2 and Mark
III experiments, with good momentum resolution for charged particles but only average shower counter
energy resolutions, the fit substantially improves the photon energy estimation, which in turn improves

0 04 08 1.2 ’
MOMENTUM  (GeV/c)

Fig. 13. Identification of charged particies by TOF. Plotted is the particle velocity as obtained by a time-of-flight measurement versus the particle
momentum (Mark III).

*) Calorimeters that are highly segmented in lateral direction allow for a direction measurement of a shower. This can be used to distinguish
photons coming from the interaction region from spurious showers that originate from backscattered secondary particles. To remove background
events in which a n° is falsely reconstructed from a high-energy photon and a sccond spurious shower a cut on the emergy asymmetry
[(E,, = E,,)/p.o|, which is uniformly distributed for @° decays, is often introduced.

**) Crystal Ball has employed a technique based on the second moment of the energy distribution of a shower to disentangle photons from
merged ° showers and to estimate a global shower invariant mass [79].
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the determination of the invariant masses of subgroups of particles in the final state. After fitting, the
mass resolution is typically 1%. In the case of the non-magnetic Crystal Ball detector, with excellent
photon energy resolution but no momentum measurement for charged particles, the kinematic
constraints are essential for the reconstruction of events containing charged tracks. Furthermore, the
kinematic fits help in the reconstruction of events with spurious photons or ambiguous particle type
assignments. In such events, all possible combinations are tried in the fit and the confidence level is
used to identify the most probable set of photons and particle mass assignments.

The yield for a specific decay mode is determined from resonant peaks in the invariant mass
distributions. Signal events are extracted using fits of appropriate Breit-Wigner shapes, folded with the
resolution, and a parametrization of the background. To study the background, mass sidebands
surrounding the resonance are often selected.

The detection efficiency for a specific decay mode is estimated by generating events of the desired
type by Monte Carlo and passing them through the entire analysis chain. A systematic error arises from
uncertainties in the Monte Carlo simulation (typically 5%-20%), insufficient knowledge of the
underlying physics process, uncertainties in the branching fractions of the observed particles, and from
the determination of the total number of produced J/y’s (typically 5%-10%).

Among the variables that have been introduced for selecting radiative J/{ decays, the quantities U
and ptv are worth mentioning. Both variables are particularly suited for the case where the four-

momentum of the hadronic system recoiling against the radiative photon is precisely determined, which
is, for example, fulfilled if the hadronic final state contains only charged tracks. The variable

U=|E, . - P

missing missing| ’

(28)

where Emissing denotes the missing energy from the system recoiling against the radiative photon and
PmlSSlng is the missing momentum, gives a more precise estimate on the mass of the missing particle than
the missing mass M’ missing = (Emissing T Prissing) Us When M . is small. Since U is linear in E,; . the
error in U does not depend to first order on the magnitude of the missing energy. In common e e

detectors, the resolution in U is good enough to be able to reject events where more than one =«
escaped detection.

The variable [80]
pi = 4| py|*sin’8/2, (29)

where p, is the momentum vector of the radiatively produced system X and 8 is the angle between py
and the radiative photon, depends on the angle measurement but not on the energy measurement of the
photon. Consequently it is a very sensitive quantity when the directions of the photon and the recoiling
hadronic system are precisely determined. The observation that this variable has approximately
constant resolution as a function of the energy of the radiative photon makes it particularly useful to
statistically separate radiative from non-radiative channels. An application for the J/y—y2(mw" w ")
reaction, which is contaminated by J/{— 1102(11 7 ) decays, is shown in fig. 14. While the background
reaction produces a smooth distribution in pt the radiative decay process is sharply peaked at pt =0.

(This technique was first employed by Himel et al. [80].)
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Fig. 14. Statistical separation of radiative and non-radiative decays. pfy distribution for y(w°yn n m'x " final states. The band represents the
background distribution from J/§— 5% extrapolated from above (Mark III [345]).

4. The resonance parameters of the J/

4.1. Mass determination

The mass of the J/{ has been measured quite precisely in the Novosibirsk € e storage ring [81] and
in collisions of a stochastically cooled [82] antiproton beam with an internal jet target at the ISR at
CERN [83]. The precision of the mass determination in e "e” storage rings is limited by the uncertainty
in the calibration of the absolute energy scale (=1MeV). This can be overcome by exploiting the
resonance depolarization method, which has been perfected by the Novosibirsk group [84]. The method
is based on the measurement of the spin precession frequency {2 of the polarized beam electrons, which
is related to the beam energy by the relation

Zeo(2). (30)

[

Here « is the ratio of the anomalous and normal parts of the electron’s magnetic moment and w is the
beam revolution frequency, which is known to an accuracy of better than 10~ The spin precession
frequency {2 is determined by slowly varying the frequency w, of a depolarizing field, leading to an
actual depolarization when w, = {2. This method allows the determination of the beam energy to a
relative accuracy of 3 X 10™°, which is 10 times more precise than previous measurements and 5 times

more accurate than the beam energy spread. The final result for the J/¢ mass, taking into account
radiative corrections [93], is

m, = (3096.93 % 0.09) McV . (31)

At the ISR it was possible to control a p beam to a high precision allowing for an absolute calibration

of the centre of mass energy to a fraction of an MeV. The CERN ISR experiment R704 has studied the
process
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pp—J/b—e’e” (32)
to precisely determine the mass of the J/{. They obtain
m,, = (3096.96 = 0.10 = 0.30) MeV , (33)
where the systematic error arises from uncertainties in the beam momentum calibration.
4.2. Measurement of the total width
The total width has not been measured directly since the energy spread in both e "¢ (AE =~ 1.7 MeV

at SPEAR) and pp machines (AE =0.7 MeV) is too large. It can, however, be inferred from the
integrated leptonic reaction rate and the leptonic branching ratio employing the formula

@

2h2 2 I" R 2
E;e = J O'(E) dE = o 2 < (ﬁ) Eotalzgﬂonb MeV . (34)
e [ tota

Here, the left-hand side of the equation has been corrected for the effect of initial state radiation, which
constitutes a significant correction (see section 5.2.2). From the average of all measurements one then
finds [23]*’

T = (T4 8)keV . (35)

It should be pointed out that this result has been obtained by first-generation experiments using
relatively small data samples, thus it could be easily improved in a relatively short amount of running
time.

4.3. The quantum numbers of the J/{

One of the early investigations of J/{ decays was the determination of its quantum numbers [85, 86].
The study of the leptonic w* .~ final state, showing interference with the non-resonant amplitude, leads
to the conclusion that the J/y carries the quantum numbers of the photon, i.e., J°¢ =177 (see fig. 1b).
The G parity has been established by studying multi-pion final states. The G parity of a pion is defined
as

Gln™) = Ce™|n") = C(=|-7")) = —|n%) ,
. (36)
Gln®) = Ce™[n") = C(=|n°)) = —|n°) ,
leading to the general expression for a system of n pions

Glnm) =(-1)"|nmw) .

*) This value is obtained from the expression I, = I,/ B, =(5.1+0.3)/(0.069 = 0.006) keV, assuming lepton universality.

ee’ “ee
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Fig. 15. Determination of the G parity of the J/¢. Comparison of the ratio of multi-pion to . pair production on and off resonance, for various
multi-pion channels [85).

Consequently, G parity invariance for strong decays implies odd and even numbers of pions in the final
state for G=—1 and G = +1, respectively. In fig. 15 the ratio R;/R;, where R, =0,./0,,, is
plotted for several final states with different n. The cross sections o°" and o°" refer to the cross sections
obtained on and off the J/{ resonance, respectively. The formation of w pairs and the off-resonance
production of hadrons proceed via a virtual photon (fig. 4b), an electromagnetic process where isospin
or G parity is generally not conserved. From the observation [85] that the J/{ preferably decays into an
odd number of pions, the G parity is determined to be G =—1. The data are consistent with the
hypothesis that all final states of even numbers of pions are produced by one photon annihilation, while
the access of final states with odd numbers of pions is due to the direct decay of the J/¢, fragmenting
into three gluons (fig. 4a). Since G = C(—1)', the isospin must be even.

The observation of the decays
J/y— AA, pp, K*K, (37)

which cannot occur if the J/{ is an isotensor, and the ratio of B(J/y—w’p")/BJ/Y4—n"p~)=
0.49 +0.01 £0.03 [127], which should be 0.5 (2.0) for =0 (I =2), determine the J/§ to be an
isosinglet state. The decay pattern of the J/¢ into pairs of mesons (see sections 5.3.2 to 5.4) establishes
that the J/\ is also consistent with being an SU(3) singlet.

5. Non-radiative decays of the J/{

The study of non-radiative J/¢ decays is rewarding because a multitude of leptonic, mesonic, and
baryonic final states is produced by fairly well-defined electromagnetic and hadronic decay mechanisms.

The leptonic decays, electromagnetic in origin, give an estimate of the J/¢ wave function at the
origin, and thus serve as a normalization for other decays (sections 5.2 and 2.1).

Electromagnetic decays of the J/\{ into hadrons allow one to measure the form factor of the final
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state particles at Q° = mi and complement measurements made at lower momentum transfers (section
5.4).

At first sight, the set of measured hadronic decay channels may appear overly complex. However,
simple ideas, such as SU(3);,.,..., invariance and Zweig’s rule (section 2.3), represent powerful tools to
classify mesonic and baryonic final states (see sections 5.3.2 to 5.3.5, and 5.6). A particular application
is the possibility to tag the flavour of final states X in two-body J/¢ decays like J/{— ¢ + X and
J/¥— w + X. Dominance of the SOZI diagrams of fig. 6 implies that the quarks of the final state
hadrons are correlated so that the sS meson ¢ acts as a probe to detect final states with strangeness,
while the uu + dd meson o goes with non-strange systems. These ideas serve as a qualitative guide to
understand the spectrum of J/{ hadronic decays. A more detailed quantitative treatment must account
for electromagnetic transitions, SU(3) breaking effects, and contributions from disconnected diagrams.
Phenomenological models trying to incorporate all of these effects have been put forward by several
authors both for mesonic [118, 199, 256, 257] and baryonic final states [186]. For the case of €-allowed
decays to two mesons we will follow the prescription of Seiden et al. [256], which is outlined in section
5.3. The corresponding models for the é-forbidden two-body decays [199] and baryonic decays are
introduced in sections 5.4 and 5.6.1, respectively.

5.1. Inclusive studies of J/{ decays

The J/¥ energy is too low to show distinct jets of particles and a large fraction of its decays are
few-body decays. The average number of charged and neutral pions per decay is 3.8 = 0.3 and 3.1 £ 0.8,
respectively [87]. Due to the large angular coverage of e*e” detectors, good particle identification
capability, and good resolution obtained by kinematic fitting, the full reconstruction of these final states
has been routinely achieved even for topologies like J/{y— yww with four charged and five neutral
particles. Because of these reasons only a few studies of inclusive J/{ decays have been done so far
[87-90].

Figure 16 shows the momentum distribution of charged pions, kaons, and antiprotons in J/{ decays
obtained by DASP [89]. Integrating over all momenta one finds the charged particle fractions

R,-=(875%13)%, Re-=(89x10)0%, R,,=(36%0.9)%. (38)

The behaviour of the inclusive spectra and particle multiplicities for J/i decays is very similar to that
found in the non-resonant region of e e reactions or in central pp collisions [91].

That it nevertheless makes sense to make use of the enormous data samples of J/{ decays in
inclusive studies has been shown by the Mark II Collaboration [90]. Figure 17 shows the inclusive 7" 7~
mass spectrum in J/{ decays, based on a sample of 1.3 X 10° J/¢ decays. The combinatorial back-
ground, which can be estimated from the same-sign combinations w %" and = m , has been
subtracted. The spectrum shows clear indications for the p(770), the »(783) (shoulder at the high side
of the p peak), the £,(975), and the f,(1270). The solid curve shows the result of a fit composed of four
incoherent*’ Breit-Wigner functions.

A slightly better fit in the 1 GeV region has been achieved by using a coupled channel parametriza-
tion for the f,(975) (see section 5.3.3). The fitted pole position in the complex mass plane is determined
to be

*) Since the G parity of the J/ is odd, the allowed strong decays are w + 2n pions and p + (2n — 1) pions, in different final states.
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Fig. 16. Differential cross sections for inclusively produced particles. The cross section do/dp is plotted for m*, K™, and 2 - p inclusive final states

[89].

mpole = (974 *4- 1(14 * 5)) MeV .

(39)

The inclusive branching ratios, obtained from the fit of fig. 17, are listed in table 8 and compared to the
sum of exclusively reconstructed events containing a p, w, £,(975), or f,(1270), which account for
(10-30)% of the inclusively measured single-particle production. The observed ratios of w/p” and
f,(1270)/p" are consistent with the values measured in mp, pp, and pp interactions [92].
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Fig. 17. Inclusive =" =~ invariant mass spectrum in J/¢ decays. The non-resonant background has been subtracted [90].
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Table 8
Measured branching fractions of inclusive J/{s decays. Listed are results from the Mark II Collaboration [90]. The
branching fractions for each of the resonances R in the J/{— R + X reaction are corrected for unobserved decay
modes. In particular B(w— = w~ ) =0.014 £ 0.004 and B(f,(975)— 7m) = 0.78 £ 0.03 have been assumed.

BU/y—R+X) BU/—R+X)
R (inclusive) (%) (exclusive) (%) exclusive channels considered
o’ 83+08 >1.0£0.1 o', p°ay, ¥0'p° )
® 13.4x47 >49+09 omw, odr, oKK, oKKn, wpp, oy, o, Yoo
£,(975) 0.54%0.10 >0.042 + 0.005 of,, of,
£,(1270) 1.6+0.2 >0.58 +0.05 of,, ¥,

Many of the inclusive f,(975) events result from multi-body final states or cascade decays. This can
be seen from fig. 18, where the mass of the system recoiling against an f,(975) is displayed. The
spectrum is peaked towards higher masses, indicating high multiplicity.

5.2. Decays of the 1/ into leptons and photons

Leptonic decays of the J/¢ provide a very clear signature and have been used in hadroproduction
and e”e” storage ring experiments to identify charm or beauty. The measurement of the leptonic decay
rates gives an estimate for the J/¢ wave function at the origin and may therefore serve as a
normalization for other decays. Because the J/{ mass is below the 7"1~ threshold, only the leptonic
decays J/y—e"e”, p"p.” can be investigated in lowest order. While the J/y— yy decay is forbidden by
C parity conservation, the photonic decay J/¥— yyy is allowed by the selection rules.

5.2.1. Y- yyy

The J/y— yyy decay has been studied by the DASP [67, 107], Crystal Ball [109], and DM2 [110]
experiments, which feature triggers for final states with neutral particles only. The decay is dominated
by intermediate yn°, ym, yq' final states (see fig. 62, section 6.3.1). The DASP [67, 107] and Crystal
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Fig. 18. Recoil mass spectrum against f,(975). The mass spectrum is background subtracted.
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Ball [109] Collaborations have studied the part of 3y production that does not proceed via intermediate
resonance states. The upper limit by Crystal Ball of

B(J/$—3y)<55x107° (90% C.L.) (40)
is still a factor =3 above the QED expectation [see eq. (4) in section 2.1].

522 Jy—e'e, -
The leptonic branching ratios have been determined with the SLAC-LBL detector (Mark I) [111] to
be

B(J/y—e"e™)=0.069+0.009, BJ/y—p pn7)=0.069 +0.009. (41)

For the ratio of the electronic and muonic widths other experiments [112, 115] contributed as well,
yielding the averaged result of

B(J/y—e’e")
———————-=0.980+0.043 . 42
BAy—p'w) (%2
This value is consistent with unity as expected for e—p universality.

When determining the e *e” and ' p.” partial widths one has to consider the effect of interference
with the much*’ smaller non-resonant amplitude. For the muonic decay one finds (m,=0)

dO') _a_2 2 ep(2 _ en eu_i VI-‘GFM
(d.() b (1+cos’® )1+ |AY]* —2Re(AR")], Ay =5 M, —~s - il2°

tot

(43)

where in addition the machine energy spread and the effect of initial state radiation have to be taken
into account. The interference effect for the w* .~ final state is sizeable (see fig. 1b in section 1.1) and is
well described by the QED calculation, demonstrating that the quantum numbers of the J/{ are those
of the photon.

The effect of interference is much less pronounced in the case of the e e final state because of the
additional ¢-channel diagram of Bhabha scattering,

d 27(3+cos’@,\*
(ﬁ) = %s— [(1—_&)8—6) +(1+cos’0,)| Ax|* + interference term] . (44)

In this expression the small ¢-channel contribution to the resonance production has been neglected; Ay
is defined according to eq. (43). The values for the leptonic and hadronic widths can then be obtained

*) The peak cross section at the nominal mass of the J/i is a,, (resonant) ~ 8700 nb if one includes radiative corrections and interference effects.
Due to the finite energy resolution of the storage rings, the visible peak cross section is typically 40 times lower. For comparison, o, (non-
resonant) =~ 9 nb.
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by integrating over the resonance region and applying the formula

o«

final _ _ 6W2ﬁ2c2 FeeI;ina]
b —l o(E)dE = — ~Fo (45)

to the e*e”, p" 1, and hadronic final states in e e~ collisions. The J/{s is produced with a strength
proportional to its leptonic partial width.

In order to compare the experimental results with theoretical predictions, a proper treatment of
QED radiative corrections has to be performed. The original work, published at the beginning of J/
research, employed various methods to correct for radiative effects [93, 95, 97]. Since then, more
sophisticated tools for radiative correction calculations have been developed to cope with the much
more critical situation of Y and Z” decays [24, 96]. In this context, Baru et al. [98] have shown that the
Jackson and Scharre formalism [93] yields a 9% lower leptonic width than the Kuraev-Fadin method
[94]. Whether or not to include the effect of vacuum polarization [93, 95] depends on what needs to be
determined. To be consistent with the experimental B(J/y—e"e”) = I /I, , measurement, which by
definition includes the effect of vacuum polarization (II), one should also include this effect in the
radiative corrections. On the other hand, theoretical estimates for the leptonic widths are usually not
corrected for vacuum polarization and therefore have to be compared with the equivalent experimental
numbers. For the J/¢, Tsai [97] finds that the two quantities are related by the expression

rl.=r,xQ1-my?*=r,_-0.958, (46)

where I',, does not include the vacuum polarization term.

Along these lines, Konigsmann [23] and Alexander et al. [24] have corrected the early determina-
tions of the leptonic widths obtained at the SPEAR [113], ADONE [87, 114, 115], and DORIS [67,
116] storage rings in a consistent way. Following ref. [23] one obtains*’ the average values of

re,=(49+03)kev, I, =(5.1%03)keV. (47)

The measurements of the leptonic widths are of interest since they can be compared to theoretical
calculations including higher-order QCD corrections [see eq. (3) in section 2.1].

Table 9 lists various results on I'y,. The lowest-order calculations {100, 101] clearly demonstrate the
need for the inclusion of first-order QCD corrections [102, 105, 106]. It is found that relativistic
corrections increase the leptonic width by ~20% [103], while QCD radiative effects decrease it [106]. It
should be noted that QCD sum rules also predict leptonic widths rather accurately [104]. The value for
- I, fits nicely into the empirical finding [117] that the ratio I}/ qquark)2 is approximately constant for
all vector mesons, indicating that the assignment g, = § is correct (see fig. 19).

A last remark concerns the possibility of determining o, from the ratio of leptonic and hadronic
widths, which is independent of wave function ambiguities. A theoretical expression has been derived
[17-19} in a non-relativistic approximation [see eq. (7) of section 2.1] including first-order «, correction
terms. The large O(a,) correction corresponds to a substantial fraction of the total rate, suggesting that

*)The electromagnetic width has been calculated from the experimentally measured quantities I.,I;, /I, = (4.4 +0.2)keV, and B =
L./, =1-2x B(J/y— ¢"¢7) assuming lepton universality.

tot
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Table 9

Predictions for I'°,.
Author Reference I (kev) Remarks
Bander et al. [100] 9.0 lowest order in QCD
Falkensteiner et al. [101] 133 lowest order in QCD
Eichten et al. [102] 4.8
Jacobs et al. [103] 5.4
Sum rules [104] 43
Gupta et al. [105] 4.8
Buchmiiller et al. [106] 37+31
Experiment 4903

higher-order corrections cannot be neglected.*’ As a result, perturbative QCD is only a qualitative
guide to the decay rate of the J/{ into hadrons. If one would simply ignore the QCD corrections of eq.
(7), one would infer a,=~0.18 (see section 6.1).

5.3. Decays into meson pairs allowed by generalized C parity

In this section, the €-allowed decays J/&— PV, TV, SV, and AV are discussed, where P, V, T, S, A
denote members of the pseudoscalar, vector, tensor, scalar, and axialvector nonets, respectively. The
results will be compared to an SU(3) inspired model [256], which is briefly outlined below.

5.3.1. A model for two-body J/{s decays into meson pairs
In this chapter decays of the type J/{y— NN’ are considered, where N denotes a member of an
ideally mixed meson nonet (e.g. vector mesons) and N’ denotes a member of another meson multiplet.

20 T 17 l] T T ‘17' T 1 1T1
s B[ 0 Y(9460)
3 3/ 9(3100)
¢ ®(1020
& b 000200 o ¢
~ 10 [ w(783) .
&
N Sk N
[ W
0 ol | U W l L 11t l
0.5 1.0 5 10
Vs (GeV)

Fig. 19. Electromagnetic widths of vector mesons. Shown is the ratio of the leptonic width and the mean quark charge squared for the vector
mesons p = (uil — dd)/V2, w = (uil + dd)/VZ, b =55, I/§=cC, and Y =Dbb.

*) At the energy of the J/{ the three gluons are not energetic enough to appear as three distinct jets, indicating that non-perturbative effects
play a major role.
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We restrict ourselves to decays allowed by generalized € parity (cf. table 3). A general prescription for
all two- and three-body decays of J/{ and m, can be found in ref. [199]. As an example, we shall use the
decays into a pair of a pseudoscalar and a vector meson (P + V); the model can be extended to other
mesons by appropriate change of labeling. We follow here the prescription of ref. [256].

The wave functions of the two isosinglet mesons of the pseudoscalar nonet can be written [119] in
terms of the non-strange and strange components X, Y*),

In) = (X,/V2)|uii +dd) + Y, |s§) + Z_ |other components) , )
') = (X,/V2)lui +dd) + Y, |ss) + Z, |other components) ,

where we allow for additional contributions from other states like glueballs. In the absence of such
additional components one obtains the constraints

2 2 _ y2 2 — — .
X, +Y, =X, +Y. =1, X, =-Y,6 Y. =X, (49)

however, we do not make this assumption in the following discussion.
The parametrization of the amplitudes for J/{ two-body decays up to first order in the SU(3)
breaking is done by the following terms [256] (compare to fig. 20):
e the SU(3) symmetric singly OZI violating (SOZI) amplitude represented by g,
e the nonet symmetry breaking, doubly OZI violating (DOZI) amplitude r, which is expressed relative
to g, and
e the electromagnetic amplitude e.
e To account for SU(3) violations the following additional factors are applied:
—a factor (1-s,) for every strange quark contributing to g,
—a factor (1 —s5,;) for a strange member of the V or P nonet contributing to r, and
- a factor (1—s,) for every strange quark contributing to e.

(a} (b) {c)

Wy Wy 7y
gluonium

(d} {e) (f)

Fig. 20. J/{ decay mechanisms. Shown are diagrams for (a) SOZI suppressed strong decays, (b) electromagnetic decays, (c) DOZI suppressed
decays into mesons, (d) glueball production in DOZI suppressed decays, and (e), (f) DOZI suppressed electromagnetic decays.

*'If  and 4 were unmixed octet and singlet states, then m = (uil + dd — 255)/V6 and 7' = (ull + dd + s5)/V'3 corresponding to the quark
components X .=—Y =V2/3, X =Y = Vi73.
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The DOZI amplitude is taken to be r times the SOZI amplitude times a coupling factor depending on
the flavour content of the final state mesons. The coupling of the DOZI amplitude to the sum of u and
d quarks is V2 times the coupling to strange quarks. In principle one has to account for corrections
equivalent to the DOZI decays also for the electromagnetic amplitudes. The electromagnetic DOZI
diagrams of figs. 20e and f can lead to corrections of 30% and 20% to the amplitude e of the
one-photon exchange graph, respectively [256].

The model also tries to account for possible glueball production in J/{§ two-body decays. The DOZI
graph provides a way to produce glueballs associated with hadrons, as can be seen from fig. 20. The
corresponding expression in table 10 reflects the SU(3) singlet nature of gluonia; an additional
parameter f accounts for the difference in the coupling of two gluons to glueballs as compared to quark
states. With a similar ansatz, a possible gluonium admixture to quark states can also be accounted for.

The total amplitudes following these prescriptions are given in table 10. In order to simplify the
expressions one can exploit the fact that e, r, s, sy, and s, are small numbers. Without desisting from
the required precision one can drop any product of those quantities when compared with g or unity.
This results in the expressions of table 14 of section 5.3.2. Note that DM2 [124] and earlier publications
by Mark III [121] use an explicit SU(3) breaking term for the electromagnetic amplitude. Since the rate
for this transition is proportional to the quark magnetic moments, which in turn depend on m, ', the
contribution of s quarks to the electromagnetic amplitude is suppressed by an amount characterized by
the ratio of constituent quark masses, x = m /m, [120]. This second-order correction, if left out, does
not dramatically change the results [121].

The expressions of table 14 are equivalent [256] to those calculated by Haber and Perrier [199], who
use a somewhat less intuitive group theoretical approach. Note that, in a group theoretical language,
the existence of DOZI contributions corresponds to nonet symmetry breaking.

5.3.2. Decays into vector-pseudoscalar meson pairs
The states assigned to the ground state pseudoscalar qq nonet with J°“=0"" are identified as
n(539), 1'(958), w, and K. The complete set of decay rates of the eleven possible pairings of

-+

Table 10
Parametrization of amplitudes for J/¢s two-body decays. For clarity, the decays into pairs of
vector and pseudoscalar mesons are taken as an example. The table can be used for any other
decay of the J/§ into two mesons that is allowed by generalized € parity by appropriate
change of labeling.

Final SOZI DOZI

state amplitude correction

ptn”, p'n’ p T’ gte

K*'K', K*’ K’ gl-s,)+e(l+s,)

K*K’, K*°K’ g1-s,)-e(2-3,)

wn (g+e)X, + V2rg[VIX, +(1-5,)Y,]

on (g+e)X, + \/irg[\/iX,l, +(1-55)Y, ]

én [8(1-2s,)~2e(1-5)]Y, + rg(1-s,)[V2X, +(1-5,)Y,]
on' [8(1-25,) ~2e(1= 5], + rg(1=s)IVIX, +(1-5,)Y,]
m 3eX,

on’ 3eX,

an’ 3e

¢a’ 0

o + glueball Vergf

¢ + glueball V3rgf
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pseudoscalar and vector mesons that are allowed in strong and electromagnetic reactions has been
determined. Since the pseudoscalar ground state mesons are either stable or narrow and tend to be
produced relatively background free, it has been possible to examine many J/{— VP reactions in
different final states. Most of the measurements stem from detailed studies undertaken by Mark III
[121, 127] and DM2 [124, 125].

The decay matrix element in the J/¢ rest frame is proportional to

é, 6y X Py, (50)

where ¢, and éy, are the respective polarization vectors of the J/{ and the vector mesons, and P, is the
momentum vector of V. The angular distribution of the decay sequence

J/y— vector + pseudoscalar (51)
2 or 3 pseudoscalars

is uniquely determined by the expression

d’o
dcos 6, dcos 6, d¢,

o sin’6, [1 + cos’f, + sin’6, cos(2¢,)] , (52)

where 6, is the angle between the vector meson and the positron direction, and 6, and ¢, describe the
decay products of the vector meson in its helicity frame. For two-body decays, such as 6—>K K", 6,
and ¢, are the polar and azimuthal angles of the momentum of the K* with respect to the helicity
direction of the ¢. For three-body decays like w— w7~ n’, they represent the angles of the normal to
the decay plane with respect to the helicity direction. In the following paragraphs we will briefly
describe the evidence for the final states that have been studied. The results are summarized in table 11,
table 12, and table 13.

Table 11
Results on J/{— VP branching ratios (I). Shown are the results of the Mark I [167], DESY-Heidelberg
[122], Pluto [123], DASP [67, 86], and Mark III [127] experiments for / =1 and [ =1/2 pseudoscalars.
All results are corrected for unobserved decay modes. The results of Mark I on the K*K final states have
not been used in the average since they are incompatible with newer data.

Decay Branching ratio
Jy—>PV Final state {units of 107*) Reference
ptn, o'’ p T’ 7"+ X 133+21 DASP [67]
't 100 20 DESY-Heidelberg [122]
w'nt 130 + 30 Mark I [167]
i 160 + 40 Pluto (123}
X 42+1=19 Mark 111 [127]
128+ 10 (average)
K*'K, K*'K* K*+X 41:12 DASP [86]
K'K =’ 56.6+1.2+83 Mark I1I [127]
K*Kin~ 2+6 Mark I [167]
K*Kin® 51.6x1.6+54 Mark HI [127)
51.6+4.4 (average)
K*K° K*°K° K*Kin™ 27+6 Mark 1 [167]

S
K*Kgm 433+1.2+45 Mark 1II {127
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Table 12
Results on J/{y— VP branching ratios (II). Shown are the results of the Mark I [167], Mark III
{127, 156] and DM2 [124] experiments for /=0 pseudoscalars that can be produced by strong
interactions. The preliminary results of DM2 are averaged over the indicated final states. With
the exception of the iota/m(1440), all results are corrected for unobserved decay modes.

Decay Branching ratio
J—-PV Final state (units of 107%) Reference
wn o' n vy 18.6+0.6%2.5 Mark III [127]
oty 149+17+22 Mark I {127)
+_-_0
L S 144+ 1.4 DM2 [124]
mTTTTTT
153%1.1 (average)
wn’ ot ntn ety 1.67x025=0.24 Mark I1I {127]
o' wln Tty 1.9%0.5 DM2 [124]
st e’ yy 1.69+0.27+0.25 Mark 111 [127]
n'w )2w 1.54+0.510.26 Mark II1 [127]
1.70£0.21 (average)
om K'K n'n 7 106 Mark I [167]
K'Kn'n = 6.77+0.88 + 0.96 Mark 1II [127]
KKy 6.510.49+0.92 Mark 111 [127]
K'K'w'n n°
K"Ky ] 6.4+0.6 DM2 [124]
K'Kn'n'y
6.50+0.48 {average)
on K*K_“f'f“} 4.05+045 DM2 [124]
K'Kn'ny
K'Kn'n vy 2.90+0.50 +0.39 Mark III [127]
K'Kn n vy 3.27+0.46+0.49 Mark III [127]
3.57+0.32 {average)
1 ¢KKn KK= <2.1(90% C.L.) Mark III [127]
K*Kin® <2.5(90% C.L) DM2 [126]

Table 13
Results on J/y—VP branching ratios (III). Shown are the results of the Mark III
[127, 156] and DM2 [124] experiments for [ =0 pseudoscalars that can only be
produced electromagnetically. The results of DM2 are preliminary. All results are
corrected for unobserved decay modes.

Decay Branching ratio
14— PV Final state (units of 107*) Reference
o’ ' a n'n’ 5105 DM2 [124]
ntn a'n’ 4.82+0.19+0.64 Mark 111 [127]
5.00+0.40 (average)
p’n Tty 1.91+0.13%0.34 Mark III [127]
atn ntn w’ 1905 DM2 [124)
a'n ot 1.96 0.29 = 0.40 Mark 111 [127)
1.92£0.25 (average)
p’n’ P B A Y 0.83203 DM2 [124]
wta Tty 1.33£0.1820.24 Mark 111 [127)
ot w T yy 0.97+0.22£0.17 Mark III [127]
1.04 +0.17 (average)
¢r’ K'K 7’ <0.068 (90% C.L.) Mark 111 [127]
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Figure 21 shows the Dalitz plots of the decays J/¢— =" m" w and J/y— KKm. The decays are
dommated by the J/{— pm and J/y— K*K reactions, respectively. The ratio B(J/y— p°w°)/B(J/\
—p m ) =0.49 % 0.01 = 0.03 agrees well with the value 0.5 expected from isospin invariance. Similar-
ly, the ratio B(J/y— K*°K®)/B(J/4— K**K7) is predicted to be 1. The measured value of 0.82 +
0.05 +0.09 can be taken as direct evidence for the presence of an isospin violating electromagnetic term
in the decay amplitude, which, unlike the case of pm, contributes differently to the charged and neutral
states (see table 11).

Ewdence for J/{—> wn and the isospin violating J/— ww® decay is presented in fig. 22. From the
J/ ¢—> wm’ reaction, which can be considered purely electromagnetlc in nature, one can determine the
ow’ form factor at Q° = m¢ Normalizing to the form factor at Q% =0 by using the crossed channel
decay w— yw® [14], one finds

M.l' _\/g fl 3 m‘hF(J/lIJ—)(.o'n'O) ~ .
[Fo)| ~ V3 ( ) T /4=yt [y pp) =0.0335+0.0059 . (53)

(Geve/c*)

M%"ﬂ°

M3+7°  (Gevi/c?)

