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We have examined meson decays in a model with chromoelectric flux-tube breaking motivated by
the strong-coupling limit of QCD. Our analysis includes all of the simple decay modes of mesons
with up to two units of orbital or one unit of radial excitation, as well as a number of other interest-
ing modes and higher-mass resonances. In conjunction with the wave functions of a relativized ver-
sion of the quark model, our calculations provide, in terms of a single elementary flux-tube-breaking
amplitude, predictions for meson decay amplitudes which are in excellent correspondence to experi-
ment. The model also (1) leads to an understanding of the relevance and success of the 3P, model,
(2) provides predictions for channels in which it should be possible to see many of the missing low-
lying mesons of the quark model, (3) points toward solutions to some puzzles in meson phenomenol-
ogy, and (4) promises to be a useful tool for understanding the properties of unconventional mesons,

especially meson hybrids.

I. INTRODUCTION

Quantum chromodynamics (QCD) promises to eventu-
ally provide a complete understanding of strong-
interaction phenomena, and indeed much progress in
understanding hadrons via QCD has already been made.
Especially noteworthy are the recent demonstrations, us-
ing numerical lattice-gauge-theory methods, that QCD
confines. We can hope that in the future such techniques
will lead to ab initio calculations of hadronic masses and
properties.

Even if these advances occur relatively soon, but espe-
cially if they do not, it is useful to build models for QCD
which we can use both to study phenomena beyond the
scope of contemporary computing capacity and also as a
tool for interpreting the raw output of the first-principles
numerical calculations. The quark model, especially when
supplemented with dynamics suggested by QCD, is a
prime example of such a model.

We believe that a recent extension' of the quark model
to include gluonic degrees of freedom holds considerable
promise for expanding our ability to predict and interpret
the complex character of hadrons in QCD. This “flux-
tube model” for QCD is based on the strong-coupling
Hamiltonian lattice formulation of the theory® in which
the basic degrees of freedom are most conveniently taken
to be quarks and flux tubes rather than quarks and
gluons. In this paper we describe the application of the
flux-tube model to the decays of qg states.

Models for the strong decays of hadrons have a long
history.>~> Within the context of the quark model, such
analyses began® by avoiding explicit description of the de-
cay process itself: they examined only those general prop-
erties following from various symmetries such as SU(6)
and SU(6)y.. More explicit® are models in which an “ele-
mentary” meson is emitted by a single quark, and such
models have proved to be very useful. More fundamental
are the quark-pair-creation models,* which treat all of the
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hadrons participating in the decay process on an equal
footing.

The 3P, quark-pair-creation model, which has been
very impressively developed and exploited in applications
to both mesons and baryons,> will turn out to be related to
the flux-tube-breaking model® which we discuss here: it
will emerge as a limiting case of our model when the
flux-tube wave function is much more extended than the
quark-antiquark wave function. Although this limit is
not realistic, it so happens that in many simple situations
there is still a strong correspondence between the results
of the two models; the reasons for this will be discussed
below.

II. DECAYS IN THE FLUX-TUBE MODEL

The flux-tube model of Ref. 1 is based on the strong-
coupling Hamiltonian lattice formulation? of QCD. In
the limit g— oo, the eigenstates of quantum chromo-
dynamics consist of “frozen” configurations of quarks
and flux links (or flux tubes) connected on a lattice with
lattice spacing a in arbitrary ways consistent with local
SU(3) gauge invariance. The “primitive meson” sector,
for example, corresponds in this limit to states with a
quark and antiquark (at arbitrary points in the lattice)
connected by arbitrary configurations of chromoelectric
flux along the links between lattice points as in Fig. 1(a).
Some primitive states of the baryon and pure glue sectors
are shown in Fig. 1(b) and 1(c). For g < oo, these g—
eigenstates remain a complete set of basis states for QCD,
but they become perturbed by two types of interactions.
The first of these takes the form

2 quUjiajiqi >

links / i

where g, is the quark field operator at the lattice site n,
Uj; creates a unit of three-flux on the “link” from j to i
(or destroys a unit of three-flux from i to j), and a; is the
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FIG. 1. (a) Some primitive meson states; (b) some primitive
baryon states; (c) some primitive pure glue states.

Dirac matrix in the direction of the link /;. The second
has the form

z TI(U14U13U12U]1+H.C.) ,

plaquettes

pUlylyl))
where a plaquette is an elementary square in the lattice
with the links /,/,,/5,/4 on its border. This term can
therefore create or destroy a unit “loop” of three-flux
around any plaquette. Some examples of the action of
these two perturbations are given in Figs. 2 and 3.

To recover QCD from lattice QCD, one must let the
lattice spacing become small; in this process the bare cou-
pling g must, according to the lattice renormalization-
group equations, also become small so that the above-
mentioned perturbations of the strong-coupling-limit
eigenstates become important. The flux-tube model of
Ref. 1 is based on the hypothesis that it is useful to diago-
nalize this problem in blocks of states of the same topolo-
gy and to then consider mixing between these topological
sectors. Thus initially one considers only quark and flux-
tube “hopping” effects which unfreeze the states of the
g— oo limit but will not, for example, mix a gg meson
with a simple three-flux with one which has a bubble or
with a g q g g state. The problem of the diagonalization
of the topological blocks is then the normal mode problem
for the various quark and “string” configurations. A
heavy QQ meson, for example, corresponds in this ap-
proximation to a quark and antiquark moving in the (adi-
abatic) potential of the ground state of the elementary
three-flux. The corresponding hybrid mesons correspond
to states with “phonon” excitations in the flux tube or (at
higher masses) with more complicated flux-tube topolo-
gies, and so on. This “quark-model limit” can then be
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FIG. 2. Some effects of ¢'Uag: (a) quark hopping, (b) flux-

breaking pair creation, (c) g7 “seeding.”

systematically improved by considering corrections to the
adiabatic limit and by considering the topologically nondi-
agonal effects of the perturbations qTan and
Tr(UUUU +H.c.).

In this paper we will be concentrating on the topologi-
cal mixing caused by the pair-creation/flux-tube-
annihilation part of the qTan term which causes the de-
cay of ordinary mesons. We begin by extracting a plausi-
ble model for this process from the strong-coupling ex-
pansion.

For large g (and therefore large a), pair creation is
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FIG. 3. Some effects of Tr(U,U;U,U,; +H.c.): (a) flux-tube
hopping, (b) flux-tube topological mixing by rearrangement, (c)
flux-tube topological mixing by *“bubble formation.”
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unimportant; it is also weak for @ —0 since in this limit
g—0. It is therefore plausible that quark-pair creation is
an intermediate range process which can be effectively
studied using a lattice spacing a; with g(a,;)~1 by treat-
ing the qTan term as an effective lowest-order interac-
tion.