T T
O
o >
>
() (¥
O &)
o *
F H
(¥4 ~N
B =

MZ+z° (GevZ/c?) ME =% (GeV¥/c4)

+ -0

Fig. 21. Dalitz plots of the "« =" and KK final states. Shown are the Dalitz plots corresponding to (a) the J/y— " w =°, (b) /y—>K'K =°
and (c) J/$—>K*K{n" reactions (Mark III [121]). Note the bands corresponding to p’s and K*’s, respectively.
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Fig. 22. Evidence for J/{— wn® and J/Y— wy. Shown is the invariant mass distribution of the yy system from the J/d— wyy, o= 7' w7’
reaction {Mark III [127]).

Here P (P ) is the photon (») momentum in the © (J /) rest frame. Comparing this result with that for
the m*w ™ electromagnetic form factor at Q° = mq, (see section 5.4), one notices a suppression by
roughly a factor 3. This difference in energy dependence agrees qualitatively with the prediction that
hadronic helicity conservation requires the wn’ form factor to be suppressed by O(Q?) relative to that
for m*mw™ [164].

It has been pointed out [128] that even a small p’— ="« " decay mode could change the true
J/y— ox’ branching ratio significantly due to an interference effect similar to the J/{— {w, p} + m case
which is discussed below.

Evidence for the very clean J/{— ¢n decay is obtained from fig. 23. No sign is found for the
J/y— dm” reaction, which can only proceed by an electromagnetic, doubly OZI violating process (see
fig. 20), or if the vector meson nonet were not ideally mixed. The upper limit of B(J/y— ¢n’) <

EVENTS/ (0.01 Gevrc?)

0 0.2 0.4 0.6

M” (GeV/cz)

Fig. 23. Distribution of yy invariant masses in J/{— dryy decay. The yy system, produced in association with a ¢ meson, shows clear evidence for
an 7 but not a «° (Mark III).
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6.8 X 10™° at 90% confidence level demonstrates that electromagnetic DOZI processes play a negligible
role in J/&— PV decays.

Clear signals for the J/y— wn' and J/{y— ¢n’ reactions can be seen in fig. 24 and fig. 25. One should
emphasize that finding the wy’ signal in the 2(w "~ )4y and 3(w "7~ )4y channels, with, respectively, 24
and 54 possible permutations to form the w—> 7 n w’, n>vyy (\—>7'n 7’), and W o> W
subsystems, constitutes a challenge to experimentalists, indeed. Still, the reaction can clearly be
separated from background by employing 6C kinematic fits and exploiting that @, m, and m' all are
narrow resonances.

Like the J/y— ww’ decay, the J/y—>pn and J/y—py' decays violate isospin and thus are
electromagnetic in nature. When studying the w7~ mass spectrum of the mm 7 final state, one
notices that the p peak at 0.77 GeV does not resemble the shape of an ordinary Breit—Wigner resonance
(fig. 26). This effect can be attributed to interference [128] between the electromagnetic J/{— pm decay
and the much more abundant J/— wn decay, which, even for the relatively rare w— 7 7~ decay,
gives a sizeable contribution. This is demonstrated by the fitted curve in fig. 26, which is based on the
ansatz

T T T T
(a) Ut
30 + —
20 .
a
(94
S
o 10 _
‘], w
30 B <
el < et
N 20 - v O
L E TrT-
% 10 - - & (b) K
© O
N | |-
S 2F - 0 - .
L (b)
~
w L -
E 4
w 5 n
> —
o 2
° o| 1.0 N Q : ﬁ] ; h :
0.8 9 * * 0-85 095 05
M, pen-  (Gev/c?) M (Gevsc?)
Fig. 24. Evidence for J/4— wy'. Shown are na"w~ invariant mass Fig. 25. Evidence for J/—>¢n'. Shown are (a) yp and (b) nm" %~
distributions, where the v is detected in its (a) yy and (b) 7 7 =’ invariant mass distributions. The ¢ is detected in its K*K™ decay

decay mode (Mark I [127]). mode (Mark I [127]).
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Fig. 26. Interference effects in the J/§— "™ v reaction. Shown is Fig. 27. Evidence for the J/y— pn’ reaction. Shown is the distribu-
the w'%  invariant mass distribution for events of the type tion of the (a) yw* 7~ and (b) nm "~ invariant mass spectra (Mark III
Jg—n'n m with (a) n—>yy and (b) n—=>a"n =" The curves [127)).
represent (I) background, (II) @, (III) p’, and (IV) coherent sum of
p° and o contributions, each with the background term included
(Mark III [121)).
__ , ig|2
N(m_,)=background + [\/N.BW (m_ ) + VN, BW, (m_ )e"|". (54)

The number of p’s and w’s (N, and N,,, respectively) as well as the relative phase ¢ are treated as free
parameters. BW, denotes the appropriate Breit—Wigner amplitude for p and w, respectively. Evidence
for the J/{y— pm' reaction is presented in fig. 27.

Interpretation of the results. The well-measured set of all possible decays of the J/{ into pairs of
vector and pseudoscalar mesons allows one to systematically study quark and gluon contents of the
pseudoscalar mesons, as well as the effect of SU(3) breaking and electromagnetic amplitudes in
two-body decays of the J/. For this end, the decay rates have been compared to the model outlined in
section 5.3, neglecting second-order effects (see table 14). The matrix element contains an explicit
momentum factor [see eq. (50)], which can be factored out to define the reduced branching ratio B,

B(J/y— vector + pseudoscalar) = EP%, , (55)
where the third power reflects the p wave between the two final state mesons. The amplitude

decompositions for the various final states as well as the reduced branching ratios determined by Mark
IIT [127] and DM2 [124] are compiled in table 14. For the following discussion only the relative
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magnitudes of the various amplitudes are important. Common systematic errors that affect only the
absolute normalization in the experiments have therefore been disregarded. Even without a full
determination of the various amplitudes by means of fitting it is clear that the SU(3) breaking and
electromagnetic amplitudes play a non-negligible role. Not only is the K*K mode suppressed compared
to pm, the rates for charged and neutral K*K systems differ, too. The need for a doubly OZI violating
amplitude (DOZI) can be inferred from a comparison of the ratios (Mark III)

N 0
B(J/¢—>wn) 64412 BJ/y— pon)
B(J1y— o) B /y—p™')

which, for a negligible DOZI contribution, should both be equal (see table 14).

In order to determine both the strange and non-strange components of n and 7', as well as the effect
of SU(3) breaking, electromagnetic, and doubly OZI violating amplitudes, it is necessary to perform a
global fit to the amplitudes listed in table 14. In the first analysis of this kind, performed by Mark III
[121], dominance of singly OZI violating diagrams has been assumed. This early study has led to the
conclusion that, while the v meson wave function is almost saturated by its quark components, there
may be an additional singlet contribution to the ' wave function introduced by mixing with other
pseudoscalars or glue components. As pointed out by Pinsky and others [129], the principal deficiency
of the Mark III analysis is the assumption that doubly disconnected diagrams do not contribute. A small
doubly OZI violating amplitude can produce a large effect due to interference with the dominant SOZI
amplitude.

Subsequently, Mark III [256] and DM2 [124] repeated the analysis allowing for a contribution of the
doubly disconnected diagram (DOZI), which is parametrized by the relative coupling constant r (table
14). Leaving the quark components X, , X,., Y, and Y, unconstrained and with twice as many data as
before, Mark IIT [256] now finds that

=13+03, (56)

X:+Y:=1.00+0.16, X, +Y2,=144%025. (57)

Table 14
Parametrization of amphtudes for J/y—> PV. The results of the Mark I1I {127] and DM2 [124] Collaborations on the reduced
branching ratio B= Bip® are compared to the parametrization of the amplitude described in _section 5.3. As an
approximation, all terms quadratic in small amplitudes have been dropped. In the determination of B common systematic
errors due to the normalization have been omitted and the remaining statistical and systematic errors have been added in
quadrature. The SOZI amplitude is g, the relative DOZI amplitude is 7, s, characterizes the SU(3) violation, and e is the
electromagnetic amplitude.

Process SOZI DOZI B (Mark TII) B (DM2)
Jy—->PV amplitude correction (units of 107°) (units of 107°)
ptn, "’ pm” gte 1.556 = 0.161

KK, KK gl-s)+e 1.017 +0.061

K*K’, K*°K° gl-5,)—2e 0.836  0.055

o (g + o)X, + Virg(VIX, +Y,) 0.632 * 0.058 0.531 £ 0.052
wn’ (g + o)X, + Varg(ViX, +Y.) 0.079 + 0.010 0.091 +0.024
én [g(1-25)-2€]Y, + rg(V2X,+Y,) 0.287 + 0.031 0.278 + 0.026
o' (g(-25)-2e]Y. + rg(VIX,+Y,) 0.182 +0.025 0.239 +0.027
m 3eX, 0.071 £ 0.010 0.070 £ 0.018
o' 3eX,, 0.054 = 0.009 0.039 £ 0.014
on’ 3e 0.159 = 0.017 0.169 £ 0.016

¢’ 0 <0.0026
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A graphical presentation of the different measurements on the non-strange and strange quark
components of n and 7' is given in the “Rosner plot” [119] of fig. 28. When allowing for a doubly OZI
violating contribution, both n and ' are consistent with being solely composed of u, d, s quarks, with
no need for other components. The values for the coupling constants obtained from fits to the Mark III
and DM2 data are listed in table 15. The results of the two experiments are in fair agreement,
reaffirming that the SU(3) breaking term |s|, the electromagnetic term |e|, and the DOZI term |r| are
all small, equaling 16%, 11%, and 10% of |g|, respectively. Setting r = 0 results in non-acceptable fits
with typically yd.o.f. ~25/2 [256]. Changing the constraints on the m, v’ quark contents or using
additional information from two-photon decays and radiative J/{s decays does not significantly affect the
results.

To decrease the number of free parameters DM2 and Mark III repeated the fits assuming only qq
components in the n and n’ wave functions (X + Y*> =1). The n—v' mixing angle, 8,, is then related to
X,, X, Y,, and Y, according to the expressions

X,=Y,=V1/3cosf,—~V2/3sin§,, (58)
X, =-Y =V1/3sin§,+V2/3cos§,, (59)
1.0 T T 71 T
oM Mark TT
0.8 "
Y /o
0.6 I 1
04 -
= %
0.2 [ +

B =(18.42100°;
p Lt

Fig. 28. Rosner plot for m and %' The results of the Mark III [127] and DM2 [124] experiments are compared to two-photon results and
measurements of the radiative widths of pseudoscalar mesons [131]. X and Y represent the non-strange and strange quark fractions of the states.
The circle corresponds to X* + Y2 = 1. Note that the DM2 results have been obtained using additional constraints on the v, v’ quark contents (table
15).
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Table 15
Results from a global fit to J/y— PV decays. Shown are the
results of the Mark III [256] and DM2 {124] Collaborations on
fits allowing for doubly OZI violating contributions. While the
quark contents of m, ' are left unconstrained in the Mark III
fits, the DM2 results are constrained by the conditions X f\ +
Y:=1 and Xfl, + Y:, =1.

Coupling Mark III DM2

gl 1.21+£0.05 1.120 = 0.041
|sg| 0.21+0.04 0.176 + 0.030
|el 0.13+0.01 0.137 £ 0.006
6, 1.26 £ 0.11 1.170 £ 0.090
r -0.14£0.02 —0.088 +0.019
X, 0.67+0.05 0.637 +0.044
Y, -0.74+0.10 -0.771 £ 0.037
X, 0.58 =0.06 0.436 + 0.044
Y, 1.05+0.12 0.900 £ 0.021
xid.of 0.02 0.047

or equivalently,

V2X, +Y, X, -V2Y,
tan = — = . (60)
P X—V2Y, VXY,

n n n n

An evaluation of the formulae yields [124, 127]
8, =(-19.0+1.0)° Mark III, ), =(=20.0x1.6)° DM2, (61)

in agreement with two-photon results [130, 131], (—18.4 +1.1)°, and other determinations [241].

DM2 [124] has addressed the question whether a glue content of the m' is excluded from the
measured branching ratios in table 14. A gluonic component in the ' (Z_.) could couple to the singlet
parts of w and ¢ through the disconnected diagram of fig. 20c. The results on the quark content of 1, v’
alre eigsentially left unchanged, and the allowed gluonic part of the n' is found to be very small
(Z,.1"=1%).

lginally, one may ask oneself whether gluonic states are expected to be observed in two-body
hadronic J/{ decays. Glueballs could be produced either by mixing with other pseudoscalars or directly
via the doubly OZI forbidden diagram of fig. 20 (see also table 10). The data do not show evidence for
the excitation of the “iota’/m(1440) in hadronic J/¢ decays (see table 12). In chapter 7 the
experimental observation is confronted with the prediction of Seiden et al. [256].

5.3.3. Decays into vector—scalar meson pairs

The states traditionally assigned to the scalar qq nonet are the £,(975), £,(1300), a,(980), and
K*(1350), formerly called S*, ¢, 8, and k. While the evidence for the broad f,(1300) is weak, the
£,(975) and the a,(980) have been firmly established for quite some time. In the quark model their
natural assignment is that of the singlet and triplet states of the *P, nonet with J* ©=0"". However,
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there are problems with this interpretation (see, e.g., mini review in ref. [132]). Other than qq states*),
the £,(975) and a,(980) have been speculated to be four-quark states [134], loosely bound KK
molecules [135], or to be mixed with scalar gluonia [136]. A phase shift analysis of central
pp— ww(KK) production [137] suggests more than one isoscalar resonance around 1 GeV, one of which
could be a glueball [138].

Depending on the interpretation one obtains different predictions for the production of f,(975) and
a,(980) in hadronic J/¥ decays. The classification of the f,(975) as an ss state implies that

B(J/y— wf,(975)) =0, (62)
and, neglecting phase space and SU(3) breaking effects,
B(J/y— pa,(980)) = 3 X B(J/— &f,(975)) . (63)

If, however, £,(975) and a,(980) are KK molecules, the expected J/—> pa,(980) rate is much smaller
than for the qq case. In the SU(3) symmetric limit one predicts that [130]

B(I/y— pa,(980)) = 3 X B(I/y— f,(975)) = 3 X B/ b—> wfy(975)) . (64)

The KK molecule predictions are expected to be relatively immune to SU(3) breaking effects since both
final states contain the same number of s quarks from the “sea”. This is not the case if f,(975) and
a,(980) are qq states, where SU(3) breakmg effects are expected to suppress the J/— ¢f,(975) decay,
similar to the case of the tensor mesons**’ (see section 5.3.3).

The £,(975) has been searched for in the 7w and KK final states recoiling against w and ¢ by the
Mark II [140], DM2 [141], and Mark III [142] experiments, as well as in an inclusive study of 7 m~
pairs [140] (see section 5.1). Figure 29a,b shows the slightly asymmetrical signal for the f,(975)—> =" 7~
decay associated with a recoiling ¢ meson. The observed angular distribution is consistent with that of a
scalar state [126]. The K"K~ mass spectrum recoiling against the ¢, on the other hand, does not show a
narrow peak at the f,(975) mass and instead exhibits a wide threshold enhancement as shown in fig.
29c.

These observations, together with the fact that the f,(975) mass is close to the KK threshold, can be
explained by a coupled channel effect. In this scheme a wide and low-mass f,(975) prefers to decay
into KK. However, being partly below KK threshold, only its hlgh mass tail will be visible in the
KK channel. In the mm channel unitarity effects lead to a narrow “cusp” at KK threshold and a sharp
fall-off on the high-mass side of the f,(975). The branching ratios, which were determined using the
simple coupled channel parametrization a la Flatté [143] as well as more refined relativistic parametriza-
tions [144], are listed in table 16. In the framework of these models, the fitted parameters for the w"m~
spectrum can be used to predict the corresponding rate in the K"K~ channel. The Flatté parametriza-
tion is in rough agreement with the data. In a model [141] that couples f,(975) and f,(1300) to wm, KK,
4, 4K, etc., the fit to the £,(975) in 7w is improved (fig. 29a) and the shape of the K"K~ spectrum is
correctly predicted (fig. 29c).

*) Shabalin [133] and Tornqvist [133] find that f, and a, are unitarized remnants of conventional qq states with large components of qgqq, mainly
in the form of virtual KK states.

**) In the case of the tensor mesons one finds that B(J/\— p°aj(1320)) =5 x B(J/y— of') X B(f'— KK).
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Fig. 29. Evidence for the J/y— &f,(975) decay. In (a) and (b) the w* =~ invariant mass spectrum from the J/y— K K™% "~ decay as obtained by
DM2 [141] is shown. The solid line in (a) corresponds to a fit using a Flatté-type coupled channel Breit-Wigner parametrization [143), the dashed
curve refers to the Menessier model [144]. The K*K™ mass spectrum associated with a ¢ is displayed in (c). The expectation from the fit to the ww

spectrum is given by the solid line.
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Table 16

— N 1 1l
I IIIAIILW

Scalar resonances observed in two-body J/{ decays. Listed are published results from the
Mark 1I [140], and preliminary results from the DM2 [141] and Mark III [142] experi-

ments. The decay rates of the isoscalar f,(975) are corrected for the unobserved n’w

0

mode. In addition, in the calculation of the average the unobserved decay modes of the
£,(975) are taken into account using the value B(f,(975)— wm)=0.78 £0.03 [14]. Note,
that the nm decay of the a,(980) is presumably dominant [147)].

Final Decay mode Branching ratio

state of scalar (units of 107*) Experiment

&f,(975) w 2005 Mark 1II [140]
Lo 34x05+0.8 Mark I1I [142]
o 36+03+0.6 DM2 [126]
all 35+05 (average)

of (975) - 095010022  DM2 [141]
all 122031

pa,(980) . <4.4 (0% C.L) Mark III [142]
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The DM2 Collaboration [141] has also searched for the J/{i— wf,(975) decay. The = 7~ mass
spectrum (fig. 30) exhibits a small signal at m = (0.9544 +0.0034) GeV. The actual fit parameters
depend heavily on the kind of parametrization used for the f,(975) and the £,(1270), the dominant state
in this channel. If the structure is interpreted as being due to the f,(975), the branching ratio listed in
table 16 is obtained.

The Mark III Collaboration [145] has searched for the isovector partner of the f,(975), the a,(980),
in the J/¥— pnm reaction. While a peak at the a,(1320) mass is apparent (see also section 5.3.4), fig. 31
shows little evidence for an a,(980) signal in conjunction with the p. The corresponding upper limit for
the branching ratio (see table 16) is approximately 25 times smaller than that of other decays to
isovector pairs. If B(a,(980)— mm) is sufficiently large,*’ the observations are in contradlctnon to the
interpretation of f,(975) and a,(980) as s§ and (1/V2)(ui —dd) states of the 0°" nonet. The KK
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Fig. 30. Evidence for the J/y— wf,(975) reaction. Shown is the Fig. 31. Search for the J/{— pa,(980) reaction. Shown in (a) are the
' invariant mass spectrum from the J/y—on’® reaction as combined nm*, ", and nw’ mass spectra associated with p~, p*, p°,
observed by DM2 [141]. The accumulation of events around respectively (Mark III {145]). The peak corresponds to the reaction
0.954 GeV is interpreted as the £,(975). J/¥— pa,(1320). An estimate of events not containing a p, obtained

from the p sidebands is shown in (b).

*)From a fit to the f,(1285)— a,(980)m— KK, nwm reaction, Achasov et al. [146] have determined the ratio of coupling constants to be
3/4<g (ao—> K'K™)/g% (ao—nrrr) <4.2. It has been pointed out by Barnes [147] that the corresponding ratio of branching ratios is much smaller
[B(a,— KK)/B(a,— nm) = 0(10™")], since an additional phase space factor Px/p.,, has to be applied.
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molecule hypothesis appears to be more attractive and the observation of J/— wf,(975), if confirmed,
would support this hypothesis.

5.3.4. Decays into vector—tensor meson pairs

All members of the lowest lying tensor multiplet with the quantum numbers °P,, J*€=2"" are
identified beyond doubt (see fig. 5). Still, the observed deviation from ideal mixing by 7° has prompted
some speculation of whether this is due to mixing with additional tensor states [148], outside the ground
state nonet. One may hope that a systematic study of all J/—V + T decays, including the search [59,
149] for the glueball candidate f,(1720), gives additional insight, like in the case of the pseudoscalar
mesons. However, the analysis of J/yy—V + T decays is more involved than that for J/y—V + P since
neither the angular distributions nor the momentum dependence of the five matrix elements are
uniquely determined. The matrix elements can be expressed in terms of Lorentz invariant amplitudes
that explicitly include the momentum factors in the production [150].

Even though vector—tensor final states have been studied by various experiments, Mark I [167], Pluto
[157], DM2 [110, 141], and Mark III [142, 145, 150, 171], the set of measured branching ratios is far
from being complete (see table 17). In particular, the purely electromagnetic decays have not been
investigated, forbidding a comprehensive analysis as performed for the J/y—V + P decays.

Clear evidence for the isoscalar f,(1270) in the J/y— om "~ decay is depicted in fig. 32 (Mark III)
and fig. 47 (DM2). The broad enhancement around 0.5 GeV is discussed in section 5.5, the small
enhancement near 1 GeV may be due to the f,(975) as mentioned in section 5.3.3. Part of the
background underneath the f,(1270) peak arises from the decay J/y—b,(1235)" 7" —> wn’ 7", which
populates the same final state (see fig. 38).

Evidence for the sS state f}(1525) in the K"K~ and KK systems produced in association with a ¢ is
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Fig. 32. Evidence for the f,(1270) in hadronic J/{ decays. Shown is the =" =~ invariant mass distribution recoiling against an o from the
Jip—om*n” decay (Mark III [145]).
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Table 17
Tensor resonances seen in two-body J/ ¢ decays. Listed are results from the Mark I [167], Mark 11
[90], Pluto [157], DM2 [110, 126], and Mark III [142, 145, 150, 171] experiments. The results by
Mark III are preliminary. The Mark I measurement of J/y— wf is not included in the average.
Isospin corrections assume / =0. Upper limits are given at the 9% confidence limits.

Decay Mode Branching ratio
J/b— vector + X X— (units of 10™*) Experiment
of,(1270) all 19=8 Mark 1 [167}
all 40+14 Pluto [157]
all 06 DM2 [110]
all 493+25+125 Mark III [142]
all 41.5+5.1 (average)
¢£,(1270) all <37 Mark I [167]
all <4.5 DM2 [126]
wf)(1525) KK <20 DM2 [126]
KK <12 Mark TII [142]
of)(1525) KK 8.0+5.0 Mark 1 [167]
KK 3413 Mark II [90]
KK 8.8+0.4x14 DM2 [126]
KK 4.85£0.26+1.05 Mark III [150]
KK 54207 (average)
»X(1730) KI:( 40+1.2=06 DM2 [126]
KK 45+12%10 Mark III [142]
KK 42+10 {average)
$X(1730) KI:( 3.6x02x06 DM2 [126]
KK 3.08+0.48=0.67 Mark III {142]
KK 3.5+03 {average)
pa,(1320) (a,— pm) all 84+ 45 Mark I [167]
(a,— pm) all 86+3+13 DM2 [110]
(a,—>nm) alt 118+8=29 Mark III [145]
all 91+12 (average)
K**(892)K°(1430) + cc all 67+26 Mark 1 [167]
all 76+11+13 Mark III [171]
all 73+ 14 (average)
K*"(892)K?% ™ (1430) + cc all 81+12x12 Mark I1I [171]

.presented in fig. 33 and in fig. 29c. In addition a shoulder at the high-mass side of the f;(1525) is
evident. It is tempting to identify the source of this shoulder with the f,(1720), a tensor glueball
candidate seen in radiative J/{ decays. To verify that the events near 1.7 GeV come from a 2* " object
rather than a 0" " state [14], the Mark III Collaboration [150] has investigated the angular distribution
of cos 6, the angle between the positive kaon in the tensor meson rest system with respect to its
direction of flight. The probability that the distribution agrees with that of a scalar is 8% in the
1.55-1.63 GeV and only 0.5% in the 1.63-1.80 GeV mass region, in accordance with the f,(1720),
which has J°“=2"". The helicity amplitudes describing the production of f;(1525) and f,(1720) were
extracted from the data in two almost interference free regions in the invariant K"K~ mass by means of
a maximum likelihood fit. It is found that all partial waves contribute, implying large variations in the
angular distributions and rates when compared to other J/y—V + T decays. For example, a factor of
seven suppression of B(J/y— ¢f)) relative to B(J/y— wf,) solely due to kinematic factors is found.
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Fig. 33. Result of the fit for J/y— $X. Shown in (a) is the best fit to the K"K~ mass spectrum (Mark III) recoiling against a ¢. In (b) the result of
this fit is overlaid on the K{K? mass distribution.

Uncertainties in this factor, which critically depends on the admixture of decay amplitudes, can mask
the presence of other phenomena such as explicit SU(3) violations or electromagnetic contributions.

As in the case of radiative production from the J/¢, the polarization structure is observed to be
different in the f,(1720) and f;(1525) mass regions. This leads to coherent interference between the two
objects. The K"K~ mass distribution has been fit [150] fixing the f;(1525) parameters [14], but allowing
for arbitrary mass and width of the f,(1720). The curve corresponding to the best fit is compared to the
data for the K"K~ and KgKg final states in figs. 33a and b, respectively. The resulting branching ratios
(table 17) are consistent with an isoscalar assignment for the two resonances; the mass and width of the
“theta”/£,(1720) [150],

m=1730+13MeV, ['=163x30MeV, (65)
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are consistent with the values obtained in radiative J/¢ decays (see table 35). A similar result is
obtained by DM2 [126]. ~

While non-resonant J/{— KK production is only singly OZI suppressed, intermediate resonances
in the KK system must contain a non-strange component or be produced in a doubly OZI violating
process. Figure 34 (DM2) and fig. 101b (Mark III) show mass spectra of the KK~ systems produced in
association with an w. A resonance near 1.73 GeV is clearly seen in both cases. A background arising
from non-resonant wKK production is also present. In particular one notices a rapid rise of the
KK spectrum near 1GeV which could be due to a threshold effect similar to that seen in the
corresponding 7w system (see section 5.5). The fitted parameters of the resonance at 1.73 GeV (see
table 17) are again consistent with those of the “theta”/f,(1720). Spin parity analyses have not yet
yielded unambiguous results due to the large number of parameters involved and the significant
non-resonant background.

The doubly OZI violating decay J/{— ¢mw has been investigated by many experiments [140-142].
The w* ™ mass spectrum, which is shown in fig. 35 and fig. 102c, shows several interesting features.
The dominant signal near 1GeV is attributed to the f,(975) and is discussed in section 5.3.3.
Furthermore one notices a box-like structure between 1.1 and 1.5GeV and a small signal around
1.75 GeV, which one may speculate to be the “theta”/f,(1720). Whether the f,(1270), £f,(1300),
£,(1525), or more exotic states like the 2** X(1410) [151], or even a scalar glueball contribute to this
box-like enhancement is still under investigation. Additional information from a spin parity analysis
may prove to be essential for a definite conclusion.

DM?2 [126] has taken a look at the angular distributions of the 7”7~ system. Figure 36 shows three
distributions of cos #*, the angle of the w" with respect to the w*n~ direction in the "7~ rest system

T T T T 1 T T T T T T T T
22 L . (a) .
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Fig. 34. Mass spectrum of K"K~ system recoiling against an » (DM2). The mass spectrum in (a) still contains background from events not
containing a real w, which is estimated by the dashed histogram. The detection efficiency for the DM2 detector is plotted in (b).
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Fig. 35. =%  mass spectrum recoiling against a ¢. The distribution is background subtracted (DM2). The solid line is a fit to two interfering
resonances as described in the text.

for events in the f,(975), in the (1.20-1.32) GeV [f,(1270)], and in the (1.32-1.50) GeV mass regions.
While the angular distribution in the f,(1270) mass region is not compatible with J = 0 as expected, the
corresponding distributions in the high- and low-mass regions are consistent with J/ = 0. From a fit to the
structure at ~1300 MeV including the f,(1270) plus a second Breit-Wigner amplitude (see fig. 35) DM2
[152]*) obtains values of m = (1372%10)MeV, I} =(106+13)MeV, and m = (1445 =9+ 9) MeV,
Iy, = (139 = 16) MeV for coherent and incoherent resonance production, respectively. In both cases the
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Fig. 36. Angular distributions of the ww system recoiling against a ¢. Shown are the distributions of cos &, for events in the mass region (a) of the
£,(975), (b) between 1.2 and 1.32 GeV, and (c) between 1.32 and 1.50 GeV (DM2 [126]). While (b) shows non-uniform behaviour, as expected for
non-zero spin, the low- and high-mass regions (a) and (c) are consistent with flat distributions.

*) The parameters of the f,(1270) were kept fixed at their nominal values [14].
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fit gives a rather poor description of the data. While the above mass values are clearly below the
nominal f(1525) mass, it may still be possible to explain the box-like structure in terms of f,(1270) and
£5(1525) if in addition the effect of interference with the “theta”/f,(1720) is taken into account.
Constructive interference is expected between f,(1270) and f)(1525) and destructive interference
between f(1525) and “theta”/f,(1720).*’ Such an interference pattern could explain the observed mass
shifts.

One may note that, while no sign of the 1.4 GeV structure is apparent in the J/y— o n~ reaction,
the radiatively produced f,(1270) exhibits an interesting shoulder in this mass range (compare fig. 102 of
chapter 7). This shoulder could be an indication of f,(1270)-f,(1525) interference in the “flavour
independent” radiative channel or a manifestation of the enhancement seen in the doubly OZI violating
J/y— dmw reaction. This subject is further discussed in chapter 7.

The isovector state a,(1320) is observed in associated production with a p in the pw [110, 167] and nyw
decay modes [145]. Figure 37 shows the summed p“=~, p’n’, and p~ " mass spectra recoiling against
charged and neutral p’s. A clear a,(1320) signal is seen on top of a large background. A similar
situation is found for the mm final state (see fig. 31).

To study tensor meson states with open strangeness, the systems recoiling against charged and
neutral K*(892)’s have been studied. Clear signals for the J/{— K*(892)K%(1430) reactions have been
observed [167, 171] (see fig. 45). The ratio of decays to neutral and charged final states of
K*(892)K%(1430) is measured to be 0.90 + 0.30, consistent with the corresponding value obtained for
the pseudoscalar + vector case (see section 5.3.2). In the presence of an isospin violating term in the
decay amplitude it is expected that the value of this ratio deviates from unity.
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Fig. 37. Evidence for the a,(1320) in J/{ two-body decays. Summed p* =", p’n’, and p™n* mass spectra recoiling against a p (DM2 [110]).

*) Because X,. is negative, for the ww mode the interference of £,(1270) and f;(1525) is constructive at masses in between the states, opposite to
what is expected for the KK final state. In the case of the f,(1720), constructive interference with the f;(1525) in the KK final state has been
observed experimentally [150]. One therefore expects destructive interference between these states in the mw mode.
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Even though the set of measured J/{y—V + T decays is not complete, a few remarks can be made
based on a comparison with the SU(3) based model described in chapter 5. The ratio

B(J1y— wf,(1270))/ B(J /y— p’a3(1320)) = 1.4 £ 0.3 (66)

deviates from unity, again indicating that doubly OZI violating effects play a role. The DOZI amplitude
has to be in phase with the connected diagram, contrary to what has been observed for pseudoscalars
(see table 10).

Seiden et al. [256] find reasonable agreement of all measured branching ratios in a model allowing
for a doubly OZI violating contribution of 14% which is in phase with the SU(3) allowed amplitude.
They are also able to roughly explain the measured rates of the “theta”/f,(1720) if it is assumed to be a
pure glueball state. For a SU(3),,..., Singlet, G(1730), one expects that

B(J/y— wG(1730))/B(J 14— $G(1730)) =2 X (P, P, )" ~2.5-5.9, (67)

where the lower bound corresponds to predominance of an s wave (n=1) and the higher bound
corresponds to a d wave (n = 5) between the vector meson and G. The experimental value of 1.2+ 0.3
is smaller than the range given by (67), pointing to some flavour symmetry breaking. If G(1730) is
identified with the glueball candidate “‘theta”/f,(1720), this observation complies qualitatively with the
observed preference for decay modes with strangeness.

5.3.5. Axial-vector states in two-body J/{ decays

The quark model predicts two distinct ground state axial-vector nonets, the 'P,, J*“ = 1"~ multiplet
with negative, and the *P,, J°“=1"" multiplet with positive charge conjugation. While candidates for
all states have been found, some assignments are ambiguous or need confirmation (see fig. 5). This is in
particular true for the heavier isosinglet state in the 1" nonet, for which two candidates exist, the
f,(1420) and the f,(1530) [153, 154, 411]. The situation is further complicated by the fact that states
with open strangeness (K,,Kg) are not eigenstates of C and may therefore mix. The search for
axial-vector mesons in J/¢ two-body decays has started only recently. The first results, some of which
are still ambiguous, are described in the following sections.

5.3.5.1. Axial-vector mesons with negative charge conjugation. Mesons with J°=1"" can be
produced in association with pseudoscalar mesons in €-allowed processes. So far only the J/
$— b, (1235)m decay has been measured by the PLUTO Collaboration [157], and seen by others [110
145]. The Dalitz plot of the J/y— wnw*n~ reaction shows diagonal bands due to the low-mass 7" w
and the £,(1270) enhancements as well as bands arising from the b,(1235) in the ww channel (fig. 38a).
The branching ratio has been determined to be [157]

B(J/4—bin™)x B(b; »an™)=(2.8%0.7)x107. (68)

The measured mass of the b,(1235), m = (1.188 + 0.032) GeV, is below the averaged value obtained in
other experiments, m = (1.233 + 0.010) GeV. This may be due to interference between the b,(1235) and
the structures seen in the w" 7~ channel (fig. 38), or is due to problems in estimating the background
shape.

The PLUTO Collaboration has also investigated the angular dependence of the production angle 6,
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Fig. 38. Evidence for the J/$— b,(1235) 7 reaction. Shown is (a) the wm "7~ Dalitz plot (DM2 [110]) and (b) the projected wn " mass distribution
{both charge combinations added), as obtained by PLUTO [157].

of the b, relative to the beam axis. Fitting dN/dcos 6, with the form 1+ A cos’d,, they obtain
A=1.1%1.1. For production of the b,(1235) with helicity A = 1 one expects A = +1, while A = 0 would
result in A= —1.

Since the production rate of the isovector b,(1235) is relatively large in two-body J/¥ decays, one
may also expect observable signals for the isoscalar h,(1170) and h;(1380) states. Of special interest is
the mainly ss state h;(1380) since it is poorly understood [154]; it could be studied in J/{ decays by
examining the KK channel [155] in association with m and 7".

5.3.5.2. Axial-vector mesons with positive charge conjugation. The DM2 [141] and Mark III
Collaborations [142, 156] have studied the nw, KKw, and 4w final states associated with @ and ¢ to
search for /=0 axial-vector states. Structures have been found in the 1.28 GeV and 1.42 GeV mass
regions, consistent with the f,(1285) and f,(1420), respectively (table 18). However, this interpretation
is not imperative since in most cases no spin determinations have been done and the observed structures
may have both 0™ and 1™ contributions [161]*’ rather than being dominated by single resonances. In
addition, Chanowitz [162] has discussed the possibility of an exotic 1" hybrid state in the 1.4 GeV mass
range. Below we will describe the experimental results in more detail.

The KK system in association with an w has been studied by Mark III [156] in the K'K @ and
K*K{m" final states. In both modes, a peak at 1.44 GeV is apparent (fig. 39). The width, which is given
as 24 MeV < I' <84 MeV at 90% C.L., is not consistent with that of the n(1440) (see table 32 in section
6.4.1). The angular distribution of the o was studied to distinguish between the spin parities 0~ and 1"
of the KK system. Figure 39d shows the distribution of the normal to the w decay plane in the helicity
system of the . The uniquely determined prediction for J* =07 (solid curve) does not follow the data;

*) Depending on experiment and reaction, spin parity measurements of the 1.4 GeV mass region have yielded pseudoscalar or axial-vector
assignments [161]. It has been speculated that these seemingly contradictory results can be accommodated in a scenario where up to three
resonances populate the 1.4 GeV/c* mass region (see, e.g., refs. [198]).
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Table 18
Candidates for 17" states in J/y two-body decays. Shown are preliminary results from the Mark III [142, 156] and DM2 [141]
Collaborations. Except for the J/y— oKKw decay, no spin determinations have been attempted as yet. Since the 1.28 GeV and
1.40 GeV mass regions may have both pseudoscalar and axial vector contributions rather than being dominated by single resonances, an
assignment of the observed structures to particular resonances is not made.

Final Mass Width Product branching ratio
state (MeV) (MeV) (units of 107*) Experiment
X(1280): »
onm’m 1283610 14°°+10 B(—eX—>wqmm)=43%12+13 Mark III [142)
KK 1285 fixed 24 fixed B(J/y— X~ wKKm) < 1.1 (90% C.L.) Mark 111 [156]
ot 12836+ 10 2472010 B> dX—> pqmm)=1.6"0¢ 0.4 Mark I1I [142]
ommtm” 1285 fixed 24 fixed B(J1y— X~ dmwn) =1.83 £0.60 DM2 [141]
&2 w7 12877 167 B(1 14— ¢X— bdn™) =0.34 £ 0.09 Mark II1 [142)
2" w7) 1285 fixed 24 fixed B/ ¢X— d4n*) =043 £0.13 DM2 [141)
SKKm 1279+ 6+10 1429210 B/ —¢$X— ¢KKm)=0.6£0.2+0.1 Mark II1 [156]
X(1420):
onmm 1421 £8+10 4510 215 B(/y—>wX—>wymm)=9.2+£24+2.8 Mark II1 [142]
oKKn 14425710 4077 x5 B> wX—>wKKm) =687 +17 Mark III [156)
SK*Kin® 1420-1440 40-60 B(J /- @X— ¢KEm) < 1.2 (9% C.L.) Mark III [156]
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a fit yields a probability of only 6% for the hypothesis that all signal events arise from a pseudoscalar
resonance. The result is supported by a three-channel analysis where the KK system is assumed to be
composed of a J P=07 state decaying via the a,(980)w intermediate state, a J*=1" particle decaying
via K*K, and an isotropic distribution. The analysis assigns the resonant structure to the axial-vector
component.

The KK system in association with a ¢ has been studied by Mark III [156] and DM2 [141] in several
final states. The KKw mass spectrum (fig. 40, fig. 42) is dominated by phase space distributed
J/§— $K*K events. No enhancement in the 1.4 GeV mass region is seen. A small signal at 1.28 GeV is
seen by requiring that the KK invariant mass of the KK= system is below 1.15 GeV (fig. 42c). This
observation is consistent with the f,(1280), which is known [160] to decay dominantly via the a,(980)w
intermediate state.

A similar structure at 1.28 GeV has also been seen in the w" "~ system produced in association
with a &, as displayed in fig. 42 (DM2) and fig. 105¢ (Mark III) in section 7.1. In contrast to the doubly
OZI violating J/y— ' n w'w  decay, the J/y—wn 7 m w decay has a large rate and shows no
strucures on top of a large non-resonant component (see fig. 105b).

The wm'm~ system has been studied both in association with an w [142] and a ¢ [141, 142]. Figure
41a displays the background subtracted mm"m~ mass spectrum of events having a recoiling » and
requiring that at least one mm submass be consistent with an a,(980) within 50 MeV. The latter cut
strongly reduces the background while not affecting the 1.28 GeV peak and retaining most of the events
of the 1.4 GeV structure [145].

The yw” =~ system recoiling against the ¢ features a narrow structure around 1.28 GeV, which is
seen both by Mark III (fig. 41b) and DM2 (fig. 42a). The enhancement is correlated with an a,(980) in
the nm™ subsystem. The one-bin fluctuation in fig. 41, slightly below 1.4 GeV, is not seen by DM2 (fig.
42a).

Interpretation of the results. One can summarize the experimental situation by stating that a structure
at 1.44 GeV is observed in association with an w, but not with a ¢, while a peak at 1.28 GeV is observed
in association with both w and ¢. Lacking definite spin parity assignments for the observed states one
may still ask whether this peculiar pattern can be understood at all in terms of the axial-vector states
f,(1285) and f,(1420).
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Fig. 41. Distribution of m(nw*n") in J/y— {o, d}nn"n decays.
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Fig. 42. Evidence for the J/{— ¢f,(1280)/m(1275) decay. (a) Wi,
() p’n* %", and (c) K*Kin™ invariant mass spectra. The data are
from DM2 [141].

While the measured branching fractions of X(1.28) recoiling against a ¢ (table 18) are consistent
with that of the f,(1285) [14],

Lo . {0.19+0.07:0.50+0.21:0.32x0.08 (Mark III),

X(1285): KK :mmm: 4m = {0.11 +0.03:0.49 % 0.06:0.40 £ 0.07 (world average), (69)
the nmww branching fraction of X(1420) recoiling against an w is rather large compared to the value
obtained for the f,(1420) in 2vy reactions by Mark II [163],

- oo [1.35%0.75 (Mark III),
X(1420): mmw:KKnw= {<0.6 (f,(1420), obtained in 2y measurements) . (70)

This may indicate that at least part of the observed nwm structure at 1.4 GeV is due to the pseudoscalar
n(1400).

More striking even is the lack of observation of a signal at 1.4 GeV in association with a ¢. The
opposite pattern is expected from quark correlations since the f,(1420), being heavier than the f,(1285),
should contain a larger fraction of strange quarks if both states are the isosinglet members of the same
17" qq nonet. However, one has to note that the concept of quark correlations breaks down in the
presence of a large interference term between singly and doubly OZI violating amplitudes. For
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example, even in the case of a particle containing only strange quarks the decay rate for the J/y— ¢X
will vanish if (see table 14)

r=—(1-2s,~2elg)=0(0.5). (71)

Along these lines and allowing for non-ideal mixing in the 1** nonet, Seiden et al. [256] have found
that the observed branching ratios of table 18 can qualitatively be explained in terms of the axial-vectors
f,(1280) and f,(1420). However, since the spins of the structures have not been determined, it is
equally possible that the data contain contributions from several states with nearly identical masses.

It is interesting to note that the data do not show any evidence for the f,(1530), which has been
observed by experiments studying K™ p— KiK*n™ + hyperon reactions [153, 154].

5.4. Decays into meson pairs violating generalized € parity

The direct hadronic decays of the J/i to particle pairs belonging to the same SU(3) multiplet are
forbidden in the limit of perfect SU(3) symmetry. Consequently they are expected to have a large
electromagnetic component, described, to first order, by the virtual photon diagram. This constitutes a
rather unique opportunity to probe the hadron structure using a 3 GeV virtual photon by studying form
factors and the spin structure of the produced particles. While the creation of the primary qq pair is a
well-known electromagnetic process, the creation of the quark pair from the “sea” is governed by QCD
fragmentation processes at low energies. Models have been put forward by several authors based on
QCD [164, 165], vector meson dominance [169], and mixing of the J/{ with other vector mesons [166],
predicting helicity suppression rules and form factors.

5.4.1. Decays of the J/\s into pairs of pseudoscalar mesons
Among the J/{ decays that violate generalized € parity the decays into two pseudoscalar mesons,

JW-=n"n", K'K", KIK? | (72)

have been most exphc1tly measured. The G parity violating J/y— 7" 1~ decay and the SU3) tiavour
forbidden J/y— K"K~ decay have been observed by several experiments [67, 167, 168, 170] with
branchmg ratios in the order of 10™* (see table 19).

The w*w~ and K'K™ final states have to be selected in the presence of a 300 times larger
background of leptonic J/yy—e*e” and J/y— p" "~ events. While the momenta of the final state =’s
and K’s are too high (~1.5 GeV) to allow for particle separation by time-of-flight measurements, e and
p’s can well be detected in electromagnetic shower counters and muon filters, respectively. Almost
background free signals for J/y— 7 n~ and J/y—K*K™ are obtained by additionally employing
energy—momentum constraints of the reaction (4C fits) [168].

The SU(3) forbldden decay J/y— K2K| is identified by the reconstruction of the decay K3 — 7" m~
with the correct K§ momentum of 1. 468 GeV The topology of a typical event as detected by the Mark
I1I detector is dlsplayed in fig. 43; here the K} has produced a detectable signal in the shower counter,
as is expected for ~50% of all events A major background arises from the reaction
J/ ¢—> K K*°(892) - KK n°, where the K has a recoil momentum of 1.373 GeV. Figure 44 shows the
K§ momentum spectrum for different cuts on the number of final state photons; the contamination by
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EVENT 7228, RUN 1470
TRACK LIST

N P(GeV/c) E(GeV)

I 0.680 0.000

2 0.867 0.096 ®
3 0.000 0.211

Region II

Region I

Fig. 43. Example of a J/y— K K, event (Mark III). Note the traces of a hadronic interaction of the K} in region II.

the background reaction is greatly reduced by requiring that no more than one shower is detected in the
electromagnetic calorimeter.

5.4.2. Decays of the I/ into pairs of vector mesons
In a preliminary analysis the Mark III Collaboration [171] has studied the decays

p+p—- —-)1T+’TI'01T—“H'0 ,
J/p—{ K*(892)K*(892) » K" #’K =’ (73)
K*°(892)K*°(892) - K 'n K =" .

Evidence for the J/y— K*°(892)K*°(892) reaction is presented in fig. 45, showing the correlation of the
K"~ invariant masses and the recoiling K™ n* system. Two bands are clearly seen at the K*® mass,
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Table 19
Decays of the J/\ into pairs of pseudoscalar mesons. Listed are results from Mark I, DASP, Mark III, and
DM2 (preliminary). The results have been averaged assuming uncorrelated errors. The first-order expression
in terms of electromagnetic (E), and strong SU(3) breaking amplitudes (M) [199] can be compared to the
reduced branching ratio B = B/p’® (GeV™*).

Final Branching ratio B
state Amplitude (units of 107*) (units of 107%) Experiment
T E 16+ 1.6 Mark I [167)
10%0.5 DASP [67]
1.58+0.20%0.15 Mark 11 [168]
1.47+0.22 0.401 = 0.060 {average)
KK~ E+W3M 20+1.6 Mark I [167}
22209 DASP [67]
239+024+0.22 Mark III [168]
2.36+0.30 0.746 + 0.095 (average)
KK WM 1.01%0.16 + 0.09 Mark III [168]
1.18+0.12£0.18 DM2 [170]
1.08£0.14 0.343 £0.044 (average)
T T T L T
20 |- Ny=<2 a) -
10— —
0 ) ] 1 | 1 I
20 F Ny < b) —
10 —
n 1]
o) | - 1 1=
L Ny=O o
8 —
a L A
R - .
O 11 11 T o=« } 4 n
1.2 1.3 1.4 1.5 1.6
momentum  (GeV/c)

Fig. 44. K momentum spectrum (Mark IIT). The peak at the left, due to J/¢— KSK*°(892) contamination, is strongly reduced when the correct

topology of =1 detected showers is required.
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Fig. 45. The decay J/4— K n K =". (a) Triangle plot of m(K"m ") versus m(K ") showing clear K*(892) and K%(1430) bands. (b) Kw mass
spectra recoiling against a K*(892) (Mark III [171]).

featuring a denser population at mass values where the K*°(892)K*°(1430) and K*°(892)K*°(892) final
states are expected. The shape of the K*n™ mass spectra, after demanding that the recoiling system be
consistent with a K*°(892), is shown in fig. 45b.

The number of events due to the J/y—p p = a'w w’x" and J/y—K*"(892)K* (892)—
K*K = xw’ channels were obtained by employing the method of likelihood fits to signal and back-
ground channels. This method accounts for the combinatorial background caused by the two indistin-
guishable ©*'s and the finite width of the p and K*(892) resonances. The resulting branching fractions
for the channels studied are listed in table 20.

The well-measured J/{— K*°(892)K*°(892) reaction was further analysed [171] to determine the
three production helicity amplitudes A,,, A,,, and A ,, where the subscript denotes the helicities of the
final state vector mesons. The study of angular correlations shows that A, is dominant, which is
equivalent to a longitudinal polarization of the vector mesons. This result is in agreement with QCD
predictions and confirms the vector nature of the gluon [164].

5.4.3. Determination of electromagnetic and strong SU(3) breaking amplitudes

In table 19 and table 20 the experimental results are compared with the theoretical predictions of an
SU(3) based model allowing for first-order SU(3) breaking effects [199]. While only an electromagnetic
amplitude is responsible for the isospin violating J/— " w decay, the electromagnetic amplitude

Table 20
Decays of the J/i into pairs of vector mesons. Listed are preliminary results from the
Mark III experiment [171]. The reduced branching ratio is defined as B = B/p’

(GevV ™).
Final Branching ratio B
state Amplitude (units of 107%) (units of 107*)
p'p E 94+10%15 3.9+0.7
K*'K*~ E+ WV3M 6.7+12%25 3314

K*°K*° W3M 29+04+0.6 1.4+04
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vanishes for J/y— KK’ due to a cancellation of /=0 and /=1 amplitudes of the K’K® system.*’
Although the latter is strictly valid only in the limit of exact SU(3)q,.0., the electromagnetic
contribution to the J/y— K2K; reaction is expected to be small; a calculation based on a pole model
inspired by vector meson dominance [169] yields the estimate |Ey , /E, | <0.1 [168]. From table 19
and table 20 one can determine the amplitudes |E|, |M| and their phase relative to each other for the
J/Yy—070" and for the J/y— 171" reactions. The results (table 21) do not change significantly if one
allows for a second-order mass dependence of the electromagnetic component.

As can be seen from table 19, table 20, and table 21, the patterns observed for J/y— 070" and
J/y—1"1" decays look roughly similar. Electromagnetic and direct mass breaking effects are of the
same order for both decay types, showing that interpretations based solely on electromagnetic
transitions are not justified. The ratio of reduced branching fractions for charged and neutral kaons is in
excellent agreement with that for charged and neutral K*’s, while the effect of SU(3) breaking is more
pronounced in the case of the vector mesons.

5.4.4. The determination of meson form factors

In order to compare the measured branching ratios with theoretical predictions and experimental
results obtained at lower energies, it is useful to introduce the concept of electromagnetic form factors.
For the pair production of spin 1 mesons, M,, with helicity A, the form factors F, +(Q?) are defined
according to the formula [172]

(do/d)(e*e” —y*—>M,M;)
ole’e —>p'p)

=(C, X sin’g [IFO,O'z + CZIFI,IIZ + G, Re(F1,1F:,1) + C4|F0,1|2] +Csx(1+ c()526’)'}?0,112 ) (74)

where the coefficients C, are functions of the meson velocity 8 = \/1 ~ 4m.,/s,

2
c-3 g, ¢ 3-2p%+38° C - 1+8 co_*
1= ’ 27 AV 3T T 32 4 71 a2
32w (1-87) (I=B") (1-87)
3
C, = __B
= 5o .
* RaT=p)
Table 21
Fitted amplitudes for J/y—070" and J/y—1 1~ decays
Final Electromagnetic SU(3) breaking Phase
state amplitude |E|  amplitude | M| angle
070" 0.65+0.04 0.68 +0.03 92°+11°
1717 1.97+0.14 1.38+0.15 138°+37°

*)Since the virtual photon has both isoscalar and isovector components, the electromagnetic amplitude for the KK system contributes
proportional to

(KK - KK),_, + «(KK +KK),_, = (1 VD[(K'K™ ~K K*)(1 + a) + (K’K° -K°’K*)(1 - @)].

If SU(3) symmetry holds (a = 1) the amplitude for the neutral kaon final state vanishes.
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Asymptotic QCD (Q’— =) predicts [164] that vector mesons are preferably produced with longitudinal
polarization, i.e., F;, , dominates. This has been confirmed in the J/— K*°(892)K*°(892) reaction, and
for the followmg discussion we assume that this is valid for all vector-vector final states. Under this
assumption one then obtains the simplified expression

4 o(e’e” >y >MM,)
ole’e”—>p'p)

|Fyo(Q%)I° = (75)
Applying (75) to the results from the J/y— w*n~ and J/§y—p p~ decays, Mark III [168, 171] finds for
the charge form factors [173]

|F (m}))*=|Fgo(m3)|” = (11.85+1.50 £ 0.91) x 107>,
(76)
|F (m3)|> =4 |Fbo(my)|* = (26.0 2.7+ 4.0) x 107> .

The result for the F,_ form factor can be compared to measured values at lower centre of mass energies
(fig. 46). Also shown are theoretical predictions based on the simplest possible VMD ansatz [169]
allowing only for p, », and ¢ meson contributions (solid line). The theoretical curves do not describe
the experimental data very well, indicating that contributions of higher-mass vector states, such as
p(1600), cannot be neglected [175].*’

First-order QCD calculations for large Q° predict that meson form factors are related to the meson
decay constants by the relation [172]

Ql;m F(Q%) =16ma,(Q*)f}/ Q. (77)

Using f, = 0.093 GeV and f, = 0.107 GeV, one requires a magnitude of a, ~2-3 for the 7" n~ and p*p~
final states to explain the magnitude of the measured form factors, which clearly shows the inadequacy
of the model assumptions.

5.5. Decays into three mesons

It is an experimental fact that most J/{ decays leading to three stable or unstable particles proceed
dominantly via two-body intermediate states (see table 22). For example, the fraction of J/4— 7" n ™ n°
decays that do not form intermediate pw systems is very small as can readily be seen from the Dalitz
plot depicted in fig. 21.

Few reactions, such as J/y— oK*K and J/{y— $K*K, have been identified as candidates for “true”
three-body decays, with no structure being observed in the two-body subsystems, being instead
distributed according to phase space. The ratio of branching ratios,

B(J/y— wK*K +c.c.)/BJ/y—> dK*K + c.c.)=2.6 = 1.0, (78)

*) The distribution of the =, K and K3K} form factors have been fitted by several authors by including the effect of the p(1600) and $(1680)
vector mesons. See, e.g., refs. [175].



L. Kiopke and N. Wermes, J/{ decays 131

| S S S S i T T

10!

‘.
ol

.
It

T mul

11

100

LR
o

—_

A unml

10°

Lol

10-2 et

TTTT
[N

10"

10°

URRARLL BN ERRALL |

| Fy (s)1

1071

11 lIIllll 1 nmlll 1 lulnlI

TTT Hn1

10—2 t —+—

TTTT

10

lllclllll [N

100

107!

|

0s 0 770
Vs (GeV)

Fig. 46. Pion and kaon form factors. Shown are the meson form factors for 'n~, K'K", and K3K! pair production [174]. For clarity, only
non-overlapping |F,|” data from the CMD, OLYA and DM2 experiments are displayed; see Barkov et al. and Bisello et al. [174]. The data for the
KIK! form factor were taken from Mané et al. [174], those for the K'K ™ form factor from Delcourt et al. and Ivanov et al. [174]. The solid lines
are predictions from a simple VMD model [169].

AL AL I

1 lllllAl.l i llllllll

is larger than expected in the SU(3) symmetric limit (0.93)*) [199], demonstrating again the importance
of SU(3) breaking amplitudes.

Other reactions, such as J/y— omm, have both resonant and non-resonant components. The
distribution of m__, as observed by DM2 [176], exhibits a distinct enhancement near threshold (fig. 47).
Its branching ratio has been determined to be [176]

B(J/y— 0X(500))- BX—>7'n")=(21%£2+3)x 107", (79)
A similar structure is also observed in the corresponding w’n" system with a rate consistent with zero

isospin [141].
Only recently has more attention been given to this low-mass enhancement because the scalar

*) s-wave phase space has been taken into account.
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Table 22
I/ three-body decays into mesons. The averages have been obtained assuming I =0 for the two-meson subsystems.
Final Branching ratio
state (units of 107*) Experiment Intermediate two-body systems
o'’ 15015 PDG {14] pm
KKn 6110 PDG [14] K*K
on'm” 78+ 16 PLUTO [157]
68+ 19 Mark I [167]
52+0.7x11 Mark III [177]
oTT 92.7+125 {average) wf,(1270)
oK 'K~ 8.0+50 Mark 1 [405]
86+06+1.7 Mark III [177]
B 74+07x23 DM2 [126]
wK'K’ 12.4£2.0=+3.1 DM2 [126]
oKK 17426 (average) of,(1720)
onm” 10.5+4.5 Mark [ [405]
90+04=x23 Mark III [177)
78+03+12 DM2 [126]
omw 123+16 {average) f,(975), f,(1270), &f,(1300), of,(1720)
¢K'K~ 9.0+4.0 Mark I [405]
) 83+03+13 DM2 [126]
KK’ 6.3+0.7+1.6 DM2 [126]
6KK 153220 {average) f(1525), f,(1720)
oK*K +c.c. 53x14x14 Mark III [156] phase space distributed
SK*K +c.c. 20.0£3.0%3.0 Mark III [156]
20.7+24+30 DM2 [126]
20428 (average) phase space distributed
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Fig. 47. Invariant mass of the 7"~ system produced in association with an w. The solid curve shows the prediction of the model of ref. [178}, the
dashed curve represents a phase space distribution. The data are from DM2 [176].
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glueball may lie below 1 GeV. However, this speculation has been rejected by an analysis performed by
DM2 [176]. Neither is the enhancement well reproduced by a Breit-Wigner shape, nor do the angular
distributions indicate the excitation of a single scalar resonance. This is demonstrated in fig. 48.

For a scalar resonance, the decay angle of the =’s in the 7w rest system, 6_, should follow a uniform
distribution. However, the experimentally observed 6_ distribution shows some deviation from
uniformity depending on the invariant mass of the system X.

An interesting explanation of the low-mass enhancement has been given by Dosch and Gromes
[178]. In the discussion of the basic (connected) diagram for meson pair production (fig. 20a), a
momentum dependence which can arise by the mechanism for the spontaneous creation of a quark pair
from the “sea” has generally been neglected. Using an explicit expression for the spontaneous creation
amplitude [179], the authors can qualitatively describe the shape of the low-mass mn enhancement
(solid curve in fig. 47). While the enhancement is not expected to be seen in the OZI forbidden
J/¥— dmw channel, the model predicts a similar but less pronounced effect for J/{— ¢KK. Both
predictions are consistent with the experimental observation*’ (see fig. 32 and fig. 35). It remains to be
seen whether this interesting concept can be applied to the J/— wKK reaction, where the experimen-
tally observed KK spectra (fig. 34 and fig. 101b) can accommodate a significant non-resonant
component (see section 5.3.4).

The mechanism for the formation of exclusive final states in the decay of heavy quarkonia has also
been discussed by Karl and Tuan [180], who point out the importance of measuring the non-resonant
J/§— {w, &} + {ww, KK} branching fractions. The proposed mechanism of sequential pair creation
[181] may explain the puzzle that the decay y(3685)— pw is suppressed while J/{y— pm is the largest
hadronic decay of the J/{.**

5.6. J/\y decays into baryons

Under SU(3),,..ur the baryons can be arranged in singlet, octet, and decuplet irreducible representa-
tions,

3Q3@3=1, D8, D8, ®10,. (80)

- e’ 03
-10 -05 0 05 10
cos 0%

Fig. 48. Angular distributions of events from the low-mass ="~ enhancement. Shown is the distribution of the pion polar angle in the = rest
frame as a function of m_, (DM2).

*) The fraction of J/— $KK decays that do not proceed via intermediate resonances is small and has been determined by Mark III [150] to be
B(J/y— ¢KK)=(2.2+0.4)x107*

**) Another explanation for the comparatively large rates of the J/{s into the pseudoscalar vector final states K*K and prr calls for the existence
of an intermediate gluonium state around 3.1 GeV,; see refs. [182].
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The subscripts indicate symmetric, mixed-symmetric, or antisymmetric multiplets under interchange of
flavour labels of any two quarks. Each multiplet corresponds to a unique baryon number, spin, and
parity and its members are classified by I, I;, and S. The lowest lying singlet, octet, and decuplet states,
denoted B,, B, and B,,, correspond to J"=1", 1", and }", respectively. Figure 49 shows the lowest
lying multiplets in the S-I, space. For brevity we will refer to %(1385), E(1530), and N(1440-1530) as
3*, E*, and N*, respectively.

Decays of J/i into final states containing baryons have been intensively studied by the BONANZA
[71,183], Mark I [184], DASP [67], Mark II [185], DM2 [188, 186], and Mark III [189] experiments,
among which the systematic investigations of the Mark II and DM2 groups are most noteworthy. Good
angular coverage, particle identification over a large momentum range by time of flight or Cerenkov
counters, as well as the possibility of missing mass measurements due to the well-defined initial state in

e"e” collisions, allow one to reconstruct complex decay chains, such as
JIW—=E" 5 > An An", A—pr”, nm’. (81)

5.6.1. Two-body decays into baryons

The majority of J/{ baryonic decays proceeds via two-body intermediate states. As in the case of J/{
decays into meson pairs the decay rates can be compared with theoretical models that exploit the
SU3)1avour sSinglet nature of the J/¢. In a SU(3) symmetric world only the decays

J/y—B,B,, BB,, B,,B,, (82)

are allowed, with the same decay amplitudes for a given decay family if electromagnetic contributions

are neglected.
As indicated in fig. 50, the SU(3) symmetry can be broken in several ways:
e Since the photon contains both SU(3) singlet and octet pieces, the decay (fig. 50a)

cc— 'yl®8—->Bn]_3m , nFEm, (83)

is possible via the octet component of the photon, because the direct product 8 ®) 10 contains an octet
contribution. In the direct electromagnetic decay (fig. 50c) the photon replaces one of the three

o S N S W - n P
0 C——e———e——-9p AR
\ / / \
A / - / 0 \\
11 e [Me sr* r€ Aorf’ pr’ ® A (1405)
\ / N /
\ N 0
2 1t —*-q /___io = .____.J‘:-
ERERS e
A
3 \\ //
S Q
} [ —— +— + b —+ h
I e 3 1 0
By By By

Fig. 49. The lowest lying SU(3) multiplets of baryons.
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El

Intermediate
qq or qq qq state

7y 7y ¢ Iy
(a) (b) {0 {d)

Fig. 50. Diagrams contributing to J/§— BB decays. Shown are diagrams representing (a) the one-photon electromagnetic, (b) the direct hadronic,
(c) the direct electromagnetic decay, and (d) possible intermediate four-quark or baryonium contributions.

exchanged gluons of fig. 50b, which represents the direct hadronic decay. The ratio R of the
corresponding decay amplitude relative to that of the three-gluon decay has been calculated [196] in the
framework of perturbative QCD, R, = —4a/(5a,), and also in the framework of vector meson
dominance, Ry, =24a/(5a,).

e A second SU(3) breaking mechanism arises from the mass difference of light and strange quarks.*’
That is, the decay chain

c€— (udl + dd +s8), = a(ull + dd),gg + B(sS) ;55— BoBs (84)

can occur if the couplings a and 8 differ. The mass breaking can equivalently be described by an octet
[199] or 27-plet contribution to the J/{ wave function [186].

e As a last possibility it has been pointed out [200] that qq, qqqq or baryonium intermediate states in
octet or 27-plet representations**’ can lead to SU(3) breaking by adding a non-singlet piece to the wave
function.

In order to test to what extent SU(3) invariance holds the decays J/¢— BBy, J/— B¢B,,, and
J/¥—B,,B,, have been systematically studied. In the following subsections the results are compared to
a simple model based on SU(3) symmetry that incorporates the symmetry breaking effects discussed
above using the appropriate SU(3) isoscalar coefficients [187]. The (complex) amplitudes considered are
e A, the SU(3) symmetric amplitude due to the strong interaction;
e D (F), symmetric (antisymmetric) electromagnetic contributions (fig. 50a,c);
e D' (F'), symmetric (antisymmetric) SU(3) breaking effects that arise from the strange and light
quark mass difference;
e D" the 27-plet contribution, which, for simplicity, is only taken into account in the SU(3) forbidden
B;B,, decays.

The question of the phase between one-photon and direct hadronic decays is not settled, neither

*) For an estimate of constituent quark masses, see, e.g., ref. [155] (m, =m, = 0.6m.). _ _ _
**) In principle also decuplet and 35-plet contributions may be considered (8 ® 10=8@®27@® 10@ 35); however, the 10 and 35 multiplets do
not contain isosinglet states, prohibiting their contribution if SU(2) invariance is conserved.
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theoretically*) nor experimentally (see, e.g., table 15) and the phase is therefore allowed to vary. The
absolute magnitude of the electromagnetic contributions can be calculated in the framework of a
GVDM model (Generalized Vector Dominance Model) [66, 196, 197], and is found to be small for
SU(3) allowed decays. It depends on the number of strange quarks in the final state and the magnetic
baryon form factors [191]. Effects that are of second order in the SU(3) breaking (see section 5.3.1) will
be neglected in the following discussion, and for clarity we will assume that the amplitudes considered
above are invariants for each class of B,B,, final states.

Finally, we would like to add a remark concerning the treatment of charge conjugate final states.
Applying the operator for charge conjugation to a baryon—antibaryon system,

=|B,B,) forn=m

C|Bngm> = |Ban>{ D
#|B,B,) forn#m,

(85)

generally leads to a different state. Charge conjugate states will nevertheless be produced with the same
branching ratio if isospin is conserved in the decay of the final state particles. We therefore adopt the
convention that charge conjugate states are implicitly included in the measurement of branching ratios.