When a meson flux tube is broken [as in Fig. 2(b)] by
pair creation on a link from n to n+@€, the resulting
quark pair is created with an effective operator

3y(n) ~ ~
Cn’8=—%—§qf(n)a-eq(n+e) s (1)

where y(n) depends on the string state of the meson.
Note that the quark colors are automatically correct (a
factor of 5 arises from requiring that the flux on the link
couples to a singlet, but we have inserted a factor of 9 for
later convenience) and that this elementary creation am-
plitude is flavor symmetric. If we expand

q(n+€)~g(n)+a,€Vqg(n),

then

Coe= 2? > g'(n)aeg(n)
1 q
+3y(n) 3 ¢'(n)a-e&-Vg(n)+ - - - . %)
q

Up to this point our physical picture is very similar to
that of Ref. 7. However, in Ref. 7 € is taken to be parallel
to the initial meson radius vector r=r, —r1;. We believe
this to be incorrect. On a scale <a,, the string is not
straight since it is subject to “roughening”: the string is
executing zero-point oscillations of all of its normal
modes which range from wavelengths 7 /2 down to scales
near a; [where because g(a;)=1, the simple string pic-
ture becomes modified by topological mixing]. Thus we
should expect the piece of flux cut out at the small scale
a, to be unoriented and we should average over €. Since
(a-8)=0and (&€; )= 75, we therefore obtain

Co~y(n) 3 ¢l (n)a-vg(n) . 3)
q

(We will test and confirm this argument for the lack of
orientation of € in the phenomenological discussions of
Sec. III below.) Since this operator is invariant under ro-
tations about the point n and has positive parity, it pro-
duces a quark-antiquark pair in a 3P, state. If we were to
assume that y(n) is independent of n, we would then be-
gin to recover the naive P, pair-creation model. Of
course, in our picture it is not: y(n) will be nonzero only
in the region between the quark and antiquark where the
string wave function is nonzero; moreover, the full ampli-
tude for the string-breaking transition in question will de-
pend not only on a quark-wave-function overlap, but also
on the amplitude to find the broken string in the string
wave functions of the final-state mesons. In Appendix A
we show that when a mesonic ground-state string breaks
into two other mesonic strings in their ground states, one
obtains (in the small oscillations approximation) a string
overlap function

ygo(n)ocexp[—%f(é‘)bylz] , 4)

where na =r§+§r+yl with y, a transverse vector from
the equilibrium position r; +£r of the string (0<£&<1) to
the point where the break occurs [see Fig. 4(a)], b is the
string tension, and f(&) is a £-dependent coefficient of or-
der unity. In the string-breaking model the pair creation
thus tends to occur in a cylindrical region with radius
O(b~'2) about the g7 axis. Of course the form (4) is
only correct for the stated process; when, for example, the
excited string of a hybrid meson breaks, a different over-
lap function results. We comment on this point further in
a concluding section.

For our actual calculations, after checking that our re-
sults were insensitive to f(£) for + < f <3, we approxi-
mated the complicated £ dependence of (4) by the simpler
&-independent form:

2
ygo(n)=yoeA(b/2)wmi“ ’ (5)
where w,,;, is the shortest distance from the pair-creation
point n to the line between the quark and antiquark (thus
Wnin=y, for 0<&<1). This leads to a cigar-shaped
pair-creation region, as illustrated in Fig. 4(b).

A decay amplitude 4 —BC where A4, B, and C are all
ordinary mesons thus consists of an integral over the
product of (1) the amplitude to find the initial quark and
antiquark with separation r, and spins s, and 54, (2) the
amplitude for the ground-state string of meson A4 to break
at various points %r 4+Yy into two other ground-state
strings with equilibrium positions along the vectors rp
and rc [see Fig. 4(a)], and (3) the amplitude to find the

(b)

FIG. 4. (a) A—BC by flux-tube breaking at the point
r/2+y, (b) a contour of y%(n).
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new quark and antiquark, produced by Eq. (3), and the
old ¢qg pair in the wave functions of their respective
mesons B and C, with relative coordinates rp and rc and
spins sg, Sp and s¢, S¢c. That is, in the rest frame of A4,
for equal-mass quarks,
M(A—BO= [ d’r [ d’y v e

Tyl |2
2 Y 2 Y

Xa-(i$B+i§c+q)

XY 4(0)e’ 720 (ry),  (6)

where q is the momentum of B. (In the unequal-mass
case this formula is modified; see Appendix B.)

To extract predictions from the model, it must be com-
bined with a set of wave functions for the mesons 4, B,
and C. We have examined two different choices for such
wave functions: (i) the exact wave functions from a recent
study of mesons in a relativized version of the QCD-
improved quark model® and (ii) a set of harmonic-
oscillator wave functions characterized by a harmonic-
oscillator parameter [ [i.e., ¥~ (polynomial factor)
X exp(—+8%?)]. In each case the constant y, of (5) was
taken to be a free parameter. In case (i) this was the only
parameter of the decay analysis; in case (ii), 8 was an ad-
ditional parameter. The less realistic and less predictive
harmonic-oscillator wave functions were examined both to
check the sensitivity of our results and since in the limit
¥00(n) =const they allowed us to perform integrations ex-
actly. The analytic forms thereby obtained reveal the re-
lationships which exist between amplitudes and also allow
us to make a connection in this limit to the standard *P,
pair-creation model. [Note that while within our context

B is an additional parameter, this point of view is some-
what artificial. In practice 3 is rather well constrained by
requiring it to correspond to a reasonable dynamic model
for the mesons. Indeed, as will be seen below (e.g., in
Table I) the fitted parameter B has a value which corre-
sponds to a set of meson wave functions which are very
similar to those of case (i).]

The more fundamental wave functions of case (i) from
Ref. 8 are based on a constituent-quark model with
dynamics suggested by QCD (including a linear confining
potential, a Coulombic potential with a running coupling
constant, and the various short-range spin-dependent in-
teractions expected as corrections to these static poten-
tials) in which various relativistic effects were taken into
account (including relativistic kinematics, quark smearing
effects, and relativistic modifications of the interquark
potentials). The model, which was applied to all mesons
from u@ to bb, gives not only a reasonable spectroscopy
of mesons, but is also capable of explaining many of their
characteristics, including static properties and electromag-
netic and weak decay amplitudes. The authors of Ref. 8
also subjected their model to a strong decay analysis based
on the pointlike meson emission model mentioned earlier,
but this test, while successful, was weakened by the limi-
tation to pseudoscalar emission and by the introduction of
a necessary but unsatisfactorily large number of decay
amplitudes. Our more fundamental single-parameter
analysis is in good agreement with their multiparameter
fit and thus lends support to their claim to have produced
a reasonable set of meson wave functions and masses. On
the other hand, our experience with the less realistic
harmonic-oscillator wave functions indicates to us that
the main systematics of meson decays can be understood
in terms of a string-breaking picture based on any
constituent-quark model in which the wave functions
develop sizes, radial nodes, and orbital r'Y,, factors ex-
pected for a confined ¢q pair.

TABLE I. Meson effective B values (GeV). The “effective 37 of a state is defined to be the 3 of the
corresponding harmonic-oscillator wave function which reproduces that state’s rms momentum. (See

Appendix B.)
I=0 I1=0 Strange Charmed

Sector I=1 uii, dd S5 us ci
118, 0.75 0.75 0.73 0.71 0.66
218, 0.45 0.45 0.46 0.44

138, 0.45 0.45 0.51 0.48 0.54
238, 0.40 0.40 0.43 0.41

1P, 0.44 0.44 0.46 0.45 0.50
2P, 0.40 0.40 0.41 0.40

1P, 0.50 0.50 0.52 0.50 0.54
23P, 0.41 0.41 0.42 0.41

13P, 0.44 0.44 0.47 0.45 0.50
23P, 0.39 0.39 0.41 0.40

1P, 0.37 0.37 0.41 0.39 0.45
23p, 0.36 0.36 0.39 0.37

1'D, 0.38 0.38 0.40 0.39

13D, 0.42 0.42 0.44 0.42

1°D, 0.38 0.38 0.41 0.39

13D, 0.34 0.34 0.38 0.36

1°F, 0.33 0.33 0.35 0.34
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III. RESULTS

Table II shows the main results of this paper. We have
tabulated here not only all known decays of normal gg
mesons, but also many decays which are of possible in-
terest in future searches for “missing” mesons. We have
shown signed amplitudes (which when squared give
directly the decay partial widths in MeV) so that compar-
ison can also be made to signs when they are measured.
We quote our results in the LS basis; the factors for con-
verting the helicity amplitudes obtainable directly from (6)
to this basis and our treatment of phase space are dis-
cussed in Appendixes C and D. In column (4) of Table 1I,
next to the experimental data in column (5), we show our
result for the flux-tube-breaking model with case (i) wave
functions. In column (1) we give, when it is available
(some calculations were done only by numerical integra-
tion), the analytic expression for the decay amplitude in
the limit of a constant y3y(n) (i.e., the usual 3P, model)
for the case (ii) (harmonic-oscillator) wave functions; in
column (2) we give the corresponding numerical ampli-
tudes (with 8=0.40 GeV). In column (3) we show the re-
sults of the flux-tube model for case (ii) wave functions
(once again with 8=0.40 GeV). We have checked® that
the use of the more realistic case (i) wave functions of
Ref. 8 produces changes in column (2) similar to those
that can be seen between columns (3) and (4). The “effec-
tive 3 values for the Ref. 8 wave functions, obtained by
fitting to their rms momenta, are give in Table I. In every
case we have fitted the pair-creation constant y of (5) to
p—mm: for columns (2), (3), and (4) we find the values
70=0.39, 0.64, and 0.78 respectively.

One of the most striking features of the results of Table
11 is that in a very wide range of circumstances our flux-
tube-breaking model gives results which are very similar
to the naive quark-pair-creation model [compare columns
(2) and (3) which both use case (ii) wave functions]. Given
that this latter model creates quark pairs with an equal
amplitude throughout space instead of within the flux
tube, we at first found this correspondence surprising, but
it has a simple explanation: the naive pair-creation model
“accidentally” imposes a flux-tube-like structure. This
fortuitous situation arises via the meson-wave-function
overlap integrals which automatically diminish the impor-
tance of a pair created far from the line between the origi-
nal quark and antiquark: the newly created quark and an-
tiquark of such a pair are unlikely to overlap well with
their new antiquark and quark partners.

This correspondence will obviously not be complete, but
its approximate validity for relatively low-lying states
offers a satisfying explanation for the remarkable success’
of the naive quark-pair-creation model. We consider the
demonstration of a probable connection between this use-
ful old model and QCD to be one of the important results
of this work.

In this regard, we now return to the question of averag-
ing Eq. (2) over orientations of € to arrive at Eq. (3). If
this averaging were incomplete, one would expect both a
residual of the first term in (2) and also a nonsphericity in
its second term. A surviving component of the qTa-’éq
term would create the ¢g pair in a state of S =1 with spin

projection zero along the original meson axis. Pair
creation in this state alone is not allowed by the data: for
example, it would give

I'p—mm):.I'[B—(0wm)s]~1:30,

very far from the experimental ratio of 1:1, and a D:S
amplitude ratio in B—wm of 0.05, very far from the ex-
perimental ratio of 0.29+0.05. Thus any significant ad-
mixture of such an operator is ruled out. Figure 5 shows
a fit of various prominent decay modes to a pair-creation
operator of the form

YuXi1+Y i Xin—aYioXyo

(Y;, and X,, are the orbital and spin wave functions of
the produced ¢g pair) showing also that there is no signifi-
cant deviation from sphericity in the average of the
second term in column (2): ignoring systematic errors,
this fit gives =0.92+0.02.

Before proceeding to more specific topics for discussion
in the next sections, we also briefly comment on one other
general feature of this analysis. Recall that the derivation
of Eq. (3) did not produce any explicit SU(3) breaking in
the pair-creation amplitude. As can be seen from our re-
sults for such ratios as 4 ,—KK/A,—pm and
f—KK/f =mm, no such SU(3) breaking is required.
Within the accuracy of the model, the observed departures
from SU(3) can all be attributed to differences in phase
space and to a wave-function-overlap effect: heavy
quarks produced by string breaking are less likely to find
themselves in the smaller wave functions of the resulting
final-state mesons. (This is equivalent to the statement
that heavier quarks, after being produced, must tunnel
further to compensate for the extra string energy their
massiveness consumes.) We consider this explanation of
SU(3) breaking another of the important results of this
work, even though the precision of this statement is
compromised by the phase-space ambiguities discussed in
Appendix D.

While we believe these general characteristics of our
model are important, we consider the agreement that our
very large body of tabulated amplitudes achieves with
known meson decay rates our most significant result. Of
course the model’s predictive ability is limited: this is evi-
dent in both small but significant discrepancies with ex-
periment and in the presently unavoidable dependence of
its predictions on meson wave functions [compare
columns (3) and (4)]. Our predictions are also dependent
on relativistic effects (including ambiguities associated
with relativistic phase space). Indeed, there is a certain
lack of consistency in using the “relativized” wave func-
tions of Ref. 8 with our nonrelativistic formula Eq. (6);
this may account for the fact that the case (i) wave func-
tions do somewhat worse in describing decays to
pseudoscalar-meson final states (these being the most rela-
tivistic states of the Ref. 8 phenomenology). We therefore
prefer to view the results of columns (3) and (4) together -
and to consider a discrepancy between them as indicative
of the inherent uncertainty of our predictions.