5.6.1.1. Decays into pairs of octet baryons. Decay rates of the J/i{ into pairs of octet baryons have
been measured with high precision. The quality of the data can be deduced from fig. 51a,b and fig. 54,
showing evidence for the J/&— pp, J/4— AA, and E™E" reactions. The so far measured branchmg
ratios of J/y— By, B decays are listed in table 23. The phase space corrected branching ratio**), B, is

T T T | T T T = | T T T T
1500 - (b}
3001 b
— > L 4
3 2
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@ =
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28 3.0 32 3.4 22 24 26 28 30 32 34
pp energy (GeV}) AA energy (GeV)

Fig. 51. Examples of J/{ decays into pairs of octet baryons. Shown in (a) is the energy of the pp-system showing a peak at the J/{ mass with
negligible background. In (b) the corresponding spectrum for the AA system is displayed; the enhancement centred at 2.9 GeV comes from the
decay J/y—3°3° (DM2 [188]).

*) A QCD analysis fixes the ratio of the direct and one-photon contributions to be positively real (Chernyak and Zhitnitski {201]), while a

dispersion approach determines this ratio to be purely imaginary (Fukugita and Kwiecinski [201]).
**) We define the N-body s wave phase space factor R, by the expression

d&’p,
RN =J’ H 25 8 (P(mal lnmal) .

For the special case of two-body decays one obtains R, = mp*/V’s, where p* is the momentum of either particle in the centre of mass system. The
centre of mass energy is V5. Note, that the Particle Data Group [14] uses an additional factor 27 “*¥ to define N-body phase space.
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Table 23
Decays of the J/{s into a pair of octet baryons. Listed are results from Mark I {184], DASP [67], BONANZA (183,
71], Mark 11 {185], DM2 [188, 186], and Mark III [189, 190] (preliminary). The results have been averaged assuming
uncorrelated errors. General expressions in terms of singlet (A), as well as symmetric and antisymmetric one-photon
(D, F), and octet SU(3) breaking terms (D', F') can be compared with the reduced branching ratio B=
Vs/(w - p*) x B(J/y— X). Upper limits are given at the 90% C.L.

Final Branching ratio B
state Amplitude (units of 107*) (units of 107*) Experiment
PP A+D+F+D'+F 22.0+2.0+33 Mark I [184]
20.0+5.0 Bonanza [183]
25.0+4.0 DASP [67]
21.6+£0.7+15 Mark II {185]
19.1£04£3.0 DM?2 [188]
19.1£03x1.6 Mark III [189)
20.6+1.0 16.5+0.8 (average)
AA A-D+2D’ 11.0£2.0£17 Mark T [184]
26.0+16.0 Bonanza {71]
158+08=1.9 Mark II [185]
13.8+0.5%2.0 DM2 [188]
14.0+1.3 129+1.2 {average)
nn A-2D+D'+F 18.0+9.0 14272 Bonanza {183]
3°8° A+D-2D" 13.0+4.0£20 Mark I [184]
158+1.6%25 Mark II [185]
10.6+04+23 DM2 [188]
126+1.7 126+1.7 (average)
EE* A+D-F+D'-F 14.0£05=x2.1 Mark I [184]
1140820 Mark II [185]
70+06%1.2 DM2 [186]
8.6+05%2.0 Mark III [190]
9.3+0.9 11.3%1.1 (average)
A V3D <15 Mark 1 [1854]
<0.9 <0.86 DM2 [1186]

calculated assuming no angular momentum (s wave) between the final state baryons. Bis roughly the
same for all decays since the SU(3) symmetric amplitude is dominant. The available experimental data
do not allow a fit for the different amplitudes. However, the upper limit for the isospin violating, purely
electromagnetic process J/y— 3A infers that the electromagnetic component is small.

In addition to the experimentally measured branching ratios, also information regarding the angular
distribution of the decay products has been published. This is especially interesting since theoretical
models based on first-order QCD calculations give predictions for the angular distributions of two
baryon final states. In these models it is assumed that the decays J/y— BB proceed via the diagram
shown in fig. 52, and that the amplitude can be factorized in a hard scattering part, calculable in
first-order QCD, and a “soft” part that describes the hadronization of the outgoing quarks. The vector
nature of the gluon implies quark helicity conservation at each qqg vertex if quark masses are
neglected.

In general the angular distribution can be written as

dN/dcos 8 1+ a cos’d , (86)
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Fig. 52. Dominant diagram for J/¢— BB in QCD calculations.

where 6, is the angle between the baryon and the positron beam direction. The experimentally
observed angular distributions for pp, AA, and 3°3° final states are shown in fig. 53; the corresponding
values for @ are compared with the theoretical predictions in table 24. The effect of quark masses has
been studied in ref. [192] by setting m . = My, ../ 3. Electromagnetic corrections change the results
only slightly. It is clear that the data are becoming sensitive enough to test the different models.

It has been suggested [193] to use the decay J/y— AA—> 7 pw'p as an Einstein-Podolski-Rosen
experiment [194]. By employing the A decays as spin analysers, quantum mechanical correlations at
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Fig. 53. Angular distribution of the system of two octet baryons. Polar angle distribution of (a) proton, (b) A, and (c) Z° with respect to the positron
direction. The curves result from fits as described in the text. The data are from DM2 [188].



L. Kopke and N. Wermes, 1/ decays 139

Table 24
Results on the angular distribution of baryons. The results from the Mark I [184], DASP [67], Mark II [185], DM2 [188], and Mark III
{189] experiments are compared with theoretical predictions. Baryon masses have been included in the calculation of ref. [191],
significantly changing the predictions for massless baryons [164]. The effect of non-zero quark masses has been studied in ref. [192].

Ref. [164] Ref. [192] Ref. [192]

Final vector gluon no e.m. with e.m.
state a Experiment (mg=0) Ref. [191] correction correction
pp 1.45+0.56 Mark I [184}

1.70£1.70 DASP [67]

0.61+0.23 Mark II [185]

0.62+0.11 DM2 [188]

0.58 £0.14 Mark III [189]

0.63+0.08 (average) 1 0.46 0.69 0.70
AA 0.72+0.36 Mark II [185]

0.62+0.22 DM2 [188]

0.65+0.19 (average) 1 0.32 0.51 -
3'5° 0.70=1.10 Mark II [185]

0.22+0.31 DM2 [188]

0.26 £ 0.30 {average) 1 0.31 0.43 -

macroscopic distances can be tested and compared to the bounds given by Bell’s inequality for hidden
variable theories. In a first evaluation, the DM2 Collaboration finds [195] that their data are consistent
with the quantum mechanical expectation. However, due to the limited statistics, the significance of the
result is still poor.

5.6.1.2._Decays into pairs of decuplet baryons. Several branching ratios have been measured for the
J/y— B, B,, decay. As an example, fig. 54 shows evidence for the J/y— 3 *3"* decay. Since the
wave function of decuplet baryons is symmetric with respect to the interchange of any two quarks, the
expressions in terms of SU(3) allowed and SU(3) forbidden amplitudes turn out to be simpler than in
the case of the octet baryons. For simplicity, possible 27-plet and 64-plet amplitudes have been
neglected in the compilation of table 25. The measured branching ratios agree fairly well with each

18 T T T T T
1.7 F -
% 1.6 | =
=
1.5+ -
w
a
= 1.4 F -
131 % .
| i 1 1 i
1.3 14 15 16 17 18
M {An~) (GeV)

Fig. 54. Evidence for the J/y—37*3** and J/¢— E"E" reactions. Scatterplot of Aw~ mass and the recoiling missing invariant mass. The cluster
at 1.32 GeV is due to the decay J/y— E E" while the cluster at 1.38 GeV is due to J/y— 2 *3"* (DM2 [186]).



140 L. Kopke and N. Wermes, J/\ decays

Table 25
Decays of the J/\ into pairs of decuplet baryons. Listed are results from the Mark I [184], Mark II [185],
and DM2 [186] experiments. The results have been averaged assuming uncorrelated errors. General
expressions in terms of singlet (4), one-photon (D), and octet SU(3) breaking terms (D’) can be
compared with the reduced branching ration B =vs/(w- p*) X B(J/\—>X).

Final Branching ratio B

state Amplitude (units of 107*) (units of 107*) Experiment

AYTATT A+2D+ D’ 11.0+09x28 11.6+3.1 Mark II [185]

373 A-D 8.6+1.8%22 Mark 11 [185]
10.0+04£2.1 DM2 [186]

95+1.7 13.5+24 {average)

T A+D 103+2.4+£25 Mark 1I [185]
11.9+0.4x25 DM2 [186]
11.3+20 16.1+2.8 {average)

other, indicating that also here SU(3) breaking effects are of minor importance. Specifically, one finds
from the ratio of reduced branching fractions,

2

D + x5 - % +
BUN=2 72 ) JAXDI_ | 194030, (87)

BU/y—>37*5**) |A-D

that either the electromagnetic amplitude is small or its phase with respect to the strong amplitude is
close to 90°.

5.6.1.3. Decays into octet—decuplet baryon pairs. The detection of SU(3) forbidden decays with
relatively large branching ratios first published by the Mark II Collaboration [185] came as a surprise,
prompting several attempts to explain the effect. The DM2 [186] and Mark III [190] Collaborations
have confirmed this result and measured additional J/— BB, decays (table 26). Several ratios of
decay rates can be formed to test the predictions of various models, assuming for the moment that the
amplitudes D, D', D" are quark mass independent,

B(/y—E"*E° y 2D+ D'+ 3iD"|?

R == =

Bgrg=32=+%= |12D+D'-D"

b

EJ/ E—*E+ D!+§D" 2
2= "'( ""'_) _*)m [ : " ’ (88)
BUg—=x x) | D'-D
R - BO/y—3"*37) - BUly—>3"*5") [pD+D - D'’ |D' - D’
' B—E"E®Y - BJ/y—E*E') [2D+D'+3iD"*—|D'+3D"}’
Experimentally one finds, using the DM2 value for B(J/y— E°*E°),
R,=13%06, R,=28+%10, R,=-01=03. (89)

Genz et al. [200] have put forward the hypothesis that an intermediate qq octet state could lead to the
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Table 26
SU(3) forbidden decays of the J/{ into baryons. Listed are results from the Mark II [185], DM2 [186], and Mark III
[190] experiments. The results have been averaged assuming uncorrelated errors. General expressions in terms of
singlet (A), one-photon (D), octet SU(3) breaking (D'), and 27-plet terms (D") can be compared with the reduced
branching ratio B =Vs/(w - p*) x B(J/y— X). Upper limits are given at the 90% C.L.

Final Branching ratio B
state Amplitude (units of 107*) (units of 107*) Experiment
575 -D'+D" 29+1.1%1.0 Mark II [185]
3.0+03%08 DM2 [186)
3.0£0.7 35£08 (average)
375 -2D-D' +D" 3111211 Mark II [185]
34+04+0.8 DM2 [186]
3720.4%09 Mark III [190]
35206 40+0.7 {average)
ET*E" D' +1iD" 59+09+12 9.8+2.5 DM2 {186]
EnE° 2D+D'+3D" 32%1.2+07 52%22 DM2 [186]
<4.1 <6.6 Mark III {190]
%A V3D <2.0 <22 DM2 [186]
Ap 2D <1.0 <0.9 DM2 [186]

apparent SU(3) breaking. A generalization to multi-quark intermediate states would also make the
contribution of a 27-plet possible. As can be seen from the amplitude decomposition, octet dominance
(D'> D") would predict that R, = R, = R, =1, in contradiction with the measurements. The more
sophisticated model of Korner [196], which allows for strong mass breaking effects and final state
dependent electromagnetic amplitudes but neglects a 27-plet contribution, runs into similar problems.
While a model allowmg electromagnetic contributions is ruled out, some electromagnetic component
seems to be required, since BJ/{— E"*E°) # B(J/y— E™*E™). In the framework of the given model,
the data c?n well be described if both electromagnetic and strong isospin breaking effects are taken into
account.*

5.6.2. Three-body decays involving baryons

The phenomenological model outlined in the previous paragraphs gets very complex when applied to
three-body final states with many parameters to be determined. In addition, since most J/{§ decays
proceed via two-body intermediate states, including wide resonances, it is hard to experimentally
extract the non-resonant three-body contribution. Specific models based on proton and N* pole
diagrams (fig. 55) have been introduced [202] to deal with these problems.

Here we discuss only a few of the results and, to guide the eye, furnish reduced branching ratios by
dividing out the three-particle s wave phase space factor (see table 27).

By studying table 27, the following observations can be made:
e The ratio

B(/y—pnn”): BU/y—pnn') : BU/y— ppn’) = (58.9 £ 4.7) : (56.2 £ 4.6) : (31.4 £ 3.1)
is consistent with SU(2) symmetry, which predicts the ratio of 1:1:0.5.

*) The data can be well fitted even if the octet breaking term is neglected; in this case | D/D"| = 0.05 with a phase of roughly 180°,



142

L. Képke and N. Wermes, 1/ decays

7y

P
Fig. 55. Example of a baryon pole diagram.

Table 27
Three-body J/¥ decays into baryons. The results have been averaged assuming uncorrelated
errors. The reduced branching ratio B is obtained by dividing out the three-body s wave
phase space. Upper limits are given at the 90% C.L. The reactions marked by  largely
proceed via N(1440-1535)w.

Final Branching ratio B
state (units of 107%) {units of 107*) Experiment
ppm’ 10.0£1.5+15 Mark 1 [184]
11320909 Mark II [185]
11.0=1.1 31.4+3.1 {average)
AA%° 22+05%05 15.4%5.0 DM2 {186]
ppn 23.0£40=35 Mark [ [184]
203+13%15 Mark 11 [185)
206+ 1.9 13312 (average)
pp7’ 18.0£6.0+2.7 Mark [ [184]
682317 40711 Mark 1I [185]
A" pr” 15822340 94+ 27 Mark II [185]
pAK~ 8920714 93+16 Mark 11 [185]
pAK” 71202%15 74+ 16 DM2 [187)
K" 29+0.6%0.5 £2=1 Mark II [185]
pE’K’ 2620306 38=10 DM2 [187]
K~ 51+26%18 283+ 176 Mark 11 {185)
pnm” 21.6+29+33 Mark 1 [184]”
202+07%16 Mark II [185]”
204+ 1.6 589=+4.7 (average)®
pom* 204+27+3.1 Mark I [184]”
1930716 Mark II [185]”
19.5+1.6 56.2+4.6 {average)?
AZm” 15.3+1.7+3.8 Mark II {185)
9.0+0.6+1.6 DM2
99+1.6 0=x15 {average)
At 13.8+2.1+£35 Mark II [185]
11.1206+16 DM2 [186]
11.5+19 105+17 {average)
ppw 16.0+3.0£2.4 Mark 1 [184]
11.021.7+18 Mark II [185]
12521 204+34 (average)
ppe <0.31 <41 Mark 11 {185]
ppd 0.45+0.13£0.07 6020 DM2 [126]
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e However, electromagnetlc amplitudes can play a major role as may be seen from the SU(2) breaking
decay J/4— AA~rr whose reduced branching fraction B is half as large as that of the SU(3) allowed
decay J/y— ppm’.

e By comparing the decays

1T0 p0
J/¢—>p15[n and J/¢—>p13[¢ (90)
M ®

one finds that final states including isovector mesons are relatively suppressed. Considering only the
proton pole diagram of fig. 55, assuming the exact validity of the OZI rule and SU(3);,.0u,> ONE
predicts [202] the ratios (8,,,,, = 35.3°)

ideal

By~ ppm) : BAMW— pp') : BA/b— ppr’) = a*sin*(Byey — 6p) : 408 (Bgem — 65) : 1
=0.004:0.002:1, (91)

B(J /14— ppw) : BI/y— ppd) : BA/b—ppp°) =9:0:1.

The factor a can be calculated [202, 203]. For definiteness we assume a pseudoscalar mixing angle of
6, = —20° and set a=2.08 [202, 203]. While this simple model explains the suppression of the
J /¢—> ppp’ rate, it fails to account for the large J/y— mpp and J/— wpp rates. Sinha and Okubo [202]
have included in their calculations the effect of an intermediate N* pole and find reasonable agreement
with the relative and absolute J/yi— pseudoscalar + pp rates. The assumption of large N(1440),
N(1535) contributions is verified by experiment, since the reaction J/¢— w’pp and J/y—>npp are
found to proceed mainly via the N*p intermediate state [204].

5.7. Rare decays

One reason for the longevity of J/¢ research is that each successive experiment has increased its
sensitivity over previous experiments, elther by improving the detection efficiency or by increasing the
statistics. Branching ratios of order 10™*~107° are routinely studied, and upper limits have been pushed
to the 10™° level. Future experiments at the Beijing Electron Positron Collider (BEPC) [77, 206] have
the potential of increasing the sensitivity by one or two orders of magnitude.

5.7.1. Weak decays
The J/i can couple to the weak neutral current through the annihilation diagram shown in fig. 56. A
simple minded estimate of the branching ratio for weak decays is

BUIW—Z'>X)=(m,/m,)" x B/y—e e )=10"". (92)

20 q.l
/Y

al
Fig. 56. Feynman diagram for weak J/¢ decays.
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Due to the quartic mass factor, the Y(9460) is favoured compared to the J/¥ by roughly a factor 30,
compensating for the advantage of high statistics available at the J/y. Still, predictions for exclusive
channels have been made for several final states including J/&— vv [207], the C parity violating decay
J/g—> b [208], and J/y— KK{ [209], which is forbidden by the spin statistics theorem. The J/$— vv
decay, which can in principle be tagged via ' > 7 7 J/y— 7’ w~ + nothing, occurs with a rate of
(sin’f,, = 0.22)

91—  sin'8)’ (M

4
) B(J/y—>e*e )=10"*x N, . (93)
M,

BQ/ v)=N,
(p=w)=N, 512 sin‘6,, cos“g,,

Given the backgrounds, this is too small to lead to an interesting bound on the number of neutrino
generations N,. The predictions for J/y— b (<107°) and J/y— KK (<107°) are even smaller.
Electroweak interference effects in decays like J/y— pp are small and only observable if the helicity of
the muon can be detected [205].

Although in the minimal standard model (one Higgs doublet) the Linde-Weinberg bound [210]
constrains the Higgs mass to be well above the J/i mass,*’ this does not necessarily apply to theories
with more than one Higgs doublet. The signature for the Higgs would be an extremely narrow, spinless
state, decaying primarily into final states involving kaons. The claimed evidence for the £(2230) by
Mark III has, among others, also generated speculations that it might be a Higgs boson (see discussion
in section 6.4.3).

5.7.2. New fudamental couplings

New fundamental couplings, such as in supersymmetric or composite models, may produce observ-
able effects in J/i decays if the mass scale is low enough. For example, if the supersymmetric partner of
the gluon, the gluino, has sufficiently low mass, a two-gluino state might be observable in J/{ radiative
decays [211]. From the apparent absence of such a signal, the authors conclude that m,; ,>1GeV,
independent of its lifetime and the squark mass. For most signatures, however, measurements at
PETRA/PEP are, despite the lower statistics, more sensitive to new couplings than at the J/{.

5.7.3. Axion searches

The axion is a Goldstone boson resulting from the breaking [213] of a U(1) symmetry. The apparent
lack of large P and CP violations in strong interactions can be explained if such a symmetry is imposed
[214] on the QCD Lagrangian. The standard axion has a small mass of the order of 100 keV and a
rather long lifetime 7, ~107>*?s. Early experiments on axion production and/or decay were con-
troversial, either observing [215] the decay of an axion-like particle of mass m, =250 keV, or ruling out
[217] the existence of a standard axion.

The predicted radiative decay rate for a vector meson into an axion contains a free parameter x, the
ratio of the vacuum expectation values of the two Higgs fields in the theory. For the J/¢ one predicts
[218]

BU/y—>ya) _ G
B/W—p'p’)  V2magp

X =(57+1.4)x107°x*, (94)

* Note that this limit (>7 GeV) is only valid if the mass of the top quark is sufficiently low [410].
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where Gy is the Fermi coupling constant, m_= (1.5 = 0.3) GeV the current mass of the charmed quark,
and a,gp, the QED coupling constant.

The signature of a long-lived standard axion in radiative J/{¢ decays would be a single photon of
beam energy. The Crystal Ball Collaboration [212] has conducted a search for this topology and found
no evidence, corresponding to the upper limit

B(J/y—ya)<1.4x107° (95)

at the 90% confidence level. The equivalent limit of x <0.6 rules out a value of x =3.0+ 0.3 found
earlier [215].

For the decays of the Y(9460), eq. (94) has to be modified by replacing x” by 1/x* Consequently, the
prediction B(J/y—>vya) X B(Y—>vya) = (1.8 +0.4) x 10~° [216], where QCD radiative corrections have
been included, is independent of the unknown parameter x. Experimentally [216] one determines the
limit B(J/y—>+ya) X B(Y—>va) <0.2 x 10~°, which clearly rules out the standard axion. One should
note, however, that the non-standard axions (e.g. “invisible axions” [219]) are not affected by this
investigation.

6. Radiative J/{ decays
It is the radiative decays of the J/i{ in which glueballs are expected to be seen if they exist. The decay
JIb—y+X, (96)

as shown to lowest order in fig. 57a, is ideally suited to scan for glueballs in the mass region up to
3GeV. The diagram in fig. 57b is considered to be suppressed. The decay J/y— =", in which the
photon must couple as an octet to the light quark final state, is more than an order of magnitude weaker
than J/{—ym or yn' and provides a lower limit to the contribution of the diagram of fig. 57b.

A fairly reliable estimate of the fraction of radiative decays to all decays of the J/{ can be made
following the perturbative approach of section 2.1 using some experimental input in addition. The
leptonic branching fractions contributing to the purely electromagnetic diagram of fig. 4b are measured
to be (6.9 +0.9)% [14, 23], identical for J/y— pn" " and J/y—>e”e”. Assuming lepton universality,
the error is reduced to 0.9/V2% =0.64%. Quark pair production via ome-photon annihilation
following fig. 4b can be readily deduced using the off-resonance measurement of R=
o(e*e” — hadrons)/o(e*e” — pp) =2.59 £ 0.17 at 3GeV [25].

The three-gluon decay of fig. 4a can be inferred from the QCD formula of eq. (7) by introducing the

¥
! e
Wy ::%X 7y C X
i g s
(a) ib)

Fig. 57. Radiative J/{ decay. Decay diagrams in lowest order showing photon emission from the initial state (a) and final state (b) quark line,
respectively.
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measured value for I'(J/y— ¢ ¢7). We neglect terms like mz/ M i and assume the cc system to be

non-relativistic.
In the same we we relate I'(J/y— ygg) to the leptonic decay width using eq. (10),

2
T(/u—eg) = % (%= 9) % TFGy— €7¢7)(1+10.3a/m)(1 - 5.8a /7). (97)

Finally, we use the measured branching ratio [230] for the transition J/{—vym_, which is (1.27 =
0.36)%. Assuming that the decays of fig. 4 total 100% of all J/\ decays, i.e.,

B(J/g—ee, pp) + BJ/¥—qq)., + BU/¥—3g) + BJ/y—>vygg) + BJ/—yn,) =1,

one finds, substituting numbers and using the lowest-order formulae only,

3
(6.9 = 0.64) X 10‘2[2 +(2.59+0.17) + S (27— 9) == (1 +16 ﬁ)] +(1.27+0.36) x 107 =1.
187 a 5 a
(98)
Solving this cubic equation for a, yields a, =0.181 + 0.008 and
B(J/‘b_)'ygg)lowest order = (76 * 07)% (99)

for the radiative J/\{ branching fraction. One must check if this result is stable with respect to higher
orders of perturbation theory and the assumption that the cc system is non-relativistic. Introducing the
first-order corrections [16] results in a 12% smaller value for «, (0.16 = 0.007) and a branching fraction
of B(J/y—vygg) = (6.5 £ 0.6)%, indicating that eq. (99) appears to be relatively stable with respect to
higher-order QCD corrections.

One also must worry about the renormalization scheme dependence. Above estimates are based on
the MS scheme. Another choice is the “scheme of effective charges” [220], which chooses «, such that
the second order adds zero correction to the result, but not necessarily the orders higher than two. In
this scheme a, =0.15+0.01 and the same radiative branching fraction as in the first-order calculation
with the MS scheme is obtained.

In order to remove reliance on the assumption of a non-relativistic cC system one may use only the
ratio of the ygg and ggg partial widths, I’ /I ., and the sum of their branching fractions, which
amounts to roughly (68 + 4)%. The strong coupling constant can then be computed using the standard
QCD formula

127

M) =
(M) = 53 o In(M2/A%)

(100)

which, with A = (200 £ 100) MeV, yields a, = 0.21 + 0.04. With this value of a,, B(J/{— ygg) can be
calculated from eq. (11) of section 2.1 and from the sum of the branching ratios for ygg and ggg to be
(6.8 = 1.4)% in lowest-order and (4.9 = 1.0)% in first-order QCD.

Summarizing these estimates one can reliably state that

BU/b—yeg)=(6=2)%. (101)
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6.1. The inclusive photon spectrum

The inclusive photon spectrum J/$— vy + X has been measured by the Lead Glass Wall [221] and
Mark II [222] Collaboratlons Such a measurement is very difficult, especially in the low x =2E /M,
range, due to m’—vyy and n—vyy decays in processes which are not radiative J/i decays but can
mistakenly be identified as such. Mark II has therefore statistically subtracted events involving «° and n
decays in the inclusive photon spectrum. The result is shown in fig. 58. The subtraction procedure has
large systematic errors for x =0.6, i.e., My >2 GeV. The integrated branching fraction for x >0.6 is
[222] BJ/¥— v+ X) = (4.1 £0.8)%. Comparison with the perturbative QCD prediction [223] is done
by the solid line. The data are clearly softer than the theoretical expectation near x = 1, although the
integral for x > 0.6 is the same (=5%).

Crystal Ball [224] has analysed an inclusive photon spectrum with much larger statistics and a
superior photon resolution (fig. 59). Resonance production is observed near the end point of the
spectrum, which is, however, not renormalized. The difficulty in obtaining an absolute cross section lies
in the knowledge of the photon efficiency associated with the low-multiplicity final states of resonances,
many of which are unknown. Figures 59 and 58 are thus not directly comparable. The better resolution
and higher statistics of Crystal Ball allows one to identify structures in the inclusive distribution which
are labeled in fig. 59. Masses below the m' mass are cut out by the analysis procedure.

The spin decomposition of the two-gluon system X recoiling against the radiative photon in
J/— ygg has been calculated by Billoire et al. [226] and Korner et al. [227]. They obtain the spin
parity decomposition of the two-gluon system as a function of mass. Billoire et al. [226] assume the
gluons to be massless. This assumption forbids the production of spin 1* and (odd)~ gg systems due to
Yang’s theorem [228]. In their calculations the spin 0* and 0~ contributions are identical and fairly
large. Remarkably, the dominant contribution is J* =27, especially at small invariant gg masses, which
is understood from the structure of the Ore—Powell matrix element for this decay [229]. The spectra are
shown in fig. 60a.

Korner et al. [227] have calculated the spectrum by assuming the approximation of non-relativistic,
weakly bound, qq systems. The meson wave functions at the origin are the only unknowns and are
obtained from the measured electromagnetic widths of the J/{s and the light quark mesons, respective-
ly. To first order in perturbative QCD the diagrams are calculated without assuming the gluons to be
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Fig. 58. The inclusive photon distribution from the J/i as obtained by Mark II [222]. The solid line is the result of a perturbative QCD calculation
with the experimental resolution for this process folded in.
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Fig. 59. The inclusive photon distribution as obtained by Crystal Ball. The distribution is not normalized. The particle names label the regions
where these resonances should appear. The logarithm of the photon energy is plotted to obtain constant resolution along this axis.
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Fig. 60. Perturbative QCD calculation for J/y— ygg. (a) Spin parity content of the gg system as a function of gg invariant mass (from ref. {226]).
(b) Summed squares of the reduced helicity amplitudes as a function of x =1-(m,/ m, Y (from ref. [227]).
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on-shell, such that spin 1 states are no longer forbidden. The relative contributions of the four different
spin parities are shown in fig. 60b.

It is evident from fig. 59 that not every resonance seen in a radiative decay of the J/{ is necessarily a
glueball candidate. Other possibilities have already been outlined in chapter 2. We therefore start with
the discussion of the radiative production of those mesons which are most likely composed of a
quark-antiquark pair.

6.2. The M1 transition J/— ym,

The 'S,, J*“=0"" state of the charmonium family, the v, was found in the inclusive photon
spectrum from the ¢’ and J/¢ by Crystall Ball [230] and in exclusive hadronic decays by Mark II [231].
The evidence for the m, in the inclusive vy spectrum of Crystal Ball is shown in fig. 61.

Mass, width and branching fraction from this measurement are

m(n,)=2984+5MeV, TI'(n,)=11.5"3MeV,
(102)
B(J/y—>yn,)=(1.27+0.36) x 1072

Since then a number of decay modes of the m_have been measured including the decay to ¢d [232],
which allows a unique measurement of the 0 spin parity and has established the m, to be the 'S, state
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Fig. 61. Evidence for the 7 in the inclusive vy spectrum at the J/. The peak at 200 MeV arises from charged particles not tagged by the tracking
system. The peaks at the end point of the spectrum are from J/y— yn’ and J/{— yn(1440). The signals due to J/iy— yn and J/y—> yr° have been
removed by cuts. The insert displays the background subtracted m_ region (from ref. [247)).
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of the charmonium family. We only list here the experimental results (table 28) without going into
further detail of the physics involved. The interested reader is referred to refs. [234] and [237] and
references therein.

6.3. Radiative production of qq mesons

6.3.1. The decay J/¥— v + pseudoscalar

Of the pseudoscalar ground state nonet the m, ', and the =’ can be produced in the radiative decay
J/y— v + pseudoscalar. The physical states n(549) and 7'(958) are mixtures of the SU(3) singlet m, and
the octet m, as a consequence of nonet symmetry breaking. The relation between the mass and the
SU(3) eigenstates is given by [14]

M(549) = n, cos 6, —m, sin 6, ,
(103)

1'(938) =, sin 6, + M, cos 6, ,

Table 28
Decay branching ratios of the .(2980). The measured product branching fractions have been
corrected using the Crystal Ball values for B(J/y— +ym_.) and B({' = yn,) [247], respectively,
and have been corrected for isospin where necessary.

Decay mode B(m.— X) (%) Reference
K*(892)K*(892) 09+0.5 Mark III [234]
0.55+0.18 DM2 [124]
2,(980)w <1.0/B(a,(980)— nm) Mark III [234]
2,(1320)w <2.0 Mark IIT [234]
£,(1270)m <1.1 Mark III [234]
nmw 3.6+24 Crystal Ball [230}

54+13 Mark I1I [234]

nmm 41x13 Mark IIT [234]
KKw 163 Mark 11 [231]
48=1.1 Mark III [234]
59+14 DM2 [235]
KKn <31 Mark 111 [234]
K*(892)K w" +c.c. 20=05 Mark III [234]
e 20003 Mark I [231]
13205 Mark III [234]
1.05+0.17£0.16 DM2 [235]
' KK 1412 Mark II [231]
21203 Mark 11T [234]
' % pp <23 Mark 11 [231]
PP 0.29753 Mark 11 [231]
0.11 £0.06 Mark III [234]
0.146 = 0.04 = 0.03 DM2 [204]
AA <0.63 Mark 11 [231]
<0.32 DM2 {359]
bb 0.8+0.2+025 Mark III [232, 234]
0.31£0.07 = 0.04 DM2 [233]
pp 26+0.8%05 DM2 [236]
wd <0.13 Mark III [352]
0w <0.31 Mark III [234)
<0.7 DM2 [351]
Yy 0.06 +0.03 world average [131]




L. Kopke and N. Wermes, J1/\s decays 151

where 6, is the pseudoscalar mixing angle. The physical states diagonalize the mass squared matrix

M, M?S)

M? =(
Mis Mg

(104)

where MZ, = 1(4m} —m’) and M3, M, include the sum and the difference of m> and my,
respectively [239]. Writing down the quadratic Gell-Mann-Okubo mass formula [238] as

tan’, = (Mgg — m2)/(m;. — M) (105)

yields 8, =~ +10°. SU(3) breaking or higher-order effects [240] increase 6, to ~20°. The pseudoscalar
nonet is not ideally mixed, i.e., both n and n' contain u, d, s quarks in contrast, e.g., to the ideally
mixed vector mesons, where the $(1020) is an almost pure ss meson while the w is devoid of strange
quarks. For ideal mixing the mixing angle is 35.3° or tan 6,, ,, = 1/V2. Defining

M, = (uii +dd +s§)/V3,  m,=(ui+dd—2s)/V6 (106)

leads to a negative mixing angle, 6, <0.

The experimental estimate of the value of 6, has changed in the recent past with respect to the long
assumed value of —10°, obtained from the GMO mass formula (105), due to more precise recent
measurements in various areas. Gilman and Kauffman [241] have analysed experimental data from
various reactions and found consistency of all data with a mixing angle of

6, ~—20°. (107)

The fact that the m is so much heavier than its isotriplet partner = and that the n-m' mixing is not
ideal is often referred to as the essence of the “U(1) problem” [242]. This, plus the fact that the v’ is
produced in radiative J/{ decays with a rather large branching fraction, has raised the possibility that
the n' might have a sizeable gluonic component mixed into its wave function. A study of the m-n'
system in radiative and non-radiative J/{ decays is therefore of considerable interest (see also section
5.3.2).