Despite these shortcomings, we believe there is little
doubt that the model can predict with impressive reliabili-
ty the main features of meson decays. This gives us confi-
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TABLE II. Meson decay amplitudes. The signed amplitudes of columns (2), (3), (4), and (5) are defined so that their squares give
predicted or observed partial widths to the indicated channel. The amplitude formulas of column (1), as defined in Appendix B, do
not include various phase-space factors [see Eq. (D1)]. Our notation (which we suppress when only one channel is available) is
A—(BC). s where L =S,P,D, .. .is the relative orbital angular momentum of B and C and S is their total spin. We denote by =, 7,
7', K, p, o, ¢, K* the usual ground-state ('S, and 3S1) mesons; our names for other states are defined by the table subheadings below
[note, e.g., that &, is the broad I =1, 13P, g meson of Ref. 8 and not the 8(980)]. The results in column (1) are for ideally mixed iso-
scalars except for the ground-state pseudoscalars, where we quote results for %=(1/ \/5)[( 1/V2)(uz +dd )—s5] and
7' =(1/V2)[(1/V'2)(ufi +dd)+s5]; numerical results are for initial mesons with the isoscalar mixtures calculated in Ref. 8. Note
that a factor of + i has been suppressed in all odd partial waves. See Appendix D for the treatment of channels which are nominally
below threshold; when relevant, we show the actual final-state particles of a decay in the notation 4 —(XY)pC, where B is a broad
resonance decaying to XY. [The formulas in column (1) are in the narrow-resonance approximation and so apply to the sum of all
B — XY final states.] We use experimental masses for the mesons when known; otherwise we use the masses of Ref. 8 (given below in
parentheses after the particle names).

(1) ) 3) @) (3) (6)
yoo=const  Flux tube  Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case ()] Experiment?® Comments
138 J =1+
p— V73p, +12.4 +12.4 +12.4 +124 Fit
¢—KEK —V73P, —26 —26 —25 1.9+0.1
K* K 3P +7.9 +7.9 +7.8 7.140.1
13p,: J"n—p++

Ay —(mm),m —V'3D, —6.5 —6.7 —17.9 8.8+0.3
Ay—qm ($)2D, +4.8 +4.9 +4.1 4.0£0.1
A, —~KEK — (32D, —33 —3.4 —2.8 2.340.1
Ary—n'm —($)V?D, +12 +1.2 +0.8 <15
fommr —(3)’D, —11 —11 —8.9 12+1
f—KK —(3)"°D, —-3.1 —3.1 —2.7 2.340.2
f—ny (+)'2D, +1.0 +1.0 +0.9 1.040.2%
[l 0 +1.0 +0.9 +0.8 0.8+0.4
f'—KER —D, —7.7 —7.8 —6.5 <8+1
=y +D, +3.2 +3.2 +2.5 <6
f—n' —(+)%D, —03 —03 —0.2
f'—(Km), K (3)2D, +2.6 +2.1 +2.1 <5 c
This state can also decay via pp,ow
K*Km (2D, +7.6 +7.8 +6.5 6.7+0.5
K*—(K7) o —(3)1*D, -39 —4.1 —4.1 5.0+0.5
K*—(mm),K — (32D, —-3.0 —33 —3.4 3.0+0.4
K*>wK (3D, +1.2 +1.3 +1.4 2.0+0.4
K*—K7 1:}8/2 D, —08 —08 —07 22,41
K* K’ 1+v2 ), +0.2 4+0.2¢ +0.2¢

V8
K*—(Km), 1 —@:—VE)D, —0.6 —0.6¢ —0.6¢

This state can also decay via Q7

1P, JTn—q++
Ay —[(rm)rls V328, +19 420 +26 1842
Ay —[(am)]7]b —D, —5.0 —5.1 —50




This state can also decay via Q7
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TABLE II. (Continued).
) ) 3) @) (5) (6)
yS%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (i)] Experiment?® Comments
A\ — () ar (£y12p —4.0 —4.0¢ —4.0°
A, — (KK )ar R : —0.7 —0.7¢ —0.7¢
D— $)12P . .14 14
(77#)5277 (3)7°P, +3.1 +3 +3.1 Total width €
5 to nww
D—(7m)em — 4P —1.8 —1.8¢ —1.8¢ 13+3 MeV e
D—[(Km) +K]s Vss, +12 +1.2¢ +1.2¢ ec
D—[(Km) +K1p —+D, +0.06 +0.06¢ +0.069 Total width e,c
to KK7m=
_ 5 1 | | 3+1 MeV
D—(KK)s,m (3)2p, +0.9 +0.9 +0.9 e
D—(q'm)s,m ($)2p, +0.1 +0.1¢ +0.14 e
This state can also decay via 4,7
E—[(Km) «K]s —4s, —11 —12 —15 f e.c
E—[(Km) «K]p (3)2D, +0.7 +0.7 +0.7 f ec
E<>(‘I]7T)5277‘ 0 =0 =0 =0 f €
E—»(KI?)&Z‘IT =0 =0 =0 f €
E—(KK)cn —($)'2p, ~0 ~0 ~0 f e
This state can also decay via A7
1°P, and 1'P, (strange)®:
Q1 —[(Km) x7]s ~V6S, +1.0 +1.1 +1.4 2.7+1.5
Q1 —[(Km) «7]p —(3)*D, —2.7 —27 —25 2.640.5"
Q1 —[(7m),K s V68, +7.9 +8.1 +10 6.2+1.0
Q1 —[(rm)K1p ($)2D, —0.4 —04 —0.4 Not seen”
0, —[wK]s —V2s, —4.0 —4.0¢ —4.0° 3.1+0.5h
01—[wK]p —+D, +0.04 +0.044 +0.044 Not seen”
Q) —(Kw)r ] (4yp —13 —1.3¢ —1.3¢ 5.1£0.5
Q1 — (K7 3 ’ —0.04 —0.04¢ —0.04¢
Q\—(rm) K 2p —02 —0.2¢ —0.24 1.6+0.4
0,—(KK)K ERE ~0 ~0 ~0
Q2 —[(K7) x7]s V128, +15 +15 +21 1343
@, —[(Km) x7]p —(§)'°D, +1.1 +1.1 +1.0 2.610.9
Q:—[(7m),K]s V128, +1.2 +12 +1.6 242k
Q,—[(7m),K]p —(%)‘/ZDI —3.8 —4.2 —3.7 Not seen®
0,—[wK]s —-28; —0.8 —0.8 —1.0 1£1"
O, —[wK]p ($)°D, +1.6 +1.8 +1.6 Not seen”
Q:—(Km)r ] (2 ynp —0.7 —0.7¢ —0.7¢ ~0
Q,—(Kn)r 3 : —0.1 —0.14 —0.1¢ =0
0, — () K ] (Zyp —2.4 —2.4¢ —2.4¢ 242
0, —(KK)K o : —0.04 —0.044 —0.04¢
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914 35
TABLE II. (Continued).
(1 (o)) 3) (@ (5) ()
y80=const Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (i)] Experiment® Comments
1P J =1+~
B [or]s —V'8S, —11 —11 —14 1241 D/S
B—[onlp -D, —23 —24 —25 3.6+0.5 +0.29+.05
B—(nm)s,m +1.2 +1.2¢ +1.24
B—(KK)s,m (32)'2p, +0.2 +0.2¢ +0.2¢
B—(n'm)s,m +0.03 +0.03¢ +0.034
H[(mm) V248
—| T)p s 245, +15 +16 +21 Total width=
H—[(mm)m]p V3D, +6.6 +6.7 +6.5 320+50 MeV
H—>en —($)'2P, -1.0 —1.0¢ —1.0¢
H'(1470)——>[(7T7T)p7T]5 0 =0 =0 =0
H'(1470)—*[(7T7T)91T]D 0 =~ =0 ~0
H'(1470)—[(Km), +K s V8S, +9.4 +9.9 +13 c
H'(1470)—[(K7) +K ]p D, +1.8 +2.2 +2.1 c
H'(1470)—«K S 2 —0.8 —0.8¢ —0.8¢ c
13Py: J n=0++
8,(1090)— 28, +14 +14 +21 See IVD
8,(1090)—KK —28, —12 —13 —17 See IVD
8,(1090)—n'r 2S5, +8.0 +8.0¢ +8.0¢ See IVD
€(1090)— 7 —V128, —20 —20 —36 See IVD
€(1090)—KK —28, —11 —12 —15 See IVD
€(1090)— 77 S +4.2 +4.2¢ +4.2¢ See IVD
€(1360) > 7 0 =0 =0 ~0 See IVD e
€(1360)—>KK —-V'88S, —19 —19 —31 See IVD
€,(1360) >y V28, +9.2 +9.4 +14 See IVD
«(1240)—K 1 V/6S, +13 +13 +23 See IVD
k(1240)—K7 (1—=V2)s, —2.9 —29 —4.5 See IVD
k(1240) K7y’ (1+V2)S, ~0 =0 ~0 See IVD
2180 JTm—0-+
7,(1300)— (777) v —3pP, —13 —14 —21 15+5
m,(1300)—(K7), +K — 3P, —2.7 —2.74 —-2.7¢ c
This state can also decay via em
7,(1440)—~(K), K —3p, —34 —35 —4.6 c
This state can also decay via 8,
7,(1630)—>(K7), «K (3)17pP, +11 +12 +18 c
This state can also decay via 8,7,ww,pp,€en,kK
K,(1450)—(Km), o7 —(&)\2p, —9.2 —10 —14 10+2
K,(1450)—(Km), 47 IEGERZ P —45 53