6.3.1.1. J/—ynand J/— yv'. The decays J/y— yn and J/y— yn' have been measured by DASP
[107], the DESY-Heidelberg group [244], Mark II [246], Crystal Ball [247-249], Mark III [250, 251],
and DM2 [110]. The measured branching ratios are given in table 29.

Figure 62a,b shows the measured mass distributions with evidence for v and v'. From the branching
fractions measured by the Crystal Ball group one finds the ratio [247]

T/ s—y0) T/ s—yn) =4.7%0.6 . (108)

The decay rate I'(J/{y— vy + pseudoscalar) can be calculated using perturbation theory [227, 252],

4R, (0) \? 2
Ry 2= 4(3Yata0? o (SO ) (ARO Y e (109)
] P

Y
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Table 29

Branching ratios for the decays J/y—y+ {m, 7, w"}. The branching fractions are corrected for unobserved decay modes
using 4.25keV for the yy width of the o' [131]. I has been calculated using (74 + 8) keV for the total width of the J/

[23, 99].
Detected
Decay mode B(I1y—vX) T (V) Reference
- yn® a’ =y (7.3+4.7)x107° 5435 DASP [67]
vy (3.6£1.1x0.7)x10°° 27+09+0.6 C.B. [247, 248
> vy (22+0.4£03)x10°° 1620303 DM2 {243
(24+05)x10°° 1.8+0.4 {average)
Ip—>m -y (82=1.0yx107™* 60.7+£9.9 DASP [67)
-y (13£4)x107* 97 31 Desy-HD [244]
-y (88+0.8+1.1)x10™* 65.1+92+10.8 C.B. [247]
n—yy (8.5+0.5+1.3)x107* 629£77+11.8 DM2 [243]
n— 37’ (10.1£0.6£1.6)x10™* 74.7£92+14.3 DM2 [249]
n—yr'n” (9.1£22+1.6)x10™" 67.3+17.8+13.9 Mark III [251]
(8.8+0.6)x 107 65183 {average)
Ip—yy’ nonutnT (39+1.0+1.1)x107° 289 £ 80 £ 87 C.B. [247)
v -oqn’s’ (42+0.6+0.6)x107° 311 =56 + 56 C.B. [247]
7 —>yp° (41£04206)x107° 303 + 44 = 55 C.B. [247]
W —yy (442£0905)x107° 32675+ 51 C.B. [247]
7=’ (24207)x107° 178 +55 Desy-HD [244]
-y’ (47+02%0.7)x107° 348 + 40 + 64 Mark I [251]
=y (4420320.7)x107° 3103762 DM2 {245]
nonntn” (4.6204£07)x107° 340+ 47264 Mark III {251]
"=y (31x1.2)x10° 229+90 DASP [67]
W -vy (47+0.4+09)x107° 348+ 4877 DM2 [243]
(4.0x03)x107° 296 + 39 {average)

Here R,,,(O) and R,(0) are the wave functions of the J/¢ and the pseudoscalar with mass M, at the
origin. Q_ is the charge of the charm quark The reduced pseudoscalar helicity amphtude H'(x)
depends on x =1—(M,/M, ) numcncally xH"(x) =55 for M, = =m,.. The wave functions R,(0) and

P(0) are obtained from F (J/b—e’e”) [eq. (3) of chapter 2] and I'(P—1yy), respectively, with

R*(0) = |¢(0)|* - 4#r. One finds

. - 4a’Q? ,
I'J/g—e’e )= JYe R, (0), (110)
[
12(12 2\2
I(P-vyy)= —————4?“5 R}(0), (111)
P

where, e.g., for P=7' and using 6, = —20°

(Q%), =(Q%), cos 8, + (Q7)gsin 6, =0.315. (112)

Following ref. [227] one obtains I'(J/s— yn’') by multiplying (109) with the SU(3) factor 3 cos’4, and
using the lowest-order QCD formula for a, with A =100 MeV. The result, I'(J/y—yn') =213 €V, is in
reasonable agreement with the experimental average of (296 = 39) V. In the same model, however, the
prediction for I'(J/y—+yn) is disastrously small. Either or both of the two assumptions, to use
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Fig. 62. Evidence for 0, n' and #°in J/4—+y + X. (a) yy invariant mass from J/y— 3y (DASP) [107], (b) yw" =~ invariant mass from J/y—>yx*w”
(Crystal Ball) {247], and (c) vy invariant mass from J/§— 3y (DM2) [110].

first-order perturbation theory and a non-relativistic description for the n(549), must be invalid. If, on
the other hand, one assumes SU(3) invariance, Rf'(O) = Ri,(O), then

' 2y\4
[dv—=ym) (as(m,;)) cos’8, s , ,
I(J/g—m) a,(m,) m,.
which again is in good agreement with the data [see eq. (108)].

Other models have been built [253, 254] to tackle the large I'(n')/I'(n) ratio in (108). Some
calculations indicate a large “glue” admixture to the n' wave function which is not present in the m. In
connection with QCD sum rules Novikov et al. [253] predict various values for I'(n')/I'(n) between 3.7
and 4.0. Fritzsch and Jackson [254] allow small admixtures of n and n' to the wave function of the ..
In turn the 7, ' obtain some cC admixture in their wave functions. The ', being more SU(3) singlet
than the m, then has a larger cc component and hence a larger production rate from the J/¢. All
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theoretical predictions agree well with the experimental observations. An early analysis of J/{ decays to
vector plus pseudoscalar mesons suggested [121, 199] in fact that the n' might have a sizeable glueball
component, a result that seemed to be contradicted by yy data [259]. The analysis of ref. [199] did,
however, not account for the effect of doubly OZI suppressed decays (DOZI). A more recent analysis
[256], based on twice the amount of data, includes the DOZI diagrams and agrees with the conclusions
obtained from yy experiments. Both, yy data and J/{ data, point towards a value of 6, =~ —20° and find
the gluon component in the m or v wave functions to be consistent with zero. In the case of the v,
however, the errors are large (see also section 5.3.2).

6.3.1.2. J/y—>~y=". The branching ratio for the isospin violating decay, J/¢— yx", is more than one
order of magnitude smaller than for J/{— ym, yn’ (cf. table 29). Because the «° is a pure SU(3) octet
state the decay cannot proceed through the diagram of fig. 57a but must radiate the photon off the final
state quark line (fig. 57b).

To measure the decay sequence J/y— yn’, 7w’ —yy, requires the experiment to trigger on neutral
particles only. This measurement has been done by DASP [107], Crystal Ball [248], and DM2 [110].
Figure 62c shows the invariant yy mass distribution for the DM2 data. The average partial width
T'J/y—yr’)=(1.9+0.4) eV is in fair agreement with the vector meson dominance prediction

rAry—ym’y=(eIf)FA1p—p’n’) = (I y—p'n’) =1eV.

Alternatively, following Fritzsch and Jackson [254], the small branching ratio for J/y—yn’ could
indicate that a cC component in the wave functlons of m, v’ is responsible for a strong couplmg There is
no such component in the SU(3) octet state w° and hence a much weaker coupling is expected.

6.3.2. The decay }/\y— v + tensor

The central members of the J°“ =2"*, L =1 tensor nonet are the f,(1270) and the £}(1525) (cf. fig.
5). The radiative decay J/{— f,(1270) has been observed by many experiments [260-262, 264-266).
The results of the individual measurements are summarized in table 30.

Figure 63 shows the invariant T mass distributions from J/—yw’n" obtained by the Crystal Ball
Collaboration and from J/{—ym '~ as measured by DM2. Both distributions show a pronounced

f,(1270) signal as well as indications for the f,(1720) and a structure around 2.1GeV. The ym' T

channel suffers from a large background contribution from J - p'n’, '’ — vy, where one of the '’
decay photons escapes detection. This reaction is also responsible for the large p peak in fig. 63b. Note
that there is no evidence for an f,(975) signal in J/{— ywn (see section 6.3.3).

The }(1525) has been studied in J/$—yK*"K™ and vyK{K? [110, 264, 265). The measured branching
fractions are also included in table 30. In fig. 64 the £)(1525) peak is seen together with the f,(1720) as
observed by the Mark III experiment using 2.7 X 10° 3/ decays.

As a consequence of the non-ideal mixing of f,(1270) and f)(1525) one expects that

B(J/y—4£5(1525)) l\/—X +Y,

_ Pr\ _
T BA/y—45(1270) | V2X, + Y, ( )—0-26’ (113)

Ps

assuming X, = —Y;~ —0.12 and X, ~ Y, =1 [256] for the non-strange and strange quark fractions of
the two states as suggested by yy experiments [131]. Using the average for the branching ratios and
estimating that B(f;(1525)— KK) =0.70 [269] one finds
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Table 30
Branching ratios for the decays J/4— v + {£,(1270), f;(1525)}. The DASP value, denoted by ( )?, depends on the assumed multipole of
the photon transition and has not been used in the determination of the average.

Decay B(1/4—~£,(1270))
Experiment mode (units of 107°) x=A/A, y=A,/A, é, o,
PLUTO [260} atn” 2.0+03 0603 0.37%°
DASP [261 K (0'9i0'3>a)
(261 R 1.5+0.4
Mark 11 [264] i 1303 0.81£0.16 0.02%0.15
Mark III [265] mm 1.36 £0.08+0.23 0.94%0.10 0.06 0.11 0407 -0.1%22
DM2 [266] L 1.32+0.05+0.20 0.83+0.06 0.01 =0.06 09+03 0 fixed
C.B. [262] wn’ 1.48£0.25+0.30 0.88 £0.13 0.04 £0.19
DM2 [243] w'n’ 0.81+0.09 £0.21
(average) ww 1.31£0.11 0.85 +0.05 0.02 +0.05 08+03 -0.1+2.2
B> yE(1525))
Decay x B(f,(1525)— KK)
Experiment mode (units of 107%) x=AA, y=A4,/A, ¢, @,
Mark II [264] K'K~ 0.18 =0.06 =0.10
Mark III [265] KK~ 0.60+0.14 +0.12 0.63+0.10 0.17+0.20 =0 =~()
Mark 111 [265] KK 0.38+0.14+0.10
DM2 [267] KK~ 0.50£0.12£0.08 1.08 +0.10 0.19x0.11
DM2 [267] KIKS 0.40 = 0.04 = 0.08
(average) KK 0.38=0.06 0.86 +0.07 0.19+0.10
C.B. [249] m 0.19 £0.08 = 0.05
DM2 [243] m 0.18 +0.03 = 0.06
Mark 111 {313] m 0.08 £0.04 +0.02
(average) m 0.12£0.04
Mark III [313] ota 0.026% 5" o0
>0 n ' 280
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Fig. 63. Evidence for £,(1270) production in radiative J/{ decays. wm invariant mass distributions of (a) J/y—>yn'w" (Crystal Ball) and (b)
Jy—yn'm~ (DM2), showing evidence for f,(1270), and possibly f,(1720) and f,(2030). The peak at low masses in (b) is due to J/y— pm
background.



156 L. Kopke and N. Wermes, J/\s decays

EVENTS/(0.015 GeV)

M+~ (GeVv)

Fig. 64. KK invariant mass distribution from J/s—yK K~ (Mark IIl). Evidence for f;(1525) and f,(1720) (“theta”) production is given. The curve
represents a fit with two coherent Breit-Wigner amplitudes [265).

0.24£0.05<R,,, <0.34%0.07, (114)

in excellent agreement with (113). Early measurements by DASP [261], PLUTO [260], and Mark II
[264] showed much smaller values for R, , but the data on f)(1525) productlon were sparse.

Although f (1270) and £(1525) are well established members of the 2** qq nonet it is important to
measure the spin and polarization with which they are produced in J/\{ decays. First, the spin
determination can be used as a check on the spin analysis for the glueball candidate f,(1720) (see
section 6.4.2), since the events from the decay J/{y— yf;(1525)— yKK are almost identical to those
from J/y— +f,(1720)—yKK. Secondly, a direct- comparison of spin and polarlzatlon of £,(1270),
£/(1525), and £,(1720) should aid in deciding on whether the f,(1720) is a member of a 2" qq nonet or
is rather something else.

To determine the spin and parity as well as the polarization with which the tensor meson states
£,(1270) and £5(1525) are produced one must examine the angular distributions of the reaction
J/y—~yX, X— mw or KK. The J/i is produced with an incoherent mixture of J, = %1 states, where J,
is the spin projection of the J/i{ onto the beam axis. The angular distribution for the decay sequence
J/y—yX, X— 7w, where X is a spin 2" resonance, is then given by

W,(£2) = §(3cos™, — 1)*(1+ cos’d,) + 1V 3x cos ¢,(3 cos’d, — 1) sin 26, sin 26, cos ¢,
+ 1V 6y cos ¢,(3 cos’d, — 1) sin’f, sin2(9y cos2¢_ + 3x” sin’6, cos’0, sinzﬂy
—3V2xy cos(¢, — ¢,) sin’6, sin 26, sin 26, cos ¢, + 3 y* sin‘6,(1 + cos,) ,

where 6, ¢, are the polar and azimuthal angles of the pions in the X helicity frame and 6, is the polar
angle of the radiative photon in the laboratory frame. The state X can be produced with five different
helicities, £2, *1, 0, leading to three independent, complex helicity amplitudes A,, A,, A,. We define
A,JA,=xe% and A,/A,=ye'® to parametrize this dependence.
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The polarization is then determined by an acceptance corrected fit to the angular distributions with
the four parameters x, y, é,, ¢, and the spin is determined by comparing the likelihood values for
different spin hypotheses.

Analyses to measure the polarization of f,(1270) and f;(1525) have been performed with great
dedication by PLUTO [260], Mark II [264], Crystal Ball [262], Mark III [265], and DM2 [266]. Their
results are included in table 30. Mark III and DM2 have abandoned the convenient assumption that the
helicity amplitudes, A,, A,, A,, are (relatively) real, i.e., x, y are real. This generalization had been
demanded by Korner et al. [270], noting that it is not justified to assume x and y to be real, although
explicit calculations showed that the relative phases of the helicity amplitudes are close to zero. The
theoretical predictions of ref. [270] and others are compared to the experimental average in table 31.

The contour lines of the maximum likelihood fits are shown in fig. 65 for the three J”=2"" states
£,(1270), £3(1525), and f,(1720). The measured phases @, , ¢, of £,(1270) and f;(1525) are found to be
consistent with 0 by Mark III. DM2 finds a non-zero ¢, for ,(1270), fixing ¢, = 0 because it is poorly
constrained by the data. The discrepancy between theory and experiment most evidently lies in the
value for y, which for both f,(1270) and f;(1525) is measured to be close to 0 while the theoretical
calculations require a large value around 0.5. In the perturbative calculation both x and y strongly
depend on the mass ratio M/M,, where M, is the tensor meson mass. For M,/M,—0 the tensor
meson is produced in a helicity zero state, i.e., x =y =0. M;/M,— 1 corresponds to an electric dipole
(E1) radiation pattern resulting in (x, y)— (V3, V6) (cf. table 31). For any other value of M;/M, the
calculation would always yield [271] x =y, clearly inconsistent with the experimental measurements.

In order to explain the data some other concept needs to be introduced to suppress the helicity 2
amplitude A,. Attempts have been made to achieve this [272] by requiring a large glueball component
in the £,(1270), f;(1525) wave functions. This does not seem tenable in light of analyses that are more
sensitive to glueball admixtures in f,(1270) and f,(1525) [274, 275]. These analyses find that both states
are perfectly consistent with being pure members of the 2°" qq nonet (see also section 5.3.4).

A more heuristic approach has been proposed by Close [273], suggesting that, in the limit
M;/M,—0, x could be different from zero while y=~0 if one no longer assumes that the gg
intermediate state is quasi-real. A mixture of E1 and M2 multipoles would then suggest x =V2/3 in
quite surprising agreement with the experiments (cf. table 31). A measurement of the radiative

Table 31
Results on f,(1270) and f)(1525) polarization. The experimental measurements are compared to
theoretical predictions from several authors.

Reference x=A,/A, y=A4,/A, ¢, ¢,
£,(1270)
experimental average 0.85%0.05 0.02 +0.05 46° = 17° —6°£126°
Krammer [271] 0.76 0.54
Korner et al. [270] 0.77 0.55 2° ¥
Li and Shen [272] 0.66 0.04
Close [273] 0.87 0.0
£,(1525)
experimental average 0.86 +0.07 0.19+0.10 =0 =0
Krammer [271] 0.88 0.70
Korner [270] 0.90 0.72 1.3 2.8
El transition V3 V6
M2 transition i -2

E3 transition -3 )
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Fig. 65. Contour plots of polarization fits to tensor states. (a) f,(1270), (b) £;(1525), and (c) f,(1720). The data are from Mark III [265].

x=|A,/A,|,y=|A,/A,|, with A, the production helicity amplitudes. The lines indicate regions of equal likelihood. The maximum of the likelihood
function is marked by a cross.

transition to the f,(1270) from the heavier Y(9460), for which the limit M./ M,— 0 is clearly justified,
would certainly help to understand the validity range of the calculations.

It should be noted at this point that the polarization pattern for the third tensor state in this energy
range, the “theta”/f,(1270), is very different from the pattern (x, y)= (1, 0) of £,(1270) and f;(1525)
(see fig. 65c). This point is further discussed in chapter 7.

6.3.3. The decay J/¥—~v + scalar

Data on radiative decays to scalar resonances are scarce. Neither the f(975) nor the f,(1300) have
been observed in radiative transitions from the J/¢. Scalar gluonium, which is expected in the mass
region below 1.5 GeV, has so far also escaped detection (see section 7.4).
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The £,(1300) is a poorly defined object, which makes a meaningful determination of an upper limit
on its radiative production difficult. For the £,(975), an upper limit has been given by Mark III [265],

B(I/1b—¥£,(975))- B(£,(975)— 7m) <7 x 10™° at 90% C.L. (116)

where the two pions have been detected in their charged mode. The preferred decay mode to search for
scalar states, however, is J/y— ymw w". This final state is much cleaner than J/§—yw n~ due to the
absence of background from J/y—> p°w’, which forbids a sensible study in the charged mode below
1 GeV. The “all neutral” final state is best measured by the Crystal Ball experiment which is dedicated
to the detection of photons. The =" invariant mass spectrum is shown in fig. 110 of section 7.4. In the
mass range between 0.5 GeV and 1 GeV the limit

B(J/y—vX)- BX—>7"n’)<1.3x107° at 90% C.L. (117)

has been obtained [258] for states narrower than 100 MeV. There are no limits for masses below
0.5GeV. A recent Mark HI reanalysis of J/y—+yn ' n~ and J/y—yKK [313], however, shows
consistency with scalar behaviour just above threshold. The indication of a—possibly scalar—shoulder
on the high-mass side of the f,(1270) in J/y—yn =~ is discussed in section 7.4.

6.3.4. The decay J/¥— v + axial vector

Of the axial-vector meson nonets with J°“=1"" and 1%~ only the C-even one can be reached
through the radiative J/{§ decay. Candidates for the 17" isoscalar states are the f,(1285), as the very
likely candidate for the mostly non-strange member of the nonet, and even two candidates—the
f,(1420) and the recently confirmed f,(1530)—for the mostly strange state. Note that these are already
too many states to be assigned to the 17" ground state nonet but none of them is considered as a
candidate for gluonium.

Rosner [225] suggested two possible “non-exotic” explanations, (a) that the f,(1530) is identical to
the f,(1420), but shifted in mass as a result of the production process kinematics, or (b) that the KKw
system forms a “molecule” in which all three Dalitz plot bands overlap and the K, Km and KK
subsystems resonate to form a K*, K* or a,(980). Such a simultaneous overlap occurs at

M = (2mi. + m; gg9) — 2my — m2)'"? =~ 1435 MeV .

If the IP(CK system is in an s wave and Km, K are in relative p waves, the KK# system will naturally
have J7“ =1"",

The f,(1530) has finally been established by the LASS group [154] in the reaction K p—A +
KeK*m", where the s§ state of the 17" multiplet is expected to be seen. The f,(1420), on the other
hand, does no longer appeal as a pure ss state given its absence in K™ p scattering and some evidence for
its production in the hadronic decay J/¢— oKKr [156] (see sections 5.3.5 and 7.2). In the same vein
the f,(1285) is observed in association with a ¢ in hadronic J/\{s decays [142, 283] (section 5.3.5), giving
rise to the conclusion that the 177 nonet is probably not ideally mixed. One should also observe
J/b— &f,(1530) if the f,(1530) really is an ss state (see section 5.3.5.2).

Regardless of whether the f,(1420) points to new physics or not, one may search for 17" states in
radiative J/§ decays. Yang’s theorem [228] forbids the production of spin-1 mesons if the production
process is mediated via two on-shell gluons (cf. fig. 57a). However, Korner et al. [227, 276] have
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predicted quite a substantial rate for J/—+y+ {1" "} in a model in which highly virtual gluons play an
important role. Using perturbation theory and non-relativistic approximations they calculate that

, 256 RO R, (O)F

c 2 4 3
97 M, my

IJly—y+A)=a’aQ x 2 [HM0P (118)

where A stands for axial vector. The other symbols are the same as in eq. (109).
In this model [227] the overall magnitude for {1” "} is expected to be of the same order as for {0" "}
and {2""} as indicated in fig. 60. For ideal mixing the authors predict explicitly

gy (94977 {10

where f,(1285) and f,(1530) masses, respectively, have been assumed. The model has an intrinsic
uncertainty of a factor of 2 [227]. B

On the experimental side one has searched for radiative production of 1** mesons in 4w, KK, and
nwmw final states. Lacking the experimental knowledge of the decomposition of the spin parity content in
the invariant mass spectra one can never be sure whether the axial-vector states f,(1285) and £, (1420)
or the candidates for radially excited pseudoscalar states, n(1275) and n(1400), or even parts of both,
are actually seen in the data. Arguments that spin-1 states are suppressed due to Yang’s theorem [228]
have to be traded off against the reasoning that radially excited qq states should have smaller
production rates than their ground state partners.

Using their full statistics sample of 8.6 X 10° J/{ decays DM2 [280] observe a small but clean signal at
1280 GeV in J/y—yw n mw w~ (see fig. 66b), which they interpret as the f,(1285). The decay actually
proceeds via a p’w*m~ intermediate state, resulting in a branching fraction of [280]

B(J/y— £, (1285)) - B(f,(1285)— p°n*m ™) = (0.34 = 0.08 + 0.05) x 10~ 120
1 1

which is larger by about a factor 2.5 than the prediction (eq. 119) if one corrects for isospin and
unobserved decay modes of the f,(1285). The f,(1420) and f,(1530) would, even if they had
unexpectedly large couplings to 41, hide under the enormous background from J/¢— ypp and J/y— S
reactions, which show other prominent states in this mass region (see section 6.4.5.1).

The yKK final state is overwhelmed by the 0" “iota”/(1440) in the 1.4 to 1.6 GeV mass region.
Recent developments indicate [277, 278] that the 7(1440) could accommodate more than just one state
although no clear evidence for a 1”" contribution prevails in absence of a full isobar analysis (see
section 6.4.1). It would, however, not be surprising if the f (1420) or the f (1530) had a small
contribution to the yKK final state under the “iota”. Recent analyses of large-statistics data samples
show an indication of the f;(1285) below the m(1440) signal (fig. 75 in section 6.4.1.1).

The ygww final state seems more promising for a search for 17 states (see section 6.4.4). Crystal
Ball [281], Mark III [282], and DM2 [283] have analysed this interesting channel. The mww invariant
mass distribution is shown in fig. 66a and in fig. 67, where the mass of at least one mm subsystem is
required to be consistent with the a (980).

The parameters of the 1.28 GeV peak are consistent with the 1" f,(1285) but could also be
identified with the pseudoscalar m(1275). The peak at 1.39 GeV is probably not an axial-vector state
because if fits better to the recently observed [159, 279] pseudoscalar (1400) as mentioned above. The
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branching ratios for the 1.28 GeV and 1.38 GeV states are [282] (see also table 40 in section 6.4.4)

B(J1—yX(1280)) - B(X(1280)— a,(980)>7") - B(a,(980) > mm*) = (3.2 1.1+ 0.3)x 107,

(121)

B(J /= yX(1390)) - B(X(1390)— a,(980)>n") - B(a,(980)* > qm*) = (5.2 £ 1.8+ 0.5) x 10~ .

(122)

The £,(1530) may well be part of the structure at ~1.6 GeV (fig. 88 in section 6.4.4), although nothing

firm can be said without a spin determination.

It should be mentioned in this context that a spin-1 state with positive- C parity is observed in the
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reaction yy*— KK [131, 284, 285], where one of the photons has Q° # 0 such that yy production of
spin 1 states is no longer forbidden by Yang’s theorem. The corresponding mass plot is shown in fig. 68.
The Q? dependence of the production rate indicates that the spin of the observed signal at mass
~1.42 GeV is one [284, 285]. This resonance is consistent with being the f,(1420), in particular since the
TPC/2vy analysis slightly favours positive parity for this state [131], which, if true, would challenge
Chanowitz’s hypothesis of a hybrid 1~ " state [48, 162] at this mass.

If one identifies the f,(1420) with the ss member of the 1”7 nonet, as has been done tradltlonally,
the ratio of +yy partial w1dths*) for f,(1285) and f,(1420) yields a mixing angle of 8, = (4973)°, not too
far from the ideal mixing value of 35.3°. When comparing this value with the expectation from the
GMO quadratic mass formula (105) one finds a peculiarity. The / =1/2 states with strangeness are no
C, G eigenstates. The K,(1280), the mass eigenstate of the 1"~ qq nonet (cf. fig. 5), and the K, (1400),
mass eigenstate of the 1" nonet, can mix to form the C, G eigenstates Q, and Q_. The mixing angle
¢y is close to 45°. An experimental evaluation [288] yields m, =(1.31%0.015)GeV and m, =
(1.37£0.02) GeV. The quadratic GMO mass formula, substituting partlcle names for squared masses,
then yields

4Q, - 3f; — a,(1270)

= 31,(1285) — 4Q, +a,(1270) (123)

tan0 =

for the axial-vector mixing angle. Apart from some uncertainty on the exact value of the a,(1270) mass
[289] it is not clear whether the f,(1420) or the f,(1530) should be used for f; in (123). Using f,(1420)
results in 6, =59°, in fair agreement with the ratio of the yy widths, while using f,(1530) yields
6, =~ 68°.

The problem of assigning f,(1285), f,(1420) and/or f,(1530) to states in the 1" " nonet of qq states
has still not been unlquely solved. Nelther of them seems to be a pure (ui+dd)/V2 or ss state,
respectively, although a mixing angle of ~50° is not far from ideal. If the f,(1530) is assumed to be the
f! state a non-strange fraction of | X|* =29.6% and a strange fraction of |Y|2 =70.4% is obtained using
the formula of eq. (59) in section 5.3.2. The observation of the f,(1420) in the direct decay of the J/¢ in
association with an w [156]—but not with a ¢—also casts some doubt on a pure ss assignment. This may
partly be due to the effect of doubly OZI violating diagrams (section 5.3.5.2). The absence of a signal in
K p— K*K¢n ™A scattering [154] also renders an ss assignment of the f,(1420) unlikely.

6.4. The new resonances

6.4.1. The “iota” /m(1440)

The “iota” or m(1440) is the candidate for the 0~ " glueball. To properly introduce this resonance, if
it is only one, one would have to go through a long list of confusing facts and contradicting experiments
[161]. Recent reviews have been given by Palano [290] and Chung [362]. Let us recall a few points only.
o The 1(1440) has been mistaken for a long time, and may be still is, for the “E(1420)”/f,(1420) [291].
In order not to confuse the issue any further we define here the f (1420) to be the isospin O state of a
17" qq nonet and the 1(1440) to be a state with J*“=0"".

e There are one, two, or even more states observed to decay into KK and/or nmm in the mass reglon
between 1.40 and 1.47 GeV. Different results were obtained on whether the decay proceeds via

*)The quantity to be used for this evaluation is (m%/Q*)I,. [287] (see also Olsson [131]).
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Fig. 68. Evidence for f,(1420) in yy collisions. (a) Invariant KKw mass distribution from yy*—>KiK*a™ (TPC/2y). (b), () From the Q°
dependence of the yy width the spin is determined to be one.

a,(980)w or K*K intermediate states. No experiment has identified beyond doubt more than just one
resonance at a time in this mass region, although there is a possible indication of a multi-resonance
structure in radiative J/¢ decays [277] and « p— K*K 7 "n reactions [411].

e Some experiments find spin 0 *. Since enough candidate states exist for the 0™~ ground state and first
radial excitation multiplets, any additional 0~ " state is potentially of an exotic nature. Other
experiments find J°“ =177 (f,(1420)). A state with these quantum numbers would most likely be a qq
state. In the light of new data from hadronic J/i{ decays and from K™ p scattering experiments (see
sections 5.3.5.2 and 7.2) it is, however, not safe to conclude that the f,(1420) is the mostly ss state of
the 17" qq ground state nonet [269)].
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Below we concentrate on the experimental facts of the n(1440) as observed in radiative decays of
the J/4s.

6.4.1.1. Discovery and KK= decay. A resonance, distinct from the f,(1420) because of its 0~ spin
parity, has been discovered by Mark II at SPEAR. Figure 69 shows the discovery of the n(1440) by
Mark II (a), (b) and the measurement from Crystal Ball (c) in which the spin was found to be 0. In
both experiments the width was measured to be much narrower than in successive experiments due to a
cut that was applied prematurely by requiring the invariant mass of the KK system to be below some
value around 1.1 GeV (“delta cut”). Figure 70 shows the signal in the three different KKn decay modes
as seen by Mark III. All measurements are summarized in table 32.

The spin analysis performed by the Crystal Ball group [294] is an isobar analysis with the partial
waves (1) KK phase space, (2) a,(980)w", 07, (3) a,(980)n", 17, (4) K*K +c.c., 07, (5) K*K +c.c.,
17.J7=0" is not allowed for a decay into three pseudoscalars. The result of the maximum likelihood
fits is shown in fig. 71 for the three dominant amplitudes. The Crystal Ball group concluded [294] that
the m(1440) is a state with J*“=0"" decaying dominantly into a,(980)w. Figure 71a also shows,
however, that 50% of the signal is attributed to the phase space channel, much more than can be
accounted for by background.

The 0~ spin measurement of Crystal Ball has been confirmed [110, 251]. The conclusion that the
1(1440) decays via a,(980)m, however, is not unequivocally accepted. This question is a difficult one
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Fig. 69. Observation of the 1(1440) by Mark II and Crystal Ball. (a) Mark 11, radiative photon detection required, (b) Mark II, photon detection

not required. The events in the shaded region have my; <1.05GeV (“delta cut”). (c) Crystal Ball, events in the shaded region have
myg < 1.125 GeV.
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Table 32

165

Branching ratios for the decay J/y— vy + “iota”/m(1440). The measured branching fractions have been
multiplied by the appropriate isospin factors to obtain B(y— yt) B(n.—~> KK'rr) where 1 stands for ‘iota”/

n(1440). For isospin 0 of the (1440) the predicted ratios are K3K*m"

(KK KK =1

19
i h.

indicates that a cut on the KK mass (“delta cut”) has been apphed (see text). These measurements were left

out in the determination of the average.

Decay Mass Width B(/4— )+ B(1— KKm)

Experiment mode (MeV) (MeV) (units of 107%)

Mark 11 [293]” KK*n® 1440712 502 4317

C.B. [294] KK 144072 552 400710

Mark III [145] KK*n" 145656 95+10+15 50%03%0.8

Mark 111 {145] K'Kn’ 1461 £5+5 101£10£10 492025208

Mark II1 [251] KKn® 36+16=18

DM2 [110] KXK*n” 1460+3+8  100+12x15 4120609

DM2 [110] K'K'n’ 1451.5£3 9710 412054206
(average) 1454 3 98+7 45+0.4

because the decay m(1440)— K*K is close to the kinematic limit. Figure 72 shows the Dalitz plot for
1(1440)— KK for the low- and the high-mass region, respectively. For a 0~ state which decays into
K*K angular momentum conservation requires the K* to be produced with helicity 0. This leads to a
cos’d distribution of the K* decay products, producing a node-type accumulation of events in the two
K* bands. The KK invariant mass distribution for “iota” events is shown in fig. 73. In the lower-mass
region close to the kinematic limit it seems hard to distinguish between the isobars of the two decay

modes, K*(892) and a,(980).
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(145]).

%, () /= yK K™ 7', (¢} I/4—>vyKIKIw", and (d) the sum of the three (Mark 111
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(Crystal Ball [294]).

In addition, the a,(980) is a state which is not well understood, either. This isovector state with
J7€=0"" decays mainly to mm. Its mass is below KK threshold and its decay into KK is a non-trivial
phenomenon. According to some phenomenological analyses [143] the true width of the a,(980) may be
as large as 300 MeV and it may not be a simple qq state.