4
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TABLE 11. (Continued).

915

(1 ) 3) @ (5) (6)
Y%o=const Flux tube Flux tube
Decay Amplitude [Case (i1)] [Case (ii)] [Case (1)] Experiment?® Comments
K,(1450)—(7m),K —(ZHvep, —72 —7.7 ~11 6+1
K,(1450)— K ($)'2P, +4.5 +4.8 +6.6
K,(1450)—¢K —3p, —2.1 —2.1¢ —2.1¢
This state can also decay via k7
238, J =1

pr(1450)— 77 (3)12P, +7.1 +7.8 +3.5 See IVB
p-(1450) > wm —3P, —92 —9.2 —8.4 See IVB
pr(1450)—(7rm),m —($)2p, —40 —43 —40 See IVB
p-(1450)—KEK 3P, +5.6 +6.0 +3.3 See IVB
p-(1450)—(K), K (3)172p, +1.4 +1.5 +1.3 See IVB c
p-(1450)— (7)o 65, —0.7 —0.7¢ —0.7¢ See IVB
pr(1450) > ([(7m),m]s )y Vs, —-0.7 —0.7: —0.7: See IVB
pr(1450) > ([(7m)m]lp ) —0.2 —0.2 —0.2 See IVB
pr(1450) > ([(7m),m]s)a, 7 +1.2 +1.2¢ +1.24 See IVB
pr(1450) > ([(7m)ym]p) a7 V488, +0.2 +0.2¢ +0.2¢ See IVB
pr(1450)—(em) 4 —0.06 —0.06¢ —0.06¢ See IVB
pr(1450) = [(7m) (7)) p2 +4.2 +4.24 +4.2¢ See IVB
pr(1450)— [ (7)), )5 0 0 0 0 See IVB i
pr(1450) [ (mrm)p(mm),]p0 —8.8 —8.8¢ —8.8¢ See IVB
This state can also decay via A,m,m,7
©,(1460)— (7m),m V27P, +16 +17 +15 See IVB
©,(1460) > w7 —(3)?p, —-5.0 —5.4 —5.0 See IVB
©,(1460)— wn’ —($)'2p, —0.8 —0.8¢ —0.8¢ See IVB
©,(1460)— KK 2P, +6.1 +6.7 +3.5 See IVB
©,(1460)—(KT), +K (3)72p, +4.3 +4.6 +4.0 See IVB c
@,(1460)— (7). 65 +0.8 +0.8¢ +0.8¢ See IVB
©,(1460)— (KK )0 2 +0.04 +0.04¢ +0.04¢ See IVB
©,(1460)— B 65, +1.5 +1.5¢ +1.5¢ See IVB
This state can also decay via Hn,¢7n
$,(1690)—¢n 3P, +6.7 +7.3 +6.7 See IVB
$,(1690)—~KEK —(3)'?p, —8.4 —9.1 -7.7 See IVB
$,(1690)—(K ), oK 3P, +9.4 +10 +11 See IVB c
This state can also decay via pm,on’
K*(1580)—>Km (3)\2p, +7.1 +7.7 +4.9 See IVB
K*(1580)—K7 3‘—‘*—;@15 +75 +83 +52 See IVB
K*(1580)—K7’ —3#2—)1& —07 0.9 —05 See IVB
K (1580)— () K ZH1p, +7.4 +8.1 +83 See IVB
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TABLE II. (Continued).