Possible interference effects between different intermediate states or coupled channels may also be
important in the n(1440) decay. In the higher-mass region the K*(892) bands are more clearly visible.
An upper limit on K*K production is obtained from [251]

B(n(1440)— K*K + c.c.)/ B(n(1440)— KKm) <0.35 at 90% C.L.. (124)

For the f,(1420) the K*K fraction is larger than 50% according to all experiments and is even close to
100% in the experiment with the largest data sample [292]. Therefore, the Dalitz plot distributions of
1(1440) and f,(1420) are very different from each other.

In the spin analyses of Mark III and DM2 the difficulty of a proper treatment of intermediate state
isobars in the 7(1440) decay was avoided by employing the three-body helicity formalism {295] for
1(1440)— KK=. This method is largely independent of the actual decay sequence. But also in these
analyses the “iota” was treated as a single resonance.
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Fig. 73. KK submass distribution for n(1440) decays. Invariant KK mass distribution for events with 1.3 < m, ;< 1.6 (DM2). The curves show the
expectation from pure three-body phase space (dash-dotted line) and “a,(980)n" production (solid line).

Out of the three angles that describe the decay, the azimuthal angle of the “iota” decay plane is not
very suitable to discriminate J*=1" from 0~ [251]. The two other angles are 6,, the polar angle of the
radiative photon measured with respect to the positron direction, and 8, the polar angle of the normal
to the 7(1440) decay plane in the KK~ rest frame measured with respect to the KK momentum
direction. Figure 74 shows the cos 6, and cos 8 distributions for events from n(1440)— KgK 7" in the
Mark III detector [251]. Integrating over cos 6, or cos B, respectively, one expects a behaviour like
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Fig. 74. n(1440) three- body spin analysis. (a) Distribution of cos 8, corrected for average acceptance. Superimposed are the predictions for IF=0"
(solid line) and for J°=1" with a parameter choice that makes cos 8 uniform (dashed line). (b) cos 8 distribution from m(1440)— KKw. The

detector acceptance is flat in this angle.
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The ratio of helicity 1 to he11C1ty 0 amplitudes, x, is a free parameter in the fit. In order to fit cos 8 with
the J*=1" hypothesis, x* ~2 is required. With this value for x, however, the J*=1" hypothesis does
not fit cos @, as shown in fig. 74. The sp1n 1" hypothesis cannot s1multaneously fit both angular
dlstrlbutxons The llkCllhOOd ratios of spins 1" and 1” relative to 0™ are L(17)/L(0")~3x 10" and
L(17)/L(07)~8 x 1077 [251]. Of course, the acceptance calculation, which is necessary to correct the
angular distributions for detection efficiencies, is not independent of the assumed intermediate state
isobar in the m(1440) decay. The choice of the decay sequence, a0(980)1r or K*K, slightly changes the
likelihood ratios but does not alter the conclusion that the “iota” spin parity is dominantly 0~ [251]. A
smaller spin 1 component especially at low masses is, however, not excluded.

The branching fraction B(J/{— yn(1440))- B(n(1440)——>KK'rr) ~4.5x 107 is by far the largest
branching ratio of all radiative J/{ decays that proceed via the annihilation of the cc system into gluons.
The only radiative decay with a larger branching fraction, the charmonium M1 transition J/$— ynq,,
does not require the quarks to annihilate. Of comparable strength to J/§— yn(1440) is only J/4—yv',
while the decay J/{— yf,(1270) is about 1/4 as copious as yn(1440). This suggests a large SU(3) singlet
component in the (1440) and has thus been one of the strongest arguments that the n(1440) might be a
glueball.

On the other hand, there are also some disturbing facts. It is surprising that the KK decay is the
only one established so far. Especially if the n(1440) were a gluebail one would expect other decay
modes as well. If, in particular, 1(1440)— KK= proceeds via m(1440)— a,(980)w then one would
expect to also find m(1440)— a,(980)w— mmw. This final state has been studied (see section 6.4.4), but
no m(1440) signal has been found. As an upper limit one obtains [296]

B(J/ys— ym(1440)) - B(n(1440)—> n7m) <8.8 x 10™* at 90% C.L., (126)
which implies that
B(n(1440) — nw)/ B(n(1440)— KKm) <0.20 . (127)

The very limited data on the a,(980) branching fractions [14, 147] point to a value of ~10 for the ratio
in (127) and hence

B(J/—>yn(1440)) - B(n(1440)—> a,(980)w) ~ 4.5 x 1072, (128)

which contradicts the data by more than an order of magnitude. As a consequence one would have to
conclude that the a,(980) is not likely to be present as an intermediate state in the decay
1(1440)— KK.

Weinstein et al. [297] have argued that the a,(980) may be formed in a final state interaction between
K and K and propose that it is a qqgq molecule. With this hypothesis they claim to fit the Dalitz plot
data from Mark III reasonably well [297]. The actual decay sequence could then be a n(1440) — KK«
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three-body decay, or m(1440)— K*K with the a,(980) being produced by the final state potential Vi ¢
that acts upon the KK system. This is an attractive theoretical ansatz to explain the a,(980) problem in
the m(1440) decay because it could explain that the a,(980) can be present in the reaction
n(1440)— KK while it is absent in n(1440) — nw.

Recent studies of Mark III [277, 278] revealed evidence that the “iota” structure observed in
J/y— yKK7 may in fact be more than just one resonance, thus offering the possibility to unify the so
far puzzling observations from different production processes. The study was motivated by the
observation that a fit with a single Breit—-Wigner curve does not describe the “iota” structure well (fig.
75a). In trying several possibilities a good description of the data was obtained by two methods. In fig.
75b the data have been fit by two interfering Breit-Wigner amplitudes yielding a x ? probability of 58%
[277] compared to 1.4 X 10™" for the single Breit-Wigner case. With this fit the “iota” structure would
have to be understood as two 0~ " states with parameters

my, = (1409 =5)MeV, I, =(69=11)MeV,
(129)
Myign = (1499 £9)MeV, I, = (138+25) MeV .

The second alternative is an ansatz which allows the a,(980)w and K*K decay channels of the n(1440)
to be coupled. The result of this fit is shown in fig. 75c. The x® probability obtained is 47%. If the
two-state interpretation holds one may identify the lower-mass state with the m(1400). The state at
~1500 MeV would have to be examined for being conventional qq or not. Indications also exist [277]
that the isobar decomposition of the “iota™ structure varies as a function of mass, containing more
a,(980)7 at lower and more K*K + c.c. at higher masses. A definitive answer to this question could
come from a full isobar analysis with coupled channels and the possibility of several interfering states.
This would also reveal any possible 1** component under the “iota” as suggested by Meshkov, Palmer
and Pinsky [298]. Until this is settled we continue to refer to the entire “iota” structure by the label
1(1440). From the three-body analysis of the spin determination of the n(1440) it seems clear in any
case that the dominant—but perhaps not the only—spin contribution is pseudoscalar.

6.4.1.2. The search for radiative decays of the “iota”. The “iota”/m(1440) has been the subject of
many ideas and model calculations that were put forward to understand the nature of this state. Among
these the hypotheses that the “iota” might be a glueball, a radially excited qq state, or a hybrid state
are the ones most often mentioned. One way to study differences between ordinary mesons and other
objects is the pattern of their decay modes.

A very popular question in this context is if a glueball can decay radiatively and how large a radiative
width would be expected for a glueball as compared to a radial qq excitation. Naively, one would
expect that a pure glueball has no photon coupling. In fact, the opposite seems to be true. Radiative
decays of glueballs are possible, mediated by an intermediate state containing quarks, or by a quark
admixture into the glueball wave function. The calculations show that the m(1440) may have a
substantial radiative width if it is a glueball. Conversely, only a relatively small width is expected for a
radially excited (qq)g pseudoscalar state [300], for which, in the non-relativistic limit, the wave function
is orthogonal to the ground state wave function leading to a vanishing M1 transition amplitude. A large
suppression is still expected in the relativistic case. Predictions of various theoretical calculations for
I'(n(1440)— yp°) are given in table 33. The bag model predictions all settle around a radiative width of
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Table 33

Theoretical expectations for n(1440)—+yp°
Model Reference I(n(1440)— vp") (MeV)
Bag model: 1.y, glue mixing [301] 0.43
Bag model: qg,qqg mixing [302] <15
Bag model: m,/, glue mixing plus g-g coupling [300] 0.4-1.6
Bag model: pseudoscalar meson dominance [305} 0.213-0.413
Pole model using data from J/y— v + pseudoscalar [309] 35
1.7, glue mixing model [306] 0.02
1.7, glue mixing model [307} 1.72
1., glue mixing model with anomalous couplings [304] 42
effective Lagrangian using chiral symmetry [303] 25
non-relativistic qg model, harmonic oscillator [308] 0.42

the order of 1 MeV. Large uncertainties come from the amount of mixing introduced into the “iota”
wave function.

The radiative decay 7(1440)— yp° has been searched for by Crystal Ball [299], Mark III [251], and
DM2 [110] in the process J/{— yyp", p’— =" . The event selection is helped by the fact that for the
vast majority of events the <y radiated from the J/{ deposits a larger energy in the electromagnetic
calorimeter than the <y radiated from the produced state X, allowing one to distinguish the two from the
start and to reduce combinatorial background.

The results of the three experiments are consistent in that they observe a peak at a mass about 1-2
standard deviations lower than the mean value of the “iota” structure and a width of about 150 MeV.
The yp invariant mass distribution is shown in fig. 76. It is possible that the n(1275) or f,(1285) are
contributing to the lower side of the resonance (see fig. 76b). To minimize their contribution Mark III
has excluded the mass region below 1.3 GeV in the resonance fit, which results in a slightly higher mass
value for X(~1400) (cf. table 34).

An analysis of the yp decay angular distributions agrees with a spin 0~ interpretation but spin 1*
cannot be excluded. The measured parameters are listed in table 34. The average branching ratio is

B(I/y—+X)- B(X—p") = (1.0 0.18) x 107* . (130)
20
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Fig. 76. Search for 1(1440)— vp. Invariant yww mass distributions from (a) Crystal Ball [299] and (b) Mark III [251] of the reaction J/y— yym ' n .



172 L. Kdpke and N. Wermes, J/{ decays

Table 34
Measurements on 1(1440) -y +V

Decay Mass Width B(J/W—vy)- Bl—+yV)
mode (MeV) (MeV) (units of 107%) Experiment
X(1400)— vp° 14201520 133+£55%30 1.0£0.2+£0.2 Mark III [251]

1390 +25 185720 1.9+05+04 Crystal Ball [299]

1401 £ 18 174 + 44 0.9+x0.2x0.14 DM2 [110]

1403 =13 163+ 34 1.02+0.18 {average)
n(1440) - yo <23 Mark III [251]
7(1440)—> v <16 Mark III [251]

The interpretation of the experimental observations presents some difficulties because there are
several possibilities. The yp signal, if simply identified with the “iota”, would clearly support the
glueball interpretation for this state according to table 33. The persistently observed lower mass value,
however, demands an identification with either the m(1400) or with the lower part of the “iota”
structure (cf. section 6.4.1.1), if they are not the same. The observed partial width I'(X(1400)— yp) ~
1.0MeV would probably be in conflict with the theoretical expectations, if the m(1400) were to be
identified as a radially excited pseudoscalar meson state. Repeating the analysis with twice the statistics
[310] should help to clarify some of these questions.

The coupling of a glueball to two photons is expected to be very weak. The two-photon decay of the
1(1440) is still unobserved. The present upper limit is [311]

I'(n(1440)— yy) - B(n(1440)— KKm) <1.6keV (95% C.L.). (131)
Relating this limit to the yp decay via vector dominance one predicts that

0.3
B(n(1440)— KKr)

2
T'(n(1440)— vp) ~ % :2+0.376 - I'(n(1440) > yy) < MeV . (132)

In the evaluation the contribution of phase space has been included and a value of f ‘2,/ e® =~ 250 has been
assumed. This is barely compatible with the experimental result (130). In a more sophisticated, but not
principally different, approach Chanowitz [312] derives for the ratio of yy and yp widths

I'(n(1440)— yy)/T(n(1440) > yp— ymm) = 0.625(1 — m>/ m> 1440, )’ (1.34e/f, )’ G(x)* , (133)

with G(x) =(1+0.51x)/(1 + x). x is proportional to the mixing between the singlet and octet decay
amplitudes,

A({8}—p)

x=tan @ S VITEE
MY A({1} > y0)

The value of x is a priori unknown. Attempts to constrain x lead to the conclusion that (133) would be

inconsistent with experiment if the entire yp signal is identified with the “iota”. Meshkov et al. [367]

have pointed out that with just the right mixture of uu, dd and ss the yy coupling vanishes altogether

and so must +yp if it is related by vector dominance.
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For n(1440) - yo, yé ref. [312] predicts that

T'(m(1440)— yo) = 0.085T(n(1440)— vp) ,

11;2; ) I'(n(1440)—>vp) , (134)

I'(n(1440)— yo) = 0.063(

which has to be compared to the “naive” expectation of I' | : I, : I’ , =9:1: 2 if X is a qq state which
decays in a flavour independent way. The experimental upper limits are included in table 34.

6.4.2. The “theta” /,(1720)

6.4.2.1. Discovery and KK decay. The £,(1720) was first observed by the Crystal Ball Collaboration
[263] in the process J/%—> yym, n— vy, based on a data sample of 2.2 X 10° J/ s decays. The invariant
1m mass distribution is shown in fig. 77a for events which were kinematically fitted with five constraints.
Due to the limited statistics it is not possible to decide from fig. 77a whether the f,(1720) peak also
contains the f(1525) on its low-mass side. The measured resonance parameters and branching fractions
are shown in table 35.

C parity, parity and spin of the f,(1720) are even since it is produced in a radiative decay from the
I/ and because of its ym decay mode (J*=07,2% 4, ...). The angular distributions follow the form

10 T T T T T T T 1 T
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K 5 | cos 64
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u
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L ———r = — -
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2 lcos 84)
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Fig. 77. Discovery and spin determination of the f,(1720). (a) nm invariant mass distribution as observed by Crystal Ball. The superimposed curves
represent fits assuming no £,(1525) (solid line) and ;{1525 contributions (dashed line). (b) |cos 6,| and (c) |cos 8, | distributions for J/y—> vf,(1720),
£,(1720)— ym. The solid curves are best-fit distributions for spin 2. The dashed lines represent the expectations for spin 0. The inset is an enlarged
view of the highest bin.
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Table 35

Resonance parameters and product branching fractions of the “theta”/f,(1720). The measured branching
fraction products have been multiplied by the respective isospin factors assuming /=0 to obtain
B(J/i—~£,(1720)) - B(£,(1720)— 1m, KK, 77). The mm branching fractions are obtained assuming a contri-

bution of the f)(1525) to the mass spectrum. Measurements indicated by *

determination of the average.

were not used in the

Decay Mass Width Branching fraction

mode (MeV) (MeV) (units of 107%) Reference

m 1640 = 50 2207° 49+14+10 Crystal Ball [263]”

™m 1720 fixed 130 fixed 260807 Crystal Ball [249]

m fixed fixed 1.3+0.4+03 DM2 [243]

m fixed fixed 20+0.6+0.8 Mark 111 [313]

™m 1.6=0.4 (average)

KK~ 1700 + 30 156 £20 12.0 *+1.8%50 Mark 11 [264]

KK~ 1720210+ 10 13020 9.6+1.2+1.8 Mark 111 [265]

KK~ 1707+ 10 166 = 33 9.2: 14214 DM2 [267]

KIKS 1720 fixed 130 fixed 902422 Mark 111 [265]

KIKS 1711£9 173222 10.4+12+1.6 DM2 [267]

KK 17116 15311 97=1.1 (average)

'n’ 23+0.7+0.8 Crystal Ball [249]

=’ 22+0.4£06 DM2 [243]

a'n <3.2 Mark II [264]”

T 1.47£0.24 £0.71 Mark 111 [313]

atn 1693 £ 13 12424 1.55+0.24 20.23 DM2 [266]

o 1.68+0.27 {average)
w(,,6,,¢,)= 1+c030 for spin 0, (135)

and a form as given in eq. (115) for spin 2.

In the spin analysis performed by the Crystal Ball group [263] a maximum likelihood fit to the three
angles 6,, 6,, ¢, yielded a probability of only 4.5% for the f,(1720) having spin 0 relative to spin 2 and
hence established a new tensor meson in addition to f,(1270) and f)(1525) in that mass region. The
distributions of cos 6, and cos 6, are shown in fig. 77b and c. It is obvious from fig. 77c that the spin
measurement is largely dependent on the excess of events in the last bin of the |cos @ | distribution.
There is no evidence that these events are anomalous, however. B

The Mark II [264], Mark III [265], and DM2 [267] experiments observe the f,(1720) in the KK final
state. Flgure 78 shows the K*K~ invariant mass distribution as observed by Mark II. Figure 79 dlsplays
the KK~ and K K invariant mass distributions as observed by DM2 based on a sample of 8.6 x 10°
J/§ decays. Mark III data on the same channel are shown in section 6.4.3 (fig. 80). The £,(1525) and
£,(1720) are very well separated showing distinct peaks. The parameters measured by the experiments
are included in table 35.

The spin 2" " assignment for the f,(1720) has been confirmed by Mark III [265], who find it preferred
over spin 0 with 99.9% probability. DM2 finds equal likelihoods for spin 2 and spin 0 [110].

It is interesting to note from table 36 that the f,(1720) is produced with a polarization quite different
from that of the 2*" states f,(1270) and £(1525) (see fig. 65c). While f,(1270) and f;(1525), being
well-established members of the 2** nonet, have (x, y) = (1, 0), the new state f,(1720) has x =~ y = —1.
It has been argued [314] that this polarization pattern is not inconsistent with the glueball hypothesis of
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Table 36
Polarization parameters of the “theta”/f,(1720)
Decay
mode X y ¢, ¢, Reference
™m 0.87+0.2 -0.64 £0.39 C.B. [263]
K'K~ -1.07+0.2 -1.09+0.25 0.6+0.6 -0.1+05 Mark HI [265]
KK~ -13+0.14 -1.1+0.18 00+1.4 1.3+£03 DM2 (110]

the £,(1720). Li, Shen and Liu [314] have shown that the f,(1720) can only be fitted by a small d wave
component in addition to a major s wave component in the wave function.

6.4.2.2. The mw decay. The ww invariant mass distributions of fig. 63 and fig. 110 show evidence for
two other peaks being consistent in mass and width with the f,(1720) and possibly the £,(2030). A
conclusive spin determination has not yet been performed due to significant background from J/y— pm
events and from the tail of the f,(1270). However, the distribution of cos 6%, the angle of the 7" in the
' rest frame, as well as the values obtained for the helicity parameters, x and y, assuming spin 2,
are quite similar for f,(1720)— K"K and {,(1720)— =" =~ [313]. The product branching fraction for
the ww decay of the f,(1720) is included in table 35. The 2.1 GeV peak is described in section 6.4.3.

If one identifies the ww peak at ~1.7 GeV with the £,(1720) one finds from table 35

am:KK:m=0.17+0.05:1:0.17+0.03, (136)

using the average experimental values. Equation (136) is different from the expectation for an
SU3) 10000, SYmmetric decay, for which ratios of wm:KK:1m=2:1:0.2 are predicted including d
wave phase space corrections.

6.4.2.3. Search for other decay modes. The speculations that the f,(1720) is not a traditional qq
state have led to many predictions for other decay modes. Except for the KK, 7w, and ym modes, no
other decays have been observed despite some indication [333, 334] (see section 7.3) that the so far
observed decay modes might represent only a fraction of the total.

Lipkin {323, 324] has pointed out decay modes which are particularly useful to test whether the
£,(1720) could be a glueball. To the extent that the pseudoscalar nonet obeys nonet symmetry, i.e., m
and m' represent the {1} and {8} I = 0 states of this nonet, respectively, the ym’ system is an octet into
which a SU(3) singlet state cannot decay. The decay of an SU(3) singlet with even C parity to K*K is
forbidden by G, parity, the analog of G parity for V spin. The SU(3) singlet component of K*K is odd
under C.

Close [325] has extended the selection rules given in refs. {323, 324]. He obtains

B(G->m)=iB(G—>K'K"), (137)
B(G—m') = }[B(G—n'n) + B(G—m)]. (138)

Intrinsic glue in the m or m', on the other hand, could substantially enhance the ' decay of a glueball.
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In particular Gershtein et al. [326] have suggested that
2= B(G->m')/B(G— m)=<3.7 (139)

for a glueball decay.
Upper limits obtained for f,(1720) decays into various channels are listed in table 37.

6.4.2.4. Phenomenology of the “theta”. In order to study the question whether the f,(1720) can be
accommodated in a J*“ =277 qq multiplet one has to compare the f,(1720) characteristics with those of
the f,(1270) and the f)(1525). The ground state 2* " nonet is complete and well established (cf. fig. 5).
The £,(1720) would then have to be the radially excited partner of the central members of that
multiplet, for which candidate states already exist, the f,(1810) {315] and the £,(1410) [316].

The 4™ state f,(2030) is considered an orbital excitation of the f,(1270) with orbital angular
momentum L =3. A potential model suggests [317] a similar mass scale for the L =3, J*“=2""
excitation of the f,(1270). The orbitally excited f;(1525) is also not expected to lie in the 1.7 GeV mass
range, rendering such an interpretation for the f,(1720) unlikely.

Other explanations and interpretations of the f,(1720), such as qqg hybrid states [54, 318], four
quark states [134, 319, 320], or glueballs [225], have been suggested. If the f,(1720) were a hybrid, four
accompanying nonets are predicted in the mass region of interest. A qq pair with orbital angular
momentum L =0 plus a (TE) gluon results in J*“=1"", (0,1,2)”" nonets (see section 2.4). A
f,(1720)-like 2" state requires an excited qq state plus a (TM) gluon. Chanowitz and Sharpe [54]
suggest that such a state exists in the 1.9 to 2.3 GeV mass region with a K*K* decay signature. In
general they find that in the qq + (TM) gluon case strange quarks are greatly favoured. To identify the
£,(1720) with such an excited qqg state seems difficult because the predicted mass is too high. It is also
not very appealing to predict excited qqg states before any ground state hybrid has been found.

Four-quark qqqq states tend to “fall apart” into two mesons and are thus expected to be very wide
objects unless the ““fall apart” mode is forbidden because the state has a mass below the “fall apart”
threshold. Chanowitz [319] suggests that the f,(1720) could be a (uu = dd)ss state, which would like to
“fall apart” into K*K or ¢w if its mass were not too low. The only other significant decay modes should
be KK and mn with I'(f,(1720) — KK) > 2I'(f,(1720) — 1m). The observed f,(1720) — mm decay and the
non-observation of f,(1720)— K*K, which is not far below threshold, clearly represent problems for a
four-quark interpretation of the f,(1720). Weinstein and Isgur [321] have calculated, using a four-body
Schrédinger equation, that only the 0" qqqq state is stable. This casts additional doubt on a possible
four-quark interpretation for the f,(1720).

The most exciting interpretation of the f,(1720) of course is the glueball hypothesis. This possibility
is discussed in section 7.3.

Table 37
Upper limits on product branching fractions for the “theta”/f,(1720)
Decay mode B(J/1y— +f,(1720)) - B(£,{1720)— X) Reference
op <2.4x107* DM2 [346]
0w <24x107* Mark 111 [350]
K*K* <45x107* Mark III [265]
' <2.1x107* Mark III [265}

m
KK <25%107* Mark III (265
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6.4.3. The 2.2 GeV mass region and the £(2230)

The mass region around 2.2 GeV shows interesting structures in the radiative decays J/¢— ymm,
vKK, and 4.

In J/{y—ymm a peak is observed (fig. 63) which is consistent in mass and width with the 4™ qq state
£,(2030). The measured parameters are listed in table 38. The signal to background ratio is small and
could cast some doubt on the interpretation given by the experiments.

The DM2 Collaboration also claims observation [346] of a signal at 2.12 GeV in the reaction
JIb— 4. As evident from fig. 89, structure is indeed observed above a large background from
J/y— 57 events. The signal seems to be mainly due to J/y—yp°p’. A partial wave analysis, performed
to the entire spectrum (see section 6.4.5.1), attributes this structure to the pseudoscalar channel but
also splits the signal, leaving the question of an ultimate assignment of this structure unanswered. The
branching fraction is given in table 41.

Among the states discovered by the “third generation” experiments operating at the J/{, the £(2230)
[Particle Data Group name X(2220)] has raised the largest excitement but is also regarded as the most
controversial with regard to its experimental evidence. Let us summarize the facts.

The Mark III Collaboration has published the observation of a narrow resonance at a mass of
2.23 GeV produced in radiative J/{ decay and decaying into KK~ and K¢K¢ [329]. The evidence for
this state on top of a wider structure is shown in fig. 80.

The explicit parameters for the £(2230) are, in the K"K~ mode,

m(g) =(2.230 = 0.006 = 0.014) GeV,  TI'(¢)=(0.026"022° +0.017) GeV ,
B(J/y—y€)- B(£(2230)>K'K™)=(4.2"17+0.8) x 1077,

and in the K3Kg mode,
m(g) =(2.23220.007 £0.007) GeV,  I'(£)=(0.018"0922 +0.010) GeV ,

B(J 16— +¢)- B(E—> KK =(3.1715+0.7)x107°.
ST*S

Table 38
Measured parameters of the X(2100) in radiative J/ decays. The branching fractions are given for 7w, KK, 1m, pp, correcting
for isospin assuming I =0 for the X(2100).

Decay Mass Width B(J/W—yX(2100))- B(X—f)

mode (MeV) (MeV) (units of 107*) Reference
w'm 2038 = 30 30460 24204%04 DM2 [266]
Ay 2083+ 8+30 147207 3.0205+09 Mark III [313]
w'n® 2.8%0.7+1.0 C.B. [249]
KK 2197 £17 201 +51 =~6.0 DM2 [267]
KK’ 218340+ 50 413 = 66 + 100 74+12+20 Mark 1II [313]
KK~ 21361170 240 +25+100 461212 Mark III [313]
m 1.6x0.7+0.7 Mark III [313]

op 2107+9 24423 11.7+03+2.7 DM2 [346]
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5.8 x 10° /¢ decays. The four-pion background is shown hatched in (b). Fits to the 1.9-2.6 GeV mass region are displayed in the insets.

The ratio of the branching fractions is consistent with the £(2230) being an isoscalar. The statistical
significance is stated as 4.5¢ and 3.6¢ for KK and KgKg, respectively, based on the total Mark IIT data
sample of 5.8 X 10° J /. )

Although the signal is seen by Mark III in two different KK decay channels, DM2, based on
8.7x 10° J/y, reports no evidence for the £(2230) in either decay mode. The corresponding KK
invariant mass distributions are shown in fig. 79. Depending on the width assumed for this state the
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Fig. 81. Upper limits for the £(2230) as a function of the width. The limits are obtained from the DM2 collaboration [267] for J/—yK"K (solid
line a) and for J/§— yK3K? (solid line b). The dashed lines are the values for the product branching ratio as measured by Mark 111 [329] for both
modes, respectively. The two experiments are consistent only for I" > 50 GeV.

DM2 upper limit [267] varies as shown in fig. 81. The two experiments are not consistent with each
other for width values below ~50 MeV.

To what extent the two experiments really disagree is not entirely clear. The analysis of the K"K~
channel relies crucially on the TOF measurement distinguishing kaons from pions at momenta above
1GeV and on the ability to reduce background from J/{— px’ and J/¢—>#w"K*K™ in which the '
decays asymmetrically and one photon escapes undetected. The latter is dominated by J/¢— K*K and
produces a smooth background under the signal region. This background can in principle be reduced by
cutting on the K* bands of the Dalitz plot, but this also reduces the signal. DM2 has demonstrated [267]
that after subtraction of this background the K'K~ and K{K{ invariant mass distributions are in
reasonable agreement in shape and magnitude. In the yK{K{ mode no such background exists due to C
parity conservation. The ability to measure this channel merely depends on the K{— m* 7~ identifica-
tion capability, which is about the same in both detectors. The TOF resolution of the Mark III detector
is superior (o ~ 190 ps) to that of DM2 (o ~ 540 ps) (cf. table 7). This could serve as an explanation for
the K"K~ mode. Given the even larger statistics of DM2 it seems, however, hard to understand the
discrepancy in the K{K{ channel.

DM2 and Mark III do agree, in fact, in that they both observe a relatively wide structure in the
2.2 GeV region (fig. 79 and fig. 80), on top of which Mark III claims the observation of the £(2230).
This structure cannot entirely be explained by background, especially in J/¢— 'ngKg. A fit to the
K3K? mass spectrum of DM2 (fig. 79b) with three Breit-Wigner amplitudes for £}(1525), f,(1720) and
the 2.2 GeV structure yields my, ,, = (2197 = 17) MeV, I, ,, = (201 £ 51) MeV and a branching ratio
product of B(J/y—yX(2.2))- B(X(2.2)—> KJKg)~1.5x10"* [267]. Fitting the Mark III data [313]
with five Breit-Wigner amplitudes (fig. 82), i.e. two resonances in the 2.2 GeV region, reveals the
£(2230) plus an indication of the X(2100) with resonance parameters as given in table 38.

The Dalitz plots for the Mark III data are shown in fig. 83, where diagonal bands corresponding to
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Fig. 82. Fit to the KK mass spectrum with five Breit-Wigner amplitudes. The data are from J/y—> yK3KS as obtained by Mark III [313]. Note that
the mass distribution is not identical to fig. 80b due to different analysis cuts in ref. [313).

the states f3(1525), £,(1720), and perhaps £(2230) are visible together with the two K* bands. It has
been checked that the signal does not arise from K*K or e ey backgrounds.

A spin analysis similar to the one described for the f,(1270) in section 6.3.2 has been performed by
the Mark III group using the cleaner K{K{ sample. The analysis assigns a spin greater than or equal to 2
to the £(2230) [313). Figure 84 shows distributions of cos 8}, where 8 is the polar angle of a K{ in the
KK rest frame with respect to the photon direction, for events from f3(1525), f,(1720), and £(2230),
respectively. Because the KJK{ system can only have even spin and positive parity the £(2230) must
have J°¢=2%* 4" .. .. This is unfortunately not an existence proof of the £(2230) because the
structure at ~2.2 GeV underneath the £(2230), which is observed by both experiments, also shows a
non-flat cos 6§ distribution.

Evidences for resonance peaks with similar parameters have been reported in the literature. The
GAMS Collaboration has observed [331] a narrow structure in the vy’ invariant mass spectrum of the
m p—m’ +n reaction at 38 and 100 GeV beam energy with parameters similar to the ones of the
£(2230). The 1y’ decay implies I = 0. For the spin of this structure the angular distributions suggest
J"=2". Some evidence for a 2" KK structure at 2.23 GeV and about 80 MeV wide comes from the
MSS ITEP group [332]. A detailed comparison with the data in the same channel taken at BNL [333] is
yet to be made.

The LASS Collaboration [334] also reported a signal at ~2.2 GeV decaying into K{K? and K*K ™ in
the reaction K"p— A + KK at 11 GeV. Figure 85 shows the invariant K{K3 mass distribution of the
LASS data normalized and superimposed to the same distribution of the Mark III data. The K'K~
channels are not easily comparable because of the large N* diffractive background in the LASS data. A
moment analysis done by LASS [334] prefers spin 4** for this state.
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Interpretation of the £(2230). The narrow width of the §(2230), which is almost consistent with zero,
provoked many speculations about the nature of this state, including the hypothesis that the §(2230)
might be a Higgs particle [335]. Other possible identifications are a glueball or a hybrid state [336], a
high-spin qq state [337], a narrow AA bound state [338], or even more exotic possibilities [339].

The Higgs interpretation has become more and more unlikely due to production limits for the £ from
Y(9640) decays [340] for both the minimal Higgs model as well as for models with two Higgs doublets.
Upper limits for other decay modes have been obtained [329]. They are listed in table 39.

The most traditional and also most plausible interpretation of the £(2230) is that of a L =3, F or
°F, ss state [337]. This interpretation is also supported by the LASS measurement [334] in a reactlon
ideal to search for ss states. However, if MSS ITEP [332] and GAMS [331] are both seeing the £(2230),
the branching ratio into vy’ is twice as large as into KK, in contradiction to an expected ratio of
1’ : KK=1:3 or smaller for an L =3 ss meson [337], and also at the verge of being inconsistent with
the Mark III limit for the v’ decay mode [313]. The value for the total width (~60 MeV) expected
from the relativistic quark model of Godfrey et al. [337] is at the 20 variance with the experimental
observation.

6.4.4. The decay J/y—ynmw

The radiative decay J/y— ynm is interesting for two reasons. First, the observation of the glueball
candidate m(1440) in J/{— yKKm has prompted zealous searches for other decay modes. Since the
KK final state could actually proceed via a,(980)m—a question which is not easily answered in the
presence of threshold effects and overlapping K* bands (see section 6.4.1)—it is compelling to search
for an n(1440) signal in J/¥— ynmm exploiting the fact that the a,(980) also decays to nmw. Accepting
the ratio of roughly B(a,(980)— KK): B(a,(980)—>mm)=10"" [14, 147] one would expect that
B(n(1440)— nm) > 10B(n(1440) —> KKr), provided that the decay proceeds via an a,(980) inter-
mediate state. Even without an a,(980)-mediated transition in the “iota” decay, Lipkin [323] has
predicted comparable KK« and mmw couplings for an SU(3) singlet state.