(1) ) 3) () (5 (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (i1)] [Case (i1)] [Case (i)] Experiment® Comments

K} (1580)—wK —3p, —49 —53 —5.4 See IVB
KX(1580)—¢K — ()P, —43 —4.6 —40 See IVB
K*(1580)— (K)o —(Z)ep, —88 —9.4 —9.1 See IVB
K (1580)—(Km), 47 -3“;—_;/2)1’4 +1.0 +12 409 See IVB
KX(1580)—Q 7 -39, +0.3 +0.34 +0.3¢ See IVB j-g
KX (1580)— Qs V188, +1.7 +1.7¢ +1.7¢ See IVB i,j

This state can also decay via K *(1420)7,K,(1450)7

13Dy J n=3-~
g—mm —(55)V?F, —6.2 —6.4 —4.6 6.9+0.6
g —m, T +0.6 +0.8 +0.9 j
g—oT (+)\2F, +3.7 +3.8 +3.9 5.6+1.6
g —w,m —0.06 —0.06 —0.09 j
g—KK —(5)VF, —3.0 —3.2 —23 1.740.3
g—(Km), «K — (15 )V?F, —1.3 -13 —13 <2.6 c
g—(rm),m —(55)\2F, —19 ~1.9 —2.0
g—(mm)(mm),]p +4.4 +4.6 +6.0
Total width
g—[(mm)(mm)y]ra +1.9 +2.0 +3.0 to pp=
60+35 MeV
g—[(mm)(mm),]lu,2 0 0 0 0 i
g—[(mm)(mm)plro —0.9 —0.9 —1.7
g—[H7lp (44)2D, +3.0 +3.0¢ +3.0¢
g—[Hmlg — (552D, +0.5 +0.5¢ +0.5¢
This state can also decay via A,m, 4,7,€p, 50
w—(rm)ym —($)17°F, —6.1 —6.2 —64 8+2
w—on (5)2F +1.2 +1.2 +1.3
wo—on’ (15)%F, +0.03 +0.03¢ - 40034
wo—[B7p —(1%)2D, —40 —4,0¢ —4.0¢ 743
w—[Bmls (352D, —04 —0.4¢ —0.4¢
w—KEK —(55)'2F, —2.7 —27 —2.1
o—(Km) +K —(6)V?Fy =10 ~1.0 ~1.0 c
This state can also decay via 8,0,ew,Hn,¢7
¢—on —($)'2F, —15 —1.6 —14
¢—KEK (5)12F, +5.7 +5.8 +4.1 742
¢—(Km) +K —(+)?F, —3.0 —3.1 —2.9 542 c
¢—[(Km), +(KT)gx]p2 —4.6 —4.7 —6.0
¢—[(K7) +(KT)g 4152 —0.7 —0.7 —0.9
¢—[(K7) 2 (KT)g 4]n2 0 0 0 0 i
¢—[(K7) «(K7)g x]r0 +0.3 +0.3 +0.4

This state can also decay via Q,K,0,K,pm wn,Bm
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TABLE II. (Continued).

(1) 2) 3) @) 5 6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case ()] Experiment?® Comments
K* K —(55)V2F, —55 —5.7 —4.0 49+1.0
K*—(Km)am (56)2F, +3.3 +3.4 +3.3 Seen
K* —(7m),K —(55)"2F, —32 —34 —3.4 Seen
K* oK (55 )'/2F, +1.6 +1.6 +1.7 Seen
K* K7 ;%)@F, —41 —43 —29
K* K7’ 3“—1\/‘%@1«“, 402 402 +0.1
K*—(Km), 47 %;_gdaﬂ —02 —02 —02
K* >¢K D +1.0 +1.0 +1.0
K* —[(Km) «(mm)p)p2 +3.2 +3.2 +4.2
K* > [(Km) x(m7)p]F2 +1.4 +1.4 +1.9
K* —[(Km) s(mm)p]u, 0 0 0 0 i
K* —[(Km) «(mm)p]5 0 0 0 0 k
K* >[(Km), «(mm)p]F0 -0.7 -0.7 —13
K*—[(Km) o]p: +2.9 +3.0 +3.8
K*>[(Km) 0]k +0.4 +0.4 +0.5
K*>[(Km) x0]n, 0 0 0 0 i
K*[(Km) v0]r 0 0 0 0 k
K*—[(Km), +0]ro —0.2 —0.2 —0.2
K* [HK]p (o5)"2D, +1.2 +1.24 +1.29
K*>[HK]g —(555)'/?Dy +0.2 +0.2¢ +0.2¢
K*[(7rm);K]p —1.1 —1.1¢ —1.14
K*S[(KK)K1p — (552D, —0.2 —0.24 —0.29
K*—[(nm)K]1p —0.04 —0.04¢ —0.04¢
K*—[(rm)K |6 —0.2 —0.2¢ —0.2¢
K*>[(KK)K]e (315)"2D; —0.01 —0.01¢ —0.01¢
K*—>[(qgm)K]e —0.001 —0.001¢ —0.001¢
K*—[BK]p —(+5)"D, —14 —1.49 —1.4¢
K*—[BK]¢ (352D, W) —0.2¢ —0.2
K* —[([(mm)pm]s)a Ko —1.7 —1.7¢ —1.7¢
K*>[([(rm)ymlp)a, Klp —0.1 —0.1¢ —0.14
K*—[(em)4,K1p —0.01 —0.01¢ —0.014
K* > [([(7m),m]s)a Ko —03 —0.3¢ —0.3¢
K* > [([(7m)m]p)a,Kle (512D, —0.01 —0.01¢ —0.01¢
K*—[(em)4,K]s ~0 ~0 ~0

This state can also decay via Q;m,Q,m,K*(1420)m,eK*,5,K*

13D, (nonstrange): JPC" =2""
p(1700)—[wr]p —(R)\72ps —6.2 —6.4 —7.6
p(1700)—[w7]F (5)'2F, +33 +33 +33
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TABLE II. (Continued).

(1 ) 3) @ (5) (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (1)] Experiment® Comments

p(1700)—[w,7]p +3.0 +3.0 +0.3 j
p(1700)—[o,7]F —0.07 —0.07 —0.09 j
p(1700)—[(7m),m]p —(4)172p —3.8 -39 —44
p(1700—[(7m)m]F (35 )'/2F +1.8 +1.8 +1.8
p(1700)—[(K7), «K1p ()172ps +4.0 +4.1 +4.8 c
p(1700)—[(K7), «K ] —(55)1?F, —1.3 —1.3 —11 c
p(1700)—[ 4,715 (180)12g, 416 +16¢ +16¢
p(1700)—([(7r),m]s ) —3.6 —3.64 —3.64
p(1700)—([(rm),m]p )y —($Hp, —1.0 —1.0¢ —1.0¢
p(1700)—(en)gm ~0 =0 =0
p(1700)— By ‘ -ip, 1.0 1.0 1.0
p(1700)—[(7m) (7m),]p2 +19 +2.0 +2.5
p(1700)— [ (77, (7)1 —(5)’Dy 4509 +5.9 +8.0

This state can also decay via (A,7)p,(A,m)g, A 7,8,m

o(1700)—[(7m),7]p V20P; 9.3 +10 +12

@(1700)—[(7m),7 s —()V*F, —5.6 —538 —5.7

®(1700)—[p,7]p —5.6 —5.7 —0.5 j
@(1700)—[p, 7]¢ +0.2 +0.2 +0.2 j
@(1700)—[w7]p —()2p —4.4 —45 —52

»(1700)— [w7]F (55)'/2F, +1.2 +1.3 +1.3

»(1700)—[(Km), +K]p (5)!72Ps +4.1 +4.2 +4.9 c
o(1700)—>[(K7), +«K ]F —(55)?F, —1.1 —1.1 —0.9 c
©(1700)— B ($)1D, +5.0 +5.0¢ +5.0¢