A second domain of the radiative mwm decay is to explore the production mechanisms of 17"
axial-vector mesons. As described in section 6.3.4 there are at least three isoscalar particles which are
candidates for the central members of the 17" multiplet, the f,(1285), the f,(1420), and the f,(1530),
all three with possible or established nmw decay modes

Analyses of J/{y—ynmm, with n—vyy or n— 7" n n’, have been performed by Crystal Ball [281]
Mark IIT [282], and DM2 [283] in final states with three photons and two or four charged pions,

Table 39

Upper limits on branching ratios for the £(2230)
Decay mode B(J/y—+E)- B(E— X) Reference
Eoptp” <5%107° Mark III [329]
Eo <2x107° Mark 1II [329]
t>K*K <25x107* Mark [1I [329)
E—>K*K* <3x107* Mark III [329]
t—>m <7x10°° Mark 111 [313]
E—>my <8x107° Mark III [313)
t—pp <2%x10°° Mark II1 [329]

£— oo <55%x107° Mark TII [348]
t—>od <59x10°° Mark 111 [348}
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respectively. The event selection proceeds as usual by applying kinematic fits (4C or 5C using the m
mass constraint) to the signal reaction, after standard cuts have been made. The www invariant mass
distribution obtained in this way is shown in fig. 86. The salient features are (a) an extremely clean =’
signal (see also section 6.3.1.1), (b) evidence for an _ at 2980 GeV, and (c) an interesting mass region
between 1 and 2 GeV with a complex structure probably due to several resonances.

The nww decay proceeds via a,(980)w as can be seen from fig. 87 showing the nm " projection of the
nmw Dalitz plot with clear evidence for a,(980) production. After demanding that m__ is within 50 MeV
of the nominal a,(980) mass, the nww invariant mass spectrum is shown in fig. 88 for masses above
1GeV. At least four structures can be identified: (a) at 1280 MeV, most likely the f,(1285) or the
n(1275), (b) at ~1400 MeV, probably to be identified with the m(1400) and less convincingly the
£,(1420), (c) at ~1600 MeV, and (d) at ~1900 MeV. The mass resolution in this mass region is typically
20 MeV for Mark III and DM2. The first two structures have already been discussed in section 6.3.4. To
really identify these structures a phase shift analysis will prove essential. The mass distribution shows no
obvious sign for a “iota”/m(1440) signal. However, interference effects between different decay modes
of the m(1440) [309] or the existence of “‘sub’’states hiding under the “iota” structure could lead to the
observed effect. Again, a full partial wave analysis has to be performed. The same statement is true for
the f,(1420). The high-mass region between 1.5 GeV and 2.0 GeV shows a pattern which is very similar
to the one observed in J/y— 4w (see section 6.4.5.1). In this decay a dominantly pseudoscalar
(J"=07) pp component is found. The branching fractions obtained from the different experiments are
listed in table 40.

6.4.5. Radiative production of vector meson pairs

Enhancements in vector—vector final states with masses below 3 GeV have been observed in hadronic
interactions [341, 342] and photon-photon collisions [343]. All of these observations have two features
in common. First, the observed vector—vector invariant mass distributions are either difficult to free
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Fig. 86. Radiative decay to the nww final state. Invariant nmww mass distribution from J/4— ynm* 7~ for masses between 0 and 3.1 GeV (Mark III
[282]). The m is observed in its yy decay mode.
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Fig. 87. wn" projection of the ymwa Dalitz plot from J/y— ynn’n". The curve is a Breit-Wigner fit to the a,(980).

from background (pp), have small statistics (ww, ¢d), or exhibit complicated structures (). Secondly,
the reported signals have always provoked speculations about interesting threshold effects or resonance
production of qq, qqqq, qqg, or gg bound states.

In radiative J/¢ decays the situation is similar. In the large-statistics data samples of Mark III and
DM2 the production of all ground state vector-vector pairs have been observed in radiative decays:
J—y + {pp, 00, 0d, dd, K*K*}.
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Fig. 88. ww w~ invariant mass distribution after a a,(980) cut (see text).
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Table 40
Branching ratios for the decay J/§— ynm. In ® the branching fractions using the average values of the decays involving n— vy
and m— 3w are quoted.

Experiment Branching ratio or 90% C.L. upper limit
Crystal Ball [281] BU/y—>yn w7 )=(35+03+07)x107}
BO/g—>yr’n’)=(2320320.7)x10"°
Mark I [282]” B(J/y—>yX(1280)) - B(X(1280)— a,(980)*m ") - B(a,(980)* > mm*)=(3.2+1.1+0.3) x 10~*
B(J/y— yX(1400)) - B(X(1400)— 2,(980)“n” ) - B(a,(980)* > ) =(52+1.8+0.5)x 10~*
DM2 [283] B(J/b— yX(1400)) - B(X(1400)>mr w7 ) = (4103 1.0)x 107*

6.4.5.1. The decay J/\y— ypp. The decay J/y— vp°p” has first been observed by Mark II [344]. The
p’p” invariant mass distribution is dominated by a structure centred at about 1.65 GeV. Initially it was
appealing to identify this structure with the f,(1720), which would increase the total observed branching
fraction for J/¢—~f,(1720) and hence make a glueball interpretation of the f,(1720) even more
pressing. The fact that resonant structures in yy— p’p° have been observed [343] in the same mass
region (1.4-2.0 GeV) with preferred spin assignments of 0** or 2** offered another link to believe that
a single resonance was responsible for all these observations.

Mark III [345] and DM2 [346] have measured J/y— y4n with large-statistics samples of 5.8 and
8.6 X 10° J/\, respectively. Mark III has analysed both yr n w*n™ and ya'n =’ decays. After
kinematic fits are applied both final states still suffer a large contamination from J/{— 5= events. This
background can only be subtracted on a statistical basis but not event by event. The technique used for
this subtraction is mentioned as a typical analysis technique in section 3.4.

Figure 89 shows the 4r invariant mass distribution of events from J/y—y(w’) + 7" 7 w %~ from
the DM2 analysis. Figure 90 shows the 44 invariant mass distributions as observed by Mark III for both
final states after a statistical subtraction of the smooth background from J/{i— n’4m. The striking
features of these spectra are resonant structures at ~1.55 GeV, ~1.8 GeV and perhaps ~2.1 GeV. In
addition, a peak at 1.28 GeV, possibly the f,(1285), and the n_show up in these spectra (fig. 89a).

Despite the large background contamination the statistical significance of these structures is quite
remarkable and information on the spin content can be obtained for instance by means of a
multi-channel likelihood spin parity analysis [345, 346], where the background can be filtered out. Such
analyses show that the dominant component of the spectrum below 2 GeV is due to J/{— ypp with spin
parity 0~ of the pp system in which the two p’s appear in a relative p wave.

A more transparent, but of course less powerful, way to demonstrate this fact is obtained by
examining the behaviour of the angle y between the decay planes of the two possible p— mw
combinations measured in the pp rest frame. This angle provides a unique signature for even spin and
odd parity [347] and has been used to determine the spin of the m_ [232]. For spin parity 0, in
particular, the distribution of this angle takes the simple form

dN/dy ~sin’y . (140)

The distribution of y is shown in fig. 91 for the Mark III data below 2 GeV and for the 5 background
process. A large sin’y component is evident. The fraction of sin’y can be fitted for in bins of m,,. The
result of such a fit is shown in fig. 89b as the shaded region. Both peaks below 2 GeV are also present in
the pseudoscalar component, but only the 1.55 GeV peak seems to be almost pure 0. The structure at
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component. In (b) the shaded region is the pseudoscalar component

obtained from a fit to the angle y described in the next. The dashed

curve represents the expected shape of the spectrum for a p wave

phase space distribution of J/— ypp.

~1.8 GeV may contain a scalar component at its high side and is not necessarily only one state. Clearly
the observed behaviour is not at all compatible with phase space production of J/§y—> pp (cf. fig. 89a).
The structure at ~2.1 GeV does not exhibit such a clear signature and may also consist of more than
just one state (see section 6.4.3). The branching fractions for the various reactions are listed in table 41.
The spin parity analysis renders it difficult to assign any of the observed structures to the 2** state
£,(1720) or the tensor states reported by Etkin et al. [342]. Upper limits are included in table 41.
The appearance of yet another pseudoscalar resonance with a sizeable production cross section and a
mass just above the n(1440) is quite surprising. The p wave production renders an interpretation as a
threshold effect unlikely unless introduced by a dynamical rescattering effect [356]. Attempts have been

made to assign the 1.55 GeV peak to the 7(1440) in an analysis using coupled channels [349] (see
section 6.4.6.1).
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Table 41

Branching ratios for the decay J/y— ypp—yd4w. Isospin correction factors have been applied
assuming isospin conservation and an isosinglet hypothesis, wherever appropriate.

Experiment Branching ratio or 9% C.L. upper limit

Mark I [345] B/—yr w ' n ) =(6.4+0.2+08)x107°
B/y—»yr'n w'w )=(3.05+0.080.45)x 10~
BOiy—yr n’n n’)=(8.3202x31)x107
B(J/y—+X,-)- B(X,-—pp) = (4.720.30.9)x 10
B()/y—+£,(1720)) - B(£,(1720)—>pp) <5.5x 10~*

B> yg(2.1-2.4)) B(go(2.1-2.4)— pp) <6.0 X 107*

DM2 [346] BOiy—yr'n w w7 ) =(4.3220.14+0.73) x 10}
BU/y—>yr'n w'n)=(2.08+0.132035)x 107
B/Iy—ypp)e-=(72£0.3+12)x107°
B /Ib—>vX,-(1.5))- B(X(1.5)>pp)=(3.3£0.1220.8) x107°
B(I—yX,-(1.8)) B(X(1.8)> pp) =(2.1£0.3x0.6) x 10™*
B(Ib—vX,-(2.1))- B(X(2.1)—~ pp) = (1.2 0.03 +0.3) x 10
B(I1p—f,(1285))- B(f,(1285) > p’n" w7 ) = (3.4 £ 0.8+ 0.5) x 10™°
B(3/y—+£,(1720)) - B(£,(1720) > pp) < 2.4 x 107*

B(/—>yg(2.0-2.45)) - B(g;(2.0-2.45)— pp) <2.7x 10™*

for m, <3 GeV
for m, <2 GeV
for m,, <2 GeV
for m,, <2GeV

for m, <3 GeV
for m,, <2GeV
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6.4.5.2. The decay J/y—>yow. The process J/y— yoo with @— "7 = has been observed by
Mark III [350] and DM2 [351] in final states with four charged pions and five photons. The detection
and analysis of so many particles in the final state is experimentally not easy. The constraint imposed by
the narrowness of the w helps to extract an wo signal from combinatorial and w4m backgrounds. The
fact that the decays J/{— ww and J/y— w’ww are forbidden by C parity allows one to identify the
radiative process J/¥— yow.

The ww invariant mass distribution is shown in fig. 92. The spectrum features a shape quite different
from the expectation of s wave or p wave phase space (fig. 92b). It shows a resonant-like structure at
low ww masses just above threshold, similar to J/¢— ypp. Due to the lower statistics a possible
two-peak structure as in the pp case cannot be resolved. The branching fractions for ww production are
given in table 42.

The spin parity of the ww system has been analysed [350, 351] by exploiting the information
contained in the orientation of the angle between the w decay planes [347] and by performing
multi-channel likelihood analyses similar to the one employed for the pp system. Clear evidence for 0~
spin parity for ww invariant masses below 2 GeV is found. The distribution of y, the angle between the
two w decay planes, is displayed in fig. 93 for events with ww masses below 2 GeV. Upper limits for
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Table 42
Branching ratios for the decay J/{— yow

Experiment Branching ratio or 90% C.L. upper limit

Mark 111 [350] B /- yow) = (1.76 £ 0.09 = 0.45) x 10~
B(/y—yow)=(1.22%0.07£0.31)x 107 for m,, <2GeV
B(J s ~£,(1720)) - B(£,(1720)— ww) <2.4 x 10~*
B(J/y—vg1(2.1-2.4))- B(g(2.1-2.4) > 0w) <2.6 X 107*
DM2 [351] B(J/y—>youw) = (1.42£0.20 = 0.42) x 10™°
B(J/p— yow) = (1.06 £0.16 £ 0.32) x 10 for m,, <2 GeV
B(J/4— yg1(2.0-2.5))- B(g(2.0-2.5) > ww) <1.3x 107*

J¥=2" production at the f,(1720) mass and the mass region above 2 GeV, where 2* ¢d production has
been observed in hadronic decays [342], are included in table 42.

6.4.5.3. The decay J/{j— ywd. The OZI violating radiative decay J/y— yod has been observed by
Mark III [352] in the YK*K ™« “n n° final state using 5.8 X 10° J/{ decays. The invariant w¢ mass
distribution is shown in fig. 94. The statistical significance is marginal and no resonance structures are
evident. The branching fraction is

B(J/y— yod) = (1.40 £ 0.25 +0.28) x 107* . (141)
An upper limit for the £(2230) corresponds to the value
B(J/y—>v£(2230)) - B(£(2230)—> wd) <0.6 X 10™* at 90% C.L. (142)

The observation of J/{y— yod clearly shows the importance of the doubly OZI violating amplitude,
which amounts to 0.3 to 0.5 of the allowed singly disconnected amplitude.

6.4.5.4. The decay J/—>ybd. The decays J/y—yK 'K KK~ and J/y— yK K K¢K; have been
analysed to search for J/{— ybd [353, 354]. This decay mode has been used to determine the m, spin
parity [232]. However, the detection efficiency for a clean observation of the y4K final state decreases

T
1

o e o

ol nn e ot
1.7 2.1 2.5 2.9
mee  (Gevc?)

ENTRIES/{20 MeV/c2)
n
T

0
2

Fig. 94. Radiative o production. Invariant w¢ mass distribution (Mark III [352]) for the w signal region (top) and w sidebands (bottom).
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rapidly towards smaller m,,. By exploiting the abilities of the detector to its limits, relaxing the kaon
identification criteria, and by using kinematic fits with only one constraint (1C), one can recuperate part
of the events lost by inefficiencies. Both DM2 [353] and Mark III [354] have done this. The resulting dd
invariant mass distributions are shown in fig. 95.

Apart from the v, which is observed by both groups [232, 235], a low-mass structure around
2.2 GeV is evident. The total ¢ production branching fraction is [353]

BUJ/b—vdd) = (3.1£0.3£0.6)x107*. (143)
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Fig. 95. Radiative ¢ production. Invariant ¢ mass distributions from J/w— ybé. (a) J/4—yK'K'K'K™ (DM2), (b) J/y—yK'K'K'K"~
{Mark I11), corrected for efficiency, (c) J/4—yK K KK} (Mark I}, corrected for efficiency. In (a) the curves represent the detection efficiency
(solid line) and the expectation from yd¢ phase space (dashed line). In (b) and (c) the curves are fits to the efficiency corrected distributions with
two Breit-Wigner resonances [X(2.2) and ] plus phase space.
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For the peak at 2.2 GeV (I"~ 100 MeV) one obtains*’
B(J/y—>vX(2.2)): B(X(2.2)—> ¢¢) =(3.2+0.5£0.6) x 10™* (Mark III) . (144)

Despite the much too large width of the X(2.2) peak it is tempting to assign the £(2230) to this
observation. A spin parity investigation, however, [353, 354] prefers spin parity 0~ for this structure.
While this would rule out the identification of the §(2230) [329] with this state—the £(2230), decaying
to KK, cannot have odd parity—it is puzzling why the four vector-vector final states pp, ww, ¢¢, and
K*K* all show pseudoscalar structures near threshold.

DM?2 has also looked for a 2°* component in their spin analysis in order to search for ¢¢ signals in
the mass region between 2.0 and 2.5 GeV, which have first been reported by Etkin et al. [342].
Although no evidence for resonant structures is obtained they find that after a subtraction of the events
coming from X(2.2) the remaining events are compatible with a 2** hypothesis. However, they cannot
definitively rule out other assignments. The branching fraction is

B(J/y—y+ {dd},++)=(1.8£0.3+0.6) x 107*, (145)

This is in conflict with an upper limit from Mark III, using a fit to the y angle rather than a
multi-channel fit, for which they obtain [348]

B(J/y—y+ {bd},++)<0.86x 107" at 90% C.L., (146)
where {bd},++ is the 2°" component in the mass region from 2.0 to 2.4 GeV.

6.4.5.5. The decay J/4—yK*K*. The decay J/yy—>yK**K** is observed in the YK 'K ="« final
state [355]. Similar to the p°p” case large backgrounds which cannot be discriminated on an event
by event basis cause a major experimental difficulty. Here the main background comes from
J/§— K*(892)K*(1430)— K"K~ = "=~ w’, where one of the 7’ decay photons escapes detection. These
background events can be reduced by sophisticated kinematic fitting to several hypotheses keeping only
the particle combination with the best fit x> Also possible is a statistical background subtraction from
the final spectrum as described in section 3.4.

The invariant K*°K*° mass distribution is shown in fig. 96. The measured branching fraction is [355]

B(J/y—>yK**K**)=(2.8+1+4)x 107", (147)

A preliminary investigation of the distribution of y, the angle between the K* decay planes, also points
to a pseudoscalar structure just above K*K* threshold similar to the observations made in the J/{— 7y
vector-vector decays described in the previous sections.

6.4.6. The pseudoscalar puzzle in radiative J/\s decays

The discovery of pseudoscalar structures in J/y—+y vector-vector decays with relatively large
branching fraction has created a puzzling situation [349]. With the reported evidence for the (1400)
[279] the pseudoscalar sector of qq states is the best known to date. More than enough pseudoscalar

*) Average of Mark II data on yK*K K*K™ and yYK"K KgK; [354].
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Fig. 9. Radiative K*K* production. K*’K*’ mass distribution for events from J/¢—yK*K n*n". The dotted spectrum represents the
background. The data are from Mark III [355].

states to fill the ground state and radial excited state multiplets are established. In addition, yet
unassigned pseudoscalar states and structures have been reported. They are:

the “iota”/m(1440) (BR~5x 107%),

the 0 structures at ~1.55 GeV, ~1.8 GeV, ~2.1 GeV in J/¥—ypp (BR ~ 10_3),

the 0 structure below 2 GeV in J/{— yoo (BR~ 107%),

the 0~ structure below 2 GeV in J/y—yK*K* (BR~107%),

the 0~ structure at ~2.2 GeV in J/y— ybd (BR~3 X 107?),

the various peaks in the mmw invariant mass distribution with as yet unknown spin parities
(BR~3x107%).
Not all of these can possibly be explained as conventional qq states, especially since the second radial
excitation states are expected to be heavier than ~2 GeV. Apart from this the J/— yX production rate
for a radially excited state is expected to be suppressed as compared to the ground state [300, 308]. It
seems therefore unlikely that the large branching ratio states n(1440) and the pseudoscalar structures in
IW—vyVV, V=p, w are qq states. It seems also far fetched to believe that they are all different new
objects, may be even different pseudoscalar glueballs.

Attempts to clarify this situation have been made. A possible description of part of the data in terms
of coupled channels is described in the following section. Another approach, interpreting the measured
spin characteristics by a quark—quark rescattering effect is discussed in ref. [356].

6.4.6.1. A coupled channel analysis of “iota” decays. An attempt has been made [349] to interpret
the data on J/¢— yKKm, ypp, yww, and yyp jointly in an analysis with coupled channels. This has also
been suggested by Achasov and Shestakov [357] in a similar approach. The key feature of this analysis
is to describe the 0~ states in J/{— ypp and yww at threshold with one underlying state, the “iota”. The
different masses and widths measured in the various channels then arise from phase space differences
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Fig. 97. The effect of coupled channels on decay rates and partial widths. (a) Coupled channel Breit-Wigner amplitude squared for the channels
KK (dashed), pp (solid), wxw (dashed-dotted), and yp (dotted) in arbitrary units. (b) Re II(s) (upper curve) and I, the partial widths, as a function
of V5. The curve for I, (dotted line) has been multiplied by 100.

and coupled channel effects. The details of this approach are described in ref. [349]. The mass
distributions of four channels are fitted with this ansatz. The “iota” pole position, its total width in the
KK7 decay mode, and the ratios of coupling constants are the parameters of the fit. Figure 97 shows
the expected resonance shapes of the four channels in question. Figure 98 shows the result of a joint fit
superimposed on the Mark III data on the four channels after background subtraction for ww and yp
and after correcting for relative efficiencies.

The ~1.55GeV peak of the pp(4w) mass spectrum can be explained by a resonance (the “iota”?)
below pp threshold. Another resonance, which is assumed not to couple to KKz but to pp, ww, and yp,
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Fig. 98. Coupled channel fits to four decay channels. Invariant mass distributions for (a) KK, (b) 4w representing pp (=50%), (c) ww and (d) vp
(Mark III), corrected for relative efficiencies (arbitrary units, 0.025 GeV bins). The curves represent the result of a fit with coupled channels.
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must be included to explain the pp(4w) spectrum. With this ansatz the pp and ww spectra can be roughly
described. The ratio of pp to ww coupling constants is predicted by SU(3) to be three; the fit yields
5.0£0.7, in reasonable agreement. The shape of the yp mass spectrum is not well reproduced. The
absence of phase space effects near threshold in this channel requires the peak of the Breit-Wigner
curve to be at the same pos1t10n as for the KK channel, i.e., ~1.46 GeV. Furthermore, vector
dominance predicts a ratio of f /e -3 =400 for the ratio of pp to yp couplings. The fit requires
3300 = 600. If the yp signal were to be identified with the m(1440)*, this large coupling ratio would
certainly cause some inconsistency. 7
The following approximate branching ratios result from the coupled channel analysis [349]:

B(J/—> yn(1440)) - B(n(1440)— pp) = (1.5 £0.2) X 107,
B(J/y—>y(1440)) - B(n(1440)— ww) =~ (0.3 £0.1) x 107>, (148)
B(J/y—yX(1800)) - B(X(1800)— pp) =(1.0£0.2) x 1073,

where X(1800) is the ~1.8 GeV enhancement in the pp mass spectrum. Using the average value for
J/y— yn(1440)— KK one arrives at a total production fraction, summing KK, pp and ww, of

B(J/y—yn(1440)) = (6.3 +0.5) x 107> (149)

The coupled channel analysis provides a first hint that the branching fraction to the ““iota” may be even
larger than deduced from the KK channel alone and that decays to non-strange final states, which can
restore flavour symmetry of “iota” decays, might exist.

We would like to point out two “caveats”, i.e. inconsistencies, that must be solved before the above
conclusions from the coupled channel fits can be regarded as solid.

1. The upper limit for yy production of the m(1440) is [358]

I'(n(1440)—vy) - B(n(1440)—> KK=) < 1.6 keV . (150)

Using vector dominance for the pp/yy couplings one safely predicts from (148) a yy width of the order
of 0.1keV. However, pp phase space decreases by more than two orders of magnitude in the region
between 1.55 and 1.4 GeV. Taking this into account at 1.46 GeV, the best present estimate of the “iota”
mass, the above 0.1 keV must be multiplied by a factor 100 + 50, which is above the experimental upper
limit for I'(n(1440)— vy).

2. The mmw invariant mass distribution of J/¢— ynm mw~ (fig. 88) shows—apart from the low-mass
peaks near 1280 and 1400 MeV—an additional two-peak structure at ~1.6 GeV and ~1.85 GeV with
mass and width values close to the ones observed in J/¥—ypp. A spin parity analysis of the nmw
spectrum has unfortunately not yet been done. Let us, notwithstanding other possibilities, assume that
the nmw and pp structure have the same origin. Since the nww decay does not suffer any strong phase
space suppression one would have to conclude that the n structure cannot be due to the “iota”. The
1.5 GeV peaks in pp and mmm must therefore either come from different states with about the same
mass and width values or come from the same resonance which then cannot be the “iota”.

*) Note that is this is still a question which is experimentally unsolved.
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Table 43
Radiative final states containing baryons. The results have been
averaged assuming uncorrelated errors. Upper limits are given at the

9% C.L.
Final Branching ratio
state (units of 10~*) Experiment
P 3.8+0.7+07 Mark 11 [185]
4.89+0.24 % 0.43 Mark 111 [189]
3340307 DM2 [359]
43+0.4 {average)
ppm <19 Mark 11 [185]
AA <13 DM2 [186]

Summarizing we conclude that the coupled channel analysis reveals a possibility to understand the
puzzle of too many pseudoscalar states. Despite some obvious deficiencies and potential problems of
this ansatz it is an appealing approach to describe the tantalizing wealth of data. An attempt to
decompose the spin parity content of the mmm mass spectrum would surely help to clarify the facts.
Refined analyses with coupled channels using more than twice the statistics are in progress {310, 351].

6.5. Radiative decays to baryon—antibaryon pairs

The Mark I [184], Mark II [185], Mark III [189], and DM2 [186, 359] Collaborations have
investigated radiative J/\ decays leading to baryonic final states (see table 43). The study of J/{— ypp
decays is an interesting area to explore the spectra of mesons and baryonia [360], which decay to
baryons in the 2 to 3 GeV mass range, with excellent mass resolution (=7 MeV). Figure 99 shows the pp
mass spectra obtained by DM2 [359] and Mark III [189] in J/¢— ypp.

Apart from a small v, signal (see table 28), the pp mass spectra do not show any statistically
significant signs for additional narrow structures. In particular no signal is apparent in the £(2230) mass
region (see table 39 for an upper limit). Taking into account the drop in efficiency at low pp mass, the
spectra show enhancements at threshold.

Calculations [223] based on lowest-order perturbative QCD predict similar shapes but underestimate
the rate.

It has been suggested that the £(2230) is a AA bound state [338]. When searching for radiative AA
production the observed [186] AA mass spectrum (not shown) contains only a few events below 3 GeV,
which are difficult to attribute to the radiative J/y— yAA decay because of the presence of several
background processes involving photons. Upper limits for the excitation of 1.(2980) and £(2200) are
included in table 28 and table 39, respectively.

7. The quest of glueballs

The non-abelian nature of QCD together with QCD inspired models have lead to the general belief
that bound states of gluons should exist. Where are these glueballs and how can they be found?
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Fig. 99. pp invariant mass spectra in radiative J/y decays. Shown are pp mass distributions obtained by (a) Mark III and (b) DM2. In (a) the
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Today’s hadron spectroscopy is largely motivated by the search for glueballs and other exotics. A
complete understanding of ordinary mesons is a necessary condition for a systematic approach to the
problem. Only a reasonably complete understanding of all the available data will reveal any conclusive
evidence for glueballs.

The J/{ radiative decays are commonly regarded as the hunting ground for glueballs. Nevertheless,
to write about glueball spectroscopy solely based on results from J/{ decays would not only be
incomplete and biased but would also do injustice to the beautiful data available from hadro- and
photoproduction [361, 362] and from photon—photon [363] experiments. On the other hand, it is much
beyond the scope of this report to cover all aspects of glueball spectroscopy.

We will therefore proceed along the following line. We take the point of view that the lowest lying
gluonium states (J*“=0%", 07%, 2*"), which are expected to have masses accessible in J/§ decays,
must, if they exist, at some level be observable in radiative decays of the J/i{ (fig. 57). We will try to
specify features, mostly qualitative or semi-quantitative in nature, that are expected to be characteristic
for glueballs and are suited to distinguish them from ordinary mesons. Since the spectroscopy of the
light quark mesons is dominated by the valence quarks there is reason to hope that also a simple-
minded view of gluonium states may be qualitatively correct [48]. We then point out possible candidates
for the three gluonium spin states in question and discuss the arguments supporting or weakening their
glueball identity. Only here will we incorporate information from other, non-J/{ decay, experiments
and will indicate which valuable pieces of information are still missing. It will be impossible to always
mark off gluonium against gg—qq mixtures, qqg hybrids, or other more exotic possibilities, in the
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arguments; we will therefore concentrate on arguments that support the case against a qq state
hypothesis. Following these lines we hope to be able to convince the reader that very strong candidates
for the 0" and 27" glueball states have been observed in radiative J/y decays and that the search for
the scalar glueball is also promising.

7.1. Glueballs versus qq mesons

In the discussion of radiative decays we have seen that in almost every final state studied, previously
unobserved phenomena have been discovered, new states which naturally have to be considered also as
glueball candidates. However, the production of a state in radiative decays of the J/{ does not
necessarily mean that it is made of gluonic matter. After all, well-established qq resonances have also
been seen in this “glue enriched” environment.

Lacking precise predictions either for masses and widths or for production and decay characteristics
of “glueballs”, which would be invaluable to identify these objects, one has to rely on qualitative
guidance in the search for glueball candidates. In the following list of qualitative arguments for glueball
searches we start from the assumption that the diagram of fig. 4c is dominant in radiative J/¢ decays.
That is, the photon is radiated off from the initial state quark line and the cc system annihilates into two
gluons. With this assumption one can identify the following guidelines for gluonium searches:

1. Glueballs with masses accessible in radiative J/¢ decays are expected to be copiously produced
compared to the production of pure qq states. To set the scale, m and v’', which appear to have no
strong gluonic components [131, 121], are produced in radiative J/¥ decays with branching fractions of
about 0.1% and 0.4%, respectively. Note that the n' is mostly an SU(3),.0., Singlet.

2. Gluons do not carry quark flavour because they are singlets with respect to SU(3)4,.0.,- The
decays of gluon bound states therefore should—apart from SU(3) breaking effects—proceed in a
flavour-symmetric way. While this is true for the gluon—-quark couplings, the actual decay rates will
depend on the available phase space and possible dynamical effects (see section 2.4).

3. Gluons do not couple to photons, at least not without forming an intermediate qq state.
Notwithstanding the possibility that mixing of gluonium and qq mesons may confuse a quantitative
conclusion the absence or strong suppression of a candidate state in photon—photon collisions together
with a large production rate in radiative J/i{ decays provides a strong constraint on the nature of the
state.

4. Glueball production in hadronic decays of the J/¢ (fig. 100b) is expected to be suppressed with
respect to qq meson production when the singly OZI disconnected diagram of fig. 100a (SOZI)
represents the dominant contribution. For qq states the doubly OZI disconnected diagram of fig. 100c
(DOZI) is strongly suppressed compared to the SOZI diagram. A direct comparison of the radiative
production of a state X with its hadronic production in J/¥— {w, ¢} + X proves to be an excellent tool
to probe the quark/gluon content of a candidate state X.

5. Finally, the complete understanding of the qq sector, the ground state and excited qq meson
nonets, is essential to fully reveal the non-qq nature of a gluonium candidate state. If there is no vacant
place left in the SU(3) qq multiplets for a given J P  the gluonium hypothesis for a new state has to be
taken more seriously.

In the following text, we shall use these points to discuss the candidates for pseudoscalar, tensor and
scalar gluonium.

In the previous sections, hadronic and radiative J/{ decays were treated separately, representing
different classes of events. A most useful insight into the nature of resonances produced in both kinds
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Fig. 100. J/{ decay diagrams relevant to “glueball hunting”. (a) Singly OZI suppressed (SOZI) diagram for qq production, dominant for, e.g.,
Jig— of, J1y— of'; (b) disconnected diagram for glueball production; (c) doubly OZI suppressed (DOZI) diagram for qq production, responsible
for, e.g., J/y— bmm.

of J/{ decay processes is obtained by a direct comparison of the invariant mass spectra from

v
J/¢—>{w} +X, (151)
$

where X represents 7w, KK, KK7, nnw, or 4.

The experimental information necessary for this study is obtained by the Mark III and DM2
Collaborations [142, 372]. The individual reactions are described in their respective sections. The direct
comparison of the different reactions is done in fig. 101 to fig. 105, which, in a sense, also summarize
the wealth of information on new and old states observed in J/¢ decays.

Ordinary qq mesons can be produced in hadronic J/{ decays as shown by the diagrams of fig. 100a
and c. The singly disconnected diagram (fig. 100a) is dominant and one may assume it to maintain
SUB3)avon, Symmetry by relegating SU(3);,,.., breaking amplitudes to the corresponding elec-
tromagnetic diagram (fig. 4b) or to quark mass effects. Gluonium states can only couple to the outer
quark lines through their qq admixtures or through diagrams as shown in fig. 100b. The doubly OZI
disconnected diagrams (DOZI, fig. 100c) for qq production are strongly suppressed with respect to
SOZI diagrams (fig. 100a) at least for qq nonets which are close to ideally mixed. The contribution of
fig. 100b is expected lie in between the two others. For glueballs, Fritzsch and Minkowski [364] have
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Fig. 102. Comparison of mw invariant mass spectra. The = system is recoiling against (a) a radiative photon, (b) an w, and (c) a . The data are

from Mark III.
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argued that the contribution of fig. 100b could even be of the same order of magnitude as that of fig.
100a.