This state can also decay via H7,we€,¢7

$(1910)—[(Km) K ]p (2)12p; +6.6 +6.7 +8.3 c
$(1910)—[(K7), +K 5 —(15)?F, —3.1 —32 —29 c
#(1910)—[é7]p (Z)12p; +6.7 +6.8 +8.0
#(1910)—[7]r —(5)V2F, —1.7 —1.9 —15
$(1910)—[(K7) (K 7)g s 1p2 —24 -25 —3.1
$(1910)—[(K7) KTz o 152 —2.8 —2.38 —3.1

This state can also decay via Q,K,Q.K,kK,de,pm,on

1°D, and 1'D, (strange)®: JFP=2-—

L(1780)—[(7m),K]p (4)172p; +5.8 +6.0 +7.2

L(1780)—[(77),K 1¢ (o5 )2F, +1.2 +1.3 +1.2

L,(1780)—[wK ]p —(2)172p, —40 —4.1 —4.9 Seen
L1(1780)—>[wK ¢ —(a)V?F, —0.6 —0.6 —0.6

L(1780)—[(K7), +7]p (%)l/zPs +0.7 +0.7 +0.9 See L, listing

L (1780)—[(K7), «7]F (w5 )V/2F, +1.4 +14 +1.3
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TABLE II. (Continued).
(1 ) 3) @) (5) (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (i)] Experiment® Comments
L,(1780)—[(Km), «1]p —@“;ﬂ& +3.9 +4.0 +4.7
Ly(1780) > [(Km), «7]F %lﬂ +13 +1.3 +12
L,(1780)—[¢K 1p — (&P, —5.1 —5.2 —6.0 Seen
L,(1780)—[¢K ] — (55 )V?F, —0.4 —0.4 —0.3
L,(1780)—[KA4,]s —(£)ing, 5.9 5.9¢ 5.9
L,(1780)—[Kf]s —(82)in2g, —84 —8.49 —8.4¢ 6+2
L,(1780)—[K *(1420)7]s (22128, +1.5 +1.5¢ +1.5¢ See L, listing
L\(1780)—[(Km), «(7m),]p2 0 +0.2 +0.2 +0.2 k
L(1780)—[(K ), +(77),] 0 +1.5 +1.5 +13
L\(1780)—[(K, «(mm),]p,1 +1.7 +1.7 +2.2
L,(1780)—[(Km), «(7),]F: +1.4 +1.4 +1.5
L(1780)—[(K7), s0]p, +0.7 +0.8 +0.8
L,(1780)—[(K7), +©]F2 +0.4 +0.4 +0.3
L,(1780)—[(K), x@]p +1.6 +1.6 +2.0
L(1780)—[(Km), s@]k; +0.3 +0.3 +0.4
This state can also decay via Ke,«km,K6,,KB,KA,,KH,KD
L,(1810)—[(7m),K]p V5P +2.0 +2.0 +2.4
L,(1810)—[(7m),K Ir —(2)V2F, —43 —4.4 —42
L,(1810)—[wK]p —(3)172ps -1.3 —1.3 —1.6 See L, listing
L,(1810)—[wK ]r (45)2F, +2.2 +2.3 +22
L(1810)—[(K7), +7]p VL) —7.0 —72 —8.9 742
Ly(1810)—[(K7), «7]F (o5)2F, +0.5 +0.5 +0.4
L,(1810)—[(K7), «n]p Vst _‘/‘_:‘/Z_)Ps —16 17 —19
L,(1810)—[(Km) x7]r 1;%? F, -4 —14 —12
L,(1810)—[¢K]p —(1)2p, —18 —1.8 —2.1 See L, listing
L,(1810)—[¢K1r (35)"/2Fy +1.4 +1.4 +1.2
L,(1810)—[KA,]s —10V2S; 2.6 2.69 2.6
L,(1810)—[Kf1s —10V258; —32 —3.24 —3.24 See L, listing
L,(1810)—[K *(1420)7]s —10V2S; —14 —14¢ —144 11+3
L;(1810)—[(K ), +(7m),]p2 +1.6 +1.7 +2.1
L2(1810)—>[(K ), # (77,152 +3.0 +33 +3.9
Ly(1810)—[(K7)  «(7m), ] 0 —1.8 —1.8 —26
Ly(1810—[(K7), +(7m), )1 —11 —1.1 —24
L(1810)—>[(K7), +©]p2 +1.3 +1.3 +1.6
Ly(1810)—[(K7), x©]F2 +0.9 +0.9 +1.0
L3(1810)—[(K7), +©]p: 0 —1.2 —12 —1.8
L,(1810)—[(K7), s0]k, 0 —03 —0.3 —0.7 k

This state can also decay via Ke,«7,K6,,KB,KA,,KH,KD
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TABLE Il. (Continued).
(1) ) 3) 4) (5 (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (i)] Experiment?® Comments
1'D, (nonstrange): i —p—+
80 y1/2
As—[(mm)m]p (X )12p +6.3 +6.5 +7.7 Total width
to pr=
Ay—[(rm)mle (35)V2F, +5.5 +5.6 +5.6 85+35 MeV
As—[p,m)p —2.8 —3.0 +0.3 j
Ay—[(Km), +K]p (2)172p +3.3 +3.4 +40 2.240.6 c
As—[(K7), +K1F (35)"/°F, +1.2 +14 +1.2 c
As—[frls 25, -9.2 —9.2¢ —9.2¢ 11+2
A;—[Dwlp —($)2D; ~19 —1.9¢ —1.9¢
A3%[(7T7T)pa)]p'2 0 0 0 0 i
A3~>[(7TTT)PCL)]1>,1 —2.0 —2.1 —2.6
A3 —[(rm)pw]r, 0 0 0 0 i
A3——)[(7T1T)pa)]p,1 —0.9 —0.9 —1.2
This state can also decay via 7€, 18, [f71p
w(1680)—[(K7) +K1p (&)1/2ps +3.4 +3.5 +4.1 c
w(1680)—[(K7), «K1r (25)2F, +1.4 +1.6 +1.4 c
0(1680)—([(7m),m]s)a,m™ +4.6 +4.64 +4.64
o(1680)—([(7m),mlp)a, ™ V/2Ds +0.7 +0.74 +0.7¢
(1680)—(€m) 4 +0.3 +0.3¢ +0.3¢
©(1680)— A 7 (1028, 417 +17¢ +17¢
@(1680)— [(7m)(77),1p1 —3.1 —32 —4.1
@(1680)— [(77)p(7), ]t -35 —4.0 —5.0
©(1680)—[wo]r, —0.8 —0.8 —1.1
This state can also decay via &m,en
$(1890)—[(Km) «K]p —(3)12pg —5.6 —59 —7.2 c
$(1890)—>[(Km) «K1r —(55)12F, —3.7 -3.7 ~33 c
$(1890)—Q,K 0 +1.4 +1.4¢ +1.49 c,g
$(1890)—Q,K (3)'2D;s +0.9 +0.9¢ +0.9¢ cg
$(1890)—[(Km), «(K7)g x1p) —3.0 —3.1 —3.8
$(1890) > [(Km), &K« 151 —12 —12 —12
This state can also decay via «K,emn, A m, A,m,pp
1°Dy: J =1

p(1660)— 7 —(2)12p, —5.9 —6.1 —8.5 See IVB
p(1660)—1r,7 +7.9 +8.1 +3.1 See IVB i
p(1660)— w7 —(3)'2ps —4.7 —4.9 —5.7 See IVB
p(1660)—w, +1.4 +1.4 +0.1 See IVB j
p(1660)—KK —(2)12p; —55 —58 —6.9 See IVB
p(1660)— ()M —(X)172p; —27 ~238 —32 See IVB
p(1660)—(K), «K (2 )172p, +2.9 +3.0 +3.4 See IVB c
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TABLE II. (Continued).