In this context, the hadronic two-body decays containing either an w or a ¢ are particularly useful
since the vector meson acts as a “tag” of the flavour of the recoiling system, assuming that it is
dominated by the diagram of fig. 100a. Expressed more simply, a resonance produced with a “$” recoil
tag should have a large ss content and conversely a resonance produced with an “w” should have a large
uu + dd content.

If one assumes ideal mixing for the vector mesons one can write

B=1%) = o5 (1 -V2E)),  @= s (i) +1dd)) = 7z (VA1) + (8)),

and predict the ratio [371]

_I'J/b—> wX)
vector F(J/lb__)d)x) -

=1 if X is an SU(3) octet .

P~Y

2—ifX is an SU(3) singlet ,

R

R,ecor and R, defined as
R, =T(J/$—>yX)/TJ /14— {0, d} +X),

provide a semi-quantitative argument in the search for glueballs. A glueball candidate is expected to
have R, .,,(G)>1and R (G)> 1.

We have made comments in fig. 101 to fig. 105 on the right-hand side of the figures. These remarks
do not always represent experimentally proven facts*) but are merely a possible, perhaps not too
unlikely, interpretation of the data. They are necessary to guide the reader through the arguments
which follow in the next sections.

Some general remarks are in order:

e While the production rate of n(1440) and £,(1720) is large in radiative decays, their rate in hadronic
decays is suppressed compared to other pseudoscalar and tensor mesons. The comparison reveals
possible evidence for the f,(1720) in the J/¥— {w, ¢} + KK reactions and no indication for the 1(1440)
in reactions other than J/¢— vy + KK=.

e The production and decay of the f,(1720) in hadronic J/{ decays do not show the pattern of nearly
ideally mixed qq tensor states.

e Interesting phenomena are observed in radiative and OZI-violating hadronic decays in the 1400 MeV
and 1500-1900 MeV mass regions. These phenomena are absent in OZI allowed reactions.

e The results on the f,(1285) and f,(1420) mass regions in the KKw and mww final states allow
interesting speculations but remain inconclusive as long as full spin parity analyses on these spectra are
missing.

In the following sections we shall discuss in more detail the three lowest lying glueball states, which
are expected to have J°=0"", 2**, and 0*". In~doing this we shall often refer to the information
contained in fig. 101 to fig. 105.

*) This is particularly so because spin parity measurements of the hadronic channels have not yet been performed in each case.



206 L. Kopke and N. Wermes, 1\ decays

7.2. The 0~ glueball

We start by examining the 0~ * qq sector. For J = 0 there are ground state and radial excitations, but
no orbital excitations. The 0~ ground state (1S) nonet is one of the best established qq multiplets. Its
first radial excitation (2S) is also relatively well known. Eight of the nine members can be assigned to
the isotriplet m(1300), the strange quartet K(1460), and the m(1275) [158, 159], all being established
states. A most plausible as51gnment for the ninth member, the radlally exc1ted partner of n or 7, is the

n(1400), observed in the reaction w~ p—> mann at KEK [279] and in 7~ p— K3K *« n at BNL [373] (cf.
fig. 5). This state has been reported earlier by the MPS experiment at BNL [374] in pp annihilations at
6.6 GeV and may be even as early as 1963 at CERN [291]. In both cases the 0™ assignment was
discredited because of confusing [161] and still not unambiguously resolved controversies among
different experiments (see section 6.4.1). The situation is much clearer in the nm final state. However,
the m(1400) appears to be mostly a uu, dd state and is also too light to easily comply with most
estimates for the mass of the radially excited ss state [375]. While it seems unlikely that the n(1400) can
be identified with the entire “iota”/m(1440) structure, it could possibly be assigned to its low-mass
portion and also to the 1390 MeV peak in J/{j— ynwm.

Pseudoscalar resonances that do not easily fit into the 0™ nonets are the “iota”/m(1440), the
pseudoscalar structures seen at threshold of the y vector-vector decays, and the higher-mass peaks in
the mww mass distribution.

Arguments that these states are not radial excitations are at hand. The measured branching fractions
for these new pseudoscalar resonances are too large to be considered reasonable for a radially excited
qq state. Frank and O’Donnel [308] estimate that the m; would have at least an order of magnitude
lower production rate than the ground state 7' if no gluonium is admixed. However, in models with
large mixing of the n(1440) with m and v’ the radiative width of the J/{ to a radial excitation can be
substantial due to large cancellations in the amplitudes [376]. ]

We are left with even too many candidates for the 0~ gluonium state. A plausible hypothesis has
been outlined in section 6.4.6.1, assigning at least the ~1.55 GeV 0™ state in pp and the ww 0 structure
to the “iota”. If one accepts this statement, the list of qualitative glueball features turns into an
impressive score sheet for the “iota” being a glueball or having at least a large glue component.

It is produced with the largest branching fraction in radiative J/¢ decays, except for the Ml
transition within the cc family, J/{y— yv.. This can be seen from fig. 106, where a direct comparison of
production rates of various radiative decays is made. Gounaris et al. [377] predict a branching fraction
of BJ/y— y'q(1440))z 17x 107 in a model that assumes the n(1440) to be a fairly pure glueball.

Moreover, the “iota” is not seen at all in association with an w or a ¢ in hadronic J/{ decays (see fig.
103). This indicates that neither a strong uu, dd nor a strong s§ component is present.

The “‘iota” is not observed in yy collisions [358]. Expressed as the fractional uu, dd content of the
“jota”, X, the upper limit of eq. (131) corresponds to |X,|* <0.05 employing the formula

[(“io0ta” = vy) = (M, m o) 51X, + W2V T > yy). (152)

and assuming that either | X |=|Y,| or that X, and Y, have the same phase as expected by orthogonality
with respect to the n wave function. The quantity “stickiness” [365],

Ir'J/y—yX) phase space(X—vyy)

Sx & —{X="yy)~ phase space(J/y—yX) ’

(153)
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Fig. 106. Production rates for various states in radiative J/{ decays. The rate for the n(1440) includes the estimates for pp and ww (section 6.4.6.1).

is defined to quantify the comparison of radiative J/{ production of glueball candidate states with their
production in yy processes. The second factor in (153) compensates for phase space differences and is
proportional to (m,/p%)”"", where m, is the mass and p}; the momentum of X in the J/{ rest frame; /
is the angular momentum of the production process. Although it may be confused by mixing [366, 367],
the quantity S, provides a useful qualitative comparison on how “sticky” different states of the same J”
are.

For the “iota”, the upper limit in (131) results in a “stickiness” value of >60 when normalizing Sy to
unity for X =m(549). For comparison, S, ~3.7. A qq state with the wave function uu+ dd — 5ss,
however, would also have no yy coupling [368, 369], but the n(1440) is unlikely to have such a large ss
component. In fig. 107, Sy is shown for the various isoscalar resonances produced in J/§ radiative
decays and in +yy reactions. B

A drawback for the glueball interpretation of the “iota” always has been that the KK decay is the
only directly observed decay mode of this state. There are, however, not many final states that a 0~
resonance at ~1.4 GeV can decay to. Decays into mw or KK violate parity. Three-pion decay is
forbidden by G parity. Radiative transitions to vector mesons should be suppressed relative to those of
groundstate qq mesons if the “iota” is indeed a gluonium state. 4w, KKmw, nww and KKw are the
obvious modes at hand. Also possible in principle are decays into pairs of vector mesons but this can
only occur below nominal threshold. In fact, the coupled channel analysis (section 6.4.6.1) suggests that
vector—vector decays of the iota do exist. The coupling strength of n(1440)— vector—vector would be
much bigger than the actual branching fractions suggest due to the dramatic decrease of the pp phase
space for lower invariant pp masses. The problem stated above, that the KK« decay might be the only
one observed, would then be reduced to the much simpler task to explain why the different “iota”
couplings to strange or non-strange final states do not obey exact SU(3) symmetry. Gounaris and
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Fig. 107. The stickiness Sy, defined as in eq. (153), for various isoscalar states X observed in J/is radiative decays and in +yy reactions. Sy is
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Neufeld [412] point out, however, that the KK= decay could be the only prominent decay mode if the
m(1440) is the lightest 0~ glueball.

Finally, the mass of the n(1440) is consistent with the range expected by lattice gauge theories and
other QCD inspired models (see fig. 7 in section 2.4.1).

Summarizing, if one accepts the guide lines for gluonium searches as stated above, the “iota”
certainly sticks out as the candidate for the 0~ glueball state and should have at least a considerable
gluonium component.

7.3. The 2" glueball

In this section we shall follow a similar procedure to argue for a candidate for the 2” " glueball state.
The 2”7 qq sector imposes a much weaker constraint on tensor gluonia than in the 0™ " case. Although
the ground state nonet is well established {a,(1320), K3(1430), f,(1270), £;(1525)], orbital as well as
radial excitations have to be considered, both of which belong to multiplets which are not yet fully
established (cf. fig. 5). One would again expect that pure radial excitations are produced with a smaller
strength than their ground state partners.

The candidate resonances that come to mind are the f,(1720) (the “theta”) and the, so-called, g,
states [342]. The X(1810), recently observed in hadronic collisions [379], should also be considered. The
latter two have only been mentioned in this report in passing for the very reason that these states have
not yet been observed in J/{ decays. In fact, the g, states have so far only been seen [342]—and
partially confirmed—in the process w p—édn [380]. They are three relatively wide (I'~
150-300 MeV) 2™ states with masses of 2.01170 0% GeV, 2.297 +0.28 GeV, and 2.339 +0.055 GeV
[381]. These states are produced in a doubly OZI forbidden process and are therefore sometimes
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interpreted as glueball states [382]. A major drawback is the fact that they have as yet not been directly
observed in J/y—> ybd decays. However, the DM2 data on J/y— ybd [353] have room for a 2" wave
contribution for m,, <2.5 GeV, which does not, however, show any structure (see also section 6.4.5.4).

There has been some discussion [32] on the ratio of 2** and 0" glueball masses in lattice gauge
theories and bag models in the recent past. Most estimates place the 2™ state somewhat higher in mass
than the 0" state [383]. A mass value above 2 GeV for the lowest 2* * gluonium state seems to be too
high in any case.

The most promising 2" glueball candidate is the f,(1720). Its radiative production fraction,
~1.5x 107>, is relatively large, but still smaller by a factor ~1/3 than the rate for the n(1440). A
comparison of the production rates in radiative J/& decays is given in fig. 106. The decays of the
£,(1720) show that u, d quarks as well as strange quarks may be involved in the decays. As a qualitative
statement this is more appealing for a glueball interpretation of the f,(1720) than for the n(1440), for
which the only well-established decay mode is the KK decay. On the other hand, for an SU(3)4,.0ur
symmetric decay of a flavour singlet state the decay widths obey the ratios

I(nm) : T(KK) : Tm)=~2:1:0.2, (154)

taking into account d wave phase space corrections. This pattern is not observed for the f,(1720)
(wm:KK:mm=0.2:1:0.2). The possibility of flavour symmetry breaking has been discussed [324,
327]. The conclusion is that SU(3) forbidden decays such as G— K*K remain forbidden, but SU(3)
allowed decays as above may be substantially modified due to the u, d and s quark mass differences.
While the violation of a strictly SU(3) symmetric decay pattern has been an argument against a glueball
interpretation for several authors [328], it has also provoked explanations that can maintain this
interpretation [54-56]. Recent approaches ascribe the suppressed wm decay mode of the f,(1720) to a
form factor effect [57], or to mixing with non-strange quarks [58] or a certain combination of strange
and non-strange quarks [59, 413]. Arguments based on helicity suppression favouring strangeness due to
the higher mass of the s quark can also be found [54, 55].
The f,(1720) has not been observed in yy reactions. The present upper limit is [385, 386]

I(£,(1720) > yy) - B(f,(1720)—>KK) <0.2keV at 95% C.L. (155)

The “stickiness” value, S,,.,,, resulting from this limit is ~17 (cf. fig. 107).

When comparing the radiative production of the KK system with the hadronic production recoiling
against o or ¢ (fig. 101) a peak is observed in J/y—wK* K™ (fig. 101b) and a shoulder on the
high-mass side of the f)(1525) in J/y— 6K K~ (fig. 101c), both consistent with being due to the
f,(1720). However, this is not a safe assumption since there is evidence for a 0" resonance f,(1730)
(14, 332, 387] in the same mass region. Still, the f,(1720) production rates would be smaller than those
for of,(1270) or $f;(1525), respectively, as can be seen from table 44.

If we accept both signals being due to the f,(1720) and assume that the SOZI diagram of fig. 100a
dominates the process, this could indicate that the f,(1720) has some strange as well as non-strange
components. However, also a glueball could be produced in J/¥— {w, ¢} + G following the diagram of
fig. 100b, even with a possibly sizeable rate [364]. In this case a glueball state should be expected to be
produced in both w and ¢ tagged hadronic decays. The value for R is 1.2+ 0.4 (see table 44), as
expected for an SU(3),,..., Singlet state.

Some help on which diagram is responsible for the observed rates comes from a comparison of the
reactions

vector



210 L. Kopke and N. Wermes, 1/ decays

Table 44
Decay rates and ratios for gluonium candidates and qq mesons. The “stickiness” values, which are
normalized to m(549) and £,(1270), have been obtained assuming angular momenta /=1 and /=0 for the
production of pseudoscalar and tensor states, respectively. The decay rates are given in keV.

n n 7(1440)— KK
T(J/g—4X) 0.065 = 0.008 0.296 + 0.039 0.333 £ 0.050
I(J/g— 0X) 0.113+0.015 0.013 = 0.002 -
T(§b— ¢X) 0.048 = 0.006 0.026 = 0.004 <0.016
IX-=vyy) 0.524 +0.031 4.25+0.19 <16
Sy _ 1.00+0.14 37+05 >60
R, 24204 0.5+0.1 -
R, 0.6=0.1 114223 >21
£,(1270) £)(1525)—> KK £,(1720)—» KK £(2230)— KK
I(Jb—>+X) 0.096 = 0.013 0.028 + 0.005 0.072£0.011 0.006 = 0.003
II— wX) 0.307 £ 0.050 <0.009 0.031 = 0.008 -
T dX) <0.027 0.040 = 0.007 0.026 + 0.004 -
I(X—=vy) 2.84£0.16 0.10 = 0.02 <02 <0.2
Sy 1.00 = 0.15 11.0+3.0 >17.1 >2.8
R, >9.5 <0.3 1.2+0.4 -
R, 0.31 £ 0.07 0.70£0.18 23+0.7 -
J/y—v+KK (156)
and
K p—>A+KK. (157)

The kaon induced reaction is believed to proceed as shown in fig. 108, where the presence of the A tags
the production of an ss quark pair. This diagram can describe the production of an ss state, but not that
of a glueball. While K"K~ can couple to all spin states, K3Kg is restricted to even spin states only.

The LASS group has made a comparison of their data [334] on reaction (157) with the Mark III data
on reaction (156). Figure 109 shows the LASS data normalized to, and superimposed onto, the KIK{
invariant mass distribution from J/{ radiative decays. It is striking to see an almost identical shape of
both data sets for the £(1525) but, while the Mark III data exhibit the f,(1720) as a second, even larger
peak in this distribution, there is no indication of such a state from the LASS data with an eight times
larger event sample. Compelling as this is for ruling out the f,(1720) as a standard ss state like the
£7(1525), there is a problem to understand why K™ p scattering does not produce the f,(1720) despite
the fact that the KK decay is, so far, the most prominent decay mode of this state [333, 334, 388].
Either the one-kaon exchange diagram is suppressed for some reason [389]*’ or the f,(1720)— KK
coupling is actually much smaller than commonly believed, leaving many more decay modes yet to be
discovered.

K-

nin

p A
Fig. 108. Quark line diagram for J/y— A + KK.

*) There have been indications of problems with the one-kaon exchange picture; see ref. {389].
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below 1.9 GeV.

Some weak evidence for f,(1720) production in w p— 7" (K"K )p and pp— p(K*K ™ )p, where the
kaon system is centrally produced, has been reported [390] with no definite spin determination. A
partial wave analysis of = p— KSK2n by the MSS ITEP group [332] reveals a 2°* d wave state at the
mass of the f,(1720) but with a too narrow width. Longacre et al. [333] have globally fit wwr, ym and KK
final states obtained in mw and KK scattering as well as from radiative J/{ decays. Their fit results in a
surprisingly small KK branching fraction of the f,(1720) [B(f,(1720)— KK) =0.3877%]. An even
smaller KK branching fraction would be inferred if the new LASS data were included [48]. This in turn
would mean that the actual J/{ production fraction of the f,(1720) may be larger than presently known,
boosting a glueball interpretation of the f,(1720) even further.

The conclusion that the f,(1720) is not dominantly a qq state is also underlined by the notion that the
close to ideal mixing in the f—f' system would very likely be disturbed by another nearby 2* ™ qq state.

Despite the still standing possibility that the f,(1720) has some quarkonium admixture, similar
arguments as used to call the “iota” an excellent 0" glueball candidate would assign the “theta”/
£,(1720) to the 2" * candidate of the glueball spectrum. Rosner [225] has pointed out that the £,(1720) is
a good candidate for the first physical particle lying on the Pomeranchuk trajectory or Pomeron [391]
proposed to explain the approximate constancy of total cross sections at high energies. A plausible
parametrization [225] of this trajectory is

J(M*)=1+0.44M" . (158)
Based on (158) one expects a J*=2"" particle around 1.5 GeV, which could mix with the f}(1525) [58,
392] to gain in mass. Models to understand the “Pomeron” as a ‘“‘glue-ring” [393] or a “two-gluon

exchange” mechanism [394] have been proposed some time ago.

7.4. Where does the scalar glueball hide?

The 0" gluonium state turns out to be the experimentally most difficult one to find. Theoretically it
is a very attractive one since it is predicted to be the lowest in mass of the states of the glueball
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spectrum according to most models. There seems to be consensus [383] that the scalar glueball should
have a mass my++ =1.0-1.5 GeV [395, 396, 383]. Masses as low as 0.6 GeV are also found [33]. The
width of the scalar glueball is even more uncertain. Both, narrow [397] and very wide [398] width
expectations are found in the literature.

Peaks and structures with 0" spin parity have been reported in the past, mostly in hadronic
production processes. We list some of them below.

o A J"=0"" state called f,(1590) with a mass of (1592 + 25) MeV and a width of (210 = 40) MeV [378]
is found by GAMS in mm, m’, and 4= [379] final states of 7~ p collisions [399]. This state is also seen in
central hadron collisions [400] where a glueball would be expected to show up.

e The GAMS experiment [401] also reports evidence for a narrow state at a mass (1755 = 8) MeV and a
width of less than 50 MeV in the v final state. The preferred spin assignment is again 0" .

e Au, Morgan and Pennington [137] have analysed data on central di-meson production from the AFS
experiment at the ISR. In a coupled channel analysis of I =0, s wave 7w and KK final states they find
three resonances around 1 GeV, S,(991), S,(988) and €(900), where the naive quark model expects at
most two. They argue that the S,(991) is a plausible candidate for the scalar glueball.

e In this context, the well-known f(975) (the former S*) deserves mentioning. Both the f,(975) and its
isovector partner, the a,(980), have been puzzling states for a long time. Identification as qq states has
proven to be difficult. More exotic alternatives, such as four-quark states [134] or loosely bound KK
molecules [135] have been suggested. It can also not be excluded that the £,(975) might have a sizeable
scalar glueball component [138]. In the same vein one should consider the f;(1300) as a possible
candidate for scalar gluonium although it is usually assigned to the non-strange I = 0 state of the scalar
multiplet with dominant ww coupling (see fig. 5). Both, £,(975) and f,(1300), have not yet been
identified in radiative J/{ decays.

e Several indications for other scalar resonance production below 2 GeV have been reported [139, 333,
345], obtained mostly as a result of complicated analyses with several partial waves or coupled channels.
We shall not address the details of these pieces of evidence here.

Let us come back to the context of J/¢ decays and our guideline that at some level all gluonium
states should be observable in the glue-enriched environment of J/{ decays. Places to look for scalar
gluonium are final states of ww, KK, 1 and v’ in hard gluon channels such as radiative decays or
strongly Zweig suppressed hadronic decays. The statistics of vy and wn' final states in radiative J/{
decays are still too scarce to be conclusive (see section 6.4.2). The KK channel has already been
exhaustively discussed in the context of the tensor glueball search. The most promising final state seems
to be the ww channel (see section 6.3.3).

Examination of fig. 102a shows, apart from the features already discussed, a peak at 2.1 GeV which
is consistent with the f,(2030) and a shoulder on the high-mass side of the f,(1270). The £,(975) is not
observed (section 6.3.3). Figure 110a shows the m invariant mass distribution of J/— yn =’ obtained
from Crystal Ball [249], which does not suffer background from J/y— pm as does the charged mode.
Also here the superimposed fit cannot account for an excess of events on the high-mass side of the
£,(1270) although the statistics is not as convincing as in the charged mode (fig. 110b). Interference with
the f)(1525)— @mw decay would provide a more conventional explanation for this phenomenon (see
below).

A r)ecent investigation [313] of the angular distributions of events from J/y— ymw and J/ ¥—yKK
just above threshold finds agreement with a scalar behaviour. If background contributions can be
excluded this is the first observation of scalar production in radiative J/{ decays.

Other promising channels to look into are doubly Zweig forbidden decays such as J/y— dmm or
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Fig. 110. ww invariant mass distributions for J/y— ymr. (a) =" mass distribution as obtained by Crystal Ball [249]. (b) =" =" mass distribution as
obtained by Mark III [348] using a sample of 5.8 X 10° J/{s decays. In (a) the spectrum is fitted with three Breit-Wigner amplitudes, in (b) four
interfering amplitudes have been allowed to accommodate the unusual shape of the f,(1270).

4w, as emphasized by Lindenbaum [402]. Figure 102¢ shows a clear f,(975) and possibly a f,(1720)
signal at the high end of the ww invariant mass distribution. The bump in the centre does not follow an
exact Breit-Wigner resonance shape and is probably not just one state. Although there is likely to be
some f,(1270) contribution, this structure is unlikely to be entirely due to the f,(1270) (see section
5.3.3). Note that ordinary qq states are suppressed in this Zweig forbidden decay. The DM2 group
[126] has investigated this bump more closely as described in section 5.3.4. A change in the shape of the
angular distribution of cos 6%, the angle of the w" in the 7w centre of mass system, is clearly observed
when one compares this distribution for events from the f,(1270) mass region with events from the mass
region above (fig. 36). Qualitatively the data are consistent with a change from spin 2 to spin 0 when
moving from the lower to the upper part of this enhancement.

The ww mass spectrum of J/{— wnw in fig. 102b also shows, apart from the f,(1270), a mysterious
bump with mass around 300 to 400 MeV and few hundred MeV wide. This phenomenon has been
observed by every experiment analysing the www final state. Several attempts to reveal a resonant
behaviour of the structure have been made. DM2 [403] has performed an empirical fit with a
Breit-Wigner curve distorted by phase space. The fit requires a mass of (278 = 36) MeV and a width of
(588 + 88) MeV. Inspection of the angular distributions indicates deviations from a pure s wave. No
experiment has as yet convincingly proven the nature of this structure. See section 5.5 for a possible
non-resonant explanation of this phenomenon.

An indication of a £,(975) is also present in the same mass spectrum (fig. 102b). This would imply
that the f,(975) possesses couplings of the about the same strength [403] to both s quarks (tag with ¢)
and u, d quarks (tag with ), a feature that also a glueball would show.

It is tempting to associate the shoulder of the f,(1270) in J/¢y— ymw with the possibly scalar part of
the central structure in J/y— mw. If this identification holds, it would certainly produce a most
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interesting hypothesis for a scalar glueball candidate. If one introduces a narrow state at ~1420 MeV
[266], the ww mass distribution of yww in fig. 102a is well fitted. In the same reference (DM2) it is
stated, however, that this additional narrow resonance cannot well explain the &mm data. An
alternative description for the shoulder in fig. 102a is also possible by allowing for interference of
£,(1270) and £5(1525) in J/y— yww [266]. The curve in fig. 110b corresponds to a fit with four
Breit-Wigner amplitudes being allowed to interfere [348]. The shoulder of the f,(1270) is reproduced
by interference of f,(1270) and f;(1525). The obtained f)(1525)— mwm branching fraction corresponds to
a 30° tensor meson mixing angle in agreement with recent 2y measurements and Gell-Mann-Okubo
mass relationships. It remains to be seen by future experiments (see section 8.2), whether an
interference effect or a new state is the correct explanation for this shoulder.

Until the time that many events are taken, the quest of the scalar glueball in J/{ decays will keep
experimenters excited.

8. Summary and outlook

In this report we have tried to review the wealth of information obtained through intense studies of
J/§ decays for more than 13 years. The discovery of the narrow J/i{ resonance has been a great
surprise, promising new and interesting physics.. The detailed studies of J/{ decays have kept this
promise.

In the area of radiative decays at least two candidates for gluonic bound states, the “iota”/7 (1440)
and the “theta”/f,(1720), have been discovered and many decay modes have been studied. Although
both states appeal as glueball candidates, a unique interpretation has yet to be obtained. The
measurements of the hadronic J/¥ decays to meson pairs have already reached a level at which the
analysis in terms of SU(3),,,,.., conserving and SU(3) ..., Violating amplitudes is possible. Much can
be learned from these studies about light quark systems and possible gluonium admixtures. The detailed
comparison of hadronic and radiative decays is the key to determine quarkonic and gluonic elements of
the states in question.

In general, the investigations of J/{ decays yielded more information about light quark systems than
of charm by making use of the J/¢ as a well defined “factory” for mesons and baryons. The emphasis
for future experiments must be to extend the systematic measurements of two-body hadronic decays
and of radiative decays to a level at which quantitative statements on the properties of qq mesons and
exotic states can be made. Some facts and ideas relevant to future studies of J/{ decays are discussed in
the following two sections.

8.1. What fraction of J/\b decays has been seen?

As discussed in section 2.1, direct hadronic, electromagnetic, and radiative decays represent roughly
65%, 14%, and 7% of the total J/ decay rate, respectively. It is an interesting exercise to estimate
how much of this rate has been measured in exclusive studies of J/{ decays.

In table 45 the measured branching ratios for hadronic decays in final states containing pions, kaons,
and protons are listed. From the measurements of charged final states the total contribution to the J/is
hadronic decay rate can be estimated by employing isospin arguments [167]. In addition, some of the
measured J/& decays that proceed via resonant intermediate states lead to topologies not compiled in
table 45 (i.e. final states containing w’s). Their contribution is estimated to be greater than (1.1
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Table 45
Topological branching ratios of hadronic decays. Branching ratios into general modes computed from the
observation of one particular charge state of that mode. The average values were taken from the compilation
of the Particle Data Group [14]. The range of the correction factor is calculated assuming all allowed isospin
combinations in the final state [167]. Theoretically one expects that roughly 65% of all I/ decays are
hadronic decays.

General Observed B(observed) Isospin B(general)

mode mode (%) factor (%)

3 ot w® 1.500.15 1 1.50+0.15

5 2w w )’ 3.42%0.31 2 5.10%0.45

T n'n )’ 2.86+0.55 1o & 5.36+1.03—8.58 + 1.65
9n 4w )’ 0.90 £0.30 0— 18 >2.0+0.7

KK= KKw 0.610.10 1 0.61+0.10

KK2n KK n'n” 0.72+0.23 11 22+07-43%14
KK3n K'Kw'n n° 1203 k-1 24%0.6—18.0+£4.5
KKdn K'K2x's) 031013 0—- 4 >1.2+05

2(KK) K'K'K'K~ 0.07 £0.03 014 >0.21=0.09

NN PP 0.220+0.012 ! 0.440 = 0.024

NNx pp’ 0.1093 + 0.095 1 0.656 + 0.055

NN2x pprim” 0.60 +0.05 151 1.80 % 0.14—3.60 + 0.29
NN3w pprn w 0.233 +0.087 -1 0.47£0.17-3.50£1.30
I >25.1+1.8

0.2)%. Thus a minimum of (25.1=1.8)% of J/¥ decays can be accounted for by exclusively
reconstructed hadronic decays. Using a statistical model, in which all available isospin states are
populated according to their statistical weights [404], one further calculates that (34.8 = 2.8)%, roughly
half of all hadronic decays, have already been measured in exclusive reactions.*’ The difference
between the two estimates may arise from higher multiplicities,** decay modes involving n’s and/or
photons, and strong decays violating generalized € parity.

Table 46 shows a similar compilation for the radiative decays. For some topological final states,
where no value for the total branching ratio can be found in the literature, a lower limit for the decay
rate has been estimated by summing over the branching ratios of resonances leading to the particular
final state. Similar to the case of the hadronic decays, one finds that roughly half of all radiative decays
can be accounted for by exclusively reconstructed topologies.

8.2. Outlook for the Beijing storage ring (BEPC)

The unique experimental conditions, the variety of interesting physical processes, and the prospect of
event samples an order of magnitude larger than currently available, will guarantee continuing interest
in the physics of J/s decays at e e~ storage rings at least for another decade. It is expected that the
BEPC storage ring in Beijing reaches a peak luminosity of 5x 10* cm™*s™" and features an energy
spread of AE = 0.6 MeV. Both values are by far superior to those obtained with SPEAR and DCI (see
table 5) and may translate into an order of magnitude higher J/{ event rates, such that total event
samples of 100 million events and more are not outside reach. In the context of bb factories,
multi-bunch double-storage rings with high luminosity have been proposed [407] that are based on

*) To simplify the argument, we assume here that the contribution of the electromagnetic diagram to the topologies studied is negligible.
*+) Using smooth multiplicity curves, one can estimate that higher multiplicities contribute about 6% to the unaccounted J/ U decays [405).
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Table 46
Radiative decay branching ratios. Summary of branching ratios of radiative decays into mutually
exclusive final states of pseudoscalar mesons, vector mesons, and baryons. In the case of the yn,
vKK, and yKK final states a lower limit for the total decay rate has been estimated by taking the
sum over the resonant subprocesses. To extrapolate from the measured y2(w" 7" ) rate to the total
v4r rate, isospin factors of 1/3 and 4/9 have been assumed, corresponding to the cases where the
m'm subsystems have /=1 and I=0, respectively. Note, that it has been shown (see section
6.4.5.1) that these decays mainly proceed via ypp and ypww intermediate states. Theoretically one
estimates [see eq. (101)] that B(J/y— v+ X) = (600 £200) x 10™*

Final Branching ratio
state (units of 107*) References and remarks
ya® 0.24 +0.05 table 29
™ 8.8+0.6 table 29
' 40+3 table 29
¥2m >8.0*1.1 table 30, table 35, and table 38;
from {f,(1270), £,(1720), X(2100)}
¥m 73£23 [406]
ym' 5.7£2.7 [406]
yKK 11.8+1.3 table 30 and table 35; from y{f;(1525), f,(1720)}
Yo 16+3 [350, 351}
yod 1.4x0.4 [352]
Yob 31+07 [353]
yw 35+11 {281]; contribution of ' excluded
YKK7 >45+4 table 32; from \— KKn
Yyéw 144+ 18— 192+24 [345); from y2(="®")
yNN 7.6+20 [185]; from ypp
) >318+£22

available accelerator technology. A similar concept applied to the J/{ energy range could lead to event
samples of as many as 10'° J/ decays [408].

The difficulty in identifying gluonia is due to a large extent to the great complexity of the particle
spectrum in the 1-2.5 GeV mass regions, where glueballs are expected to occur. In addition to qq
multiplets, hybrid and four-quark states may exist, often overlapping in mass, and sometimes mixing
with each other. This means that gluonic states cannot be treated in isolation; it is necessary to
understand the particle spectrum as a complete entity in order to understand its components. This
insight determines the physics program of hadron spectroscopy in the coming years. High-statistics
experiments at the J/{ are a well-suited exercise if the efforts to study its decays in a systematic way are
continued and a search for rare effects pointing to exotic behaviour is initiated.

In particular, the study of meson multiplets, by comparing J/{ decays into meson pairs, has to be
completed and extended to lesser known nonets; all radiatively accessible final states have to be
investigated and as a whole compared to the inclusively measured radiative photon spectrum. In general
this will require partial wave analyses to identify the spin of the resonances involved, so that current
ambiguities in the interpretation of the results can be settled. In particular, this is true for the
interpretation of radiative decays, where, e.g., the complex structures in the nww and 4w systems can
only be disentangled if large data samples are available.

Some of the results covered in this report have been a matter of controversy or lacked statistical
significance. In particular, the question of the £(2230) will most likely be settled at BEPC.

A completely new field, that has only started to be addressed [126] in J/{ decays, is the search for
exotic final states with spin parity combinations not allowed by the quark model. These states are
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Table 47
Some final states suited to search for exotic particles
Jre Decay channels
07,27 (w8} +{mmm)
1,3 m+ {n, L), ), pp, we, bb

present in glueball, hybrid and four-quark models. Recent hints for such objects [409] should initiate a
similar search in J/{¢ decays. A list of simple final states that exotic particles can decay to is shown in
table 47.
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