) ) 3) 4) (5) (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (i)] Experiment?® Comments

p(1660)—H 25, +9.9 +9.9¢ +9.9¢ See IVB
p(1660)— A7 25, +9.4 +9.44 +9.44 See IVB
p(1660)— [ () ,(77),]p,2 +1.4 +1.5 +1.7 See IVB
p(1660)— [(7m),(7),]F.2 +3.1 +3.1 +3.5 See IVB
p(1660)— [ (1) (7m),]p0 —1.6 —1.6 —2.0 See IVB
This state can also decay via A,m,pe
@(1660)— (), m (Z2)72p; +7.7 +8.0 +9.0 See IVB
w(1660)—p, T —3.1 —33 —0.04 See IVB i
@(1660)—wn —(2)2p —33 —3.4 —3.38 See IVB
(1660)—wn’ —(2)2p, +1.5 +1.5¢ +1.5¢ See IVB
©(1660)—KEK —(&)'2p; —5.9 —6.2 —7.4 See IVB
»(1660)—(K7), «K (42)172pg +3.1 +3.2 +3.6 See IVB c
©(1660)— BT —(12)izg, 21 —219 —21¢ See IVB

This state can also decay via we,Hn,p5,¢7

#(1880)—¢n ()P, +4.5 +4.6 +5.4 See IVB
#(1880)—KK (4)12pg +7.1 +7.2 +11 See IVB
$(1880)— (K ), «K (2)12p, +5.5 +5.6 +6.8 See IVB c
#(1880)—Q,K 25, —23 —2.3d —2.3¢ See IVB c,g
#(1880)—Q,K (&0 )1128, +11 +114 +114 See IVB cg
$(1880)—>[(K7) «(KT)5 4 ]p2 =0 ~0 ~0 See IVB
$(1880)—>[(K7) «(KT)g 12 —04 —04 —0.5 See IVB
#(1880)—[(K7) «(KT)z+1p0 =0 ~0 =0 See IVB

This state can also decay via pm,p, 701,01 ,B7T

K*(1780)—>Km —()12p —4.8 —4.9 —7.1 See IVB
K*(1780)—K,7 +4.2 +4.4 +1.6 See IVB j
K*(1780)—K7 _—‘/5%‘@& —5.7 —5.8 —75 See IVB
K*(1780) K7’ ﬁ(—%‘@& +0.9 +0.9 +1.0 See IVB
K*(1780)—(Km), o7 —(3)172P; —-3.1 —3.7 —4.5 See IVB
K*(1780)— K} 7 +1.3 +1.3 +0.06 See IVB’ j
K*(1780)—(K7) _«7 ﬁ(—“}%@& +0.6 +0.7 +0.8 See IVB
K*(1780)—(7m) K ($)172P; +3.2 +3.3 +3.9 See IVB
K*(1780)—>wK —(3)'?P; —22 —22 —2.6 See IVB
K*(1780)—¢K —(X2)12pg —2.38 ~29 —32 See IVB
K*(1780)—Q, (X0 )12g, +2.7 +2.7¢ +2.7¢ See IVB ig
K*(1780)—Q,m —(E)12s,  —16° —16¢ —16° See IVB g
K*(1780)— HK 25, +3.8 +3.8¢ +3.8¢ See IVB
K*(1780)—4,K (22 )128, +4.1 +4.1¢ +4.14 See IVB
K*(1780)—BK ()28, +74 +7.4¢ +7.44 See IVB

K *(1780)— DK (201128, +2.7 +2.7¢ +2.7¢ See IVB
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TABLE I1. ( Continued).

(1) (2) 3) 4) (5) (6)
y%=const  Flux tube Flux tube
Decay Amplitude [Case (i1)] [Case (ii)] [Case ()] Experiment® Comments
K*(1780)—[(K7)  o(7m)]p2 =0 ~0 ~0 See IVB
K*(1780)—>[(K77')K*(7Tﬂ')p]ﬂ2 —34 —34 -39 See IVB
K"’(1780)—»[(K1T)K¢(7rfr)p]p,1 0 0 0 0 See IVB k
K*(1780).*[(1(#),(*(177),,],»_0 +1.6 +1.6 +1.8 See IVB
K*(1780)—[(K7) s@]p2 —0.7 —0.7 —0.9 See IVB
K*(1780)—>[(K7), s0]F2 ~1.1 —11 —1.1 See IVB
K*(1780)—[(K7) x5, 0 0 0 0 See IVB k
K*(1780)—[(K7) x@]po +0.5 +0.5 +0.6 See IVB
This state can also decay via K*(1420)7,Kf
23py J =g+
A,(1820)—pm —838 —9.4 -—4.0 See IVC i
A4,(1820)—>nm +42 +4.5 +0.1 See IVC j
A,(1820)—->KK —4.4 —4.7 —0.2 See IVC ]
A,(1820)—>n'm +34 +3.6 +0.6 See IVC j
A,(1820)—K*K -3.7 —4.0 —1.0 See IVC jc
f(1820)—> 7w —6.9 —7.4 0.6 See IVC ]
f(1820)—KK —4.4 —4.7 —0.2 See IVC ]
f(1820)—nn +2.1 +2.3 +0.2 See IVC j
f(1820)—n'y —1.7 —1.8 —0.4 See IVC j
f(1820)—K*K —3.7 —40 ~1.7 See IVC j,c
f'(2040)—> 7w 0 =0 =0 =0 See IVC ]
f'(2040)—KK —6.2 —6.8 —1.5 See IVC ]
£(2040)—77 +3.1 +33 +0.5 See IVC j
£'(2040) 7'y —37 -39 —0.9 See IVC i
f'(2040)—-K*K +6.9 +74 +4.6 See IVC jsc
K*(1940)—>K7 +5.1 +5.5 +0.3 See IVC ]
K*(1940)—K*7 —5.8 —6.3 —3.0 See IVC ]
K*(1940)—>pK —5.6 —6.0 —34 See IVC ]
K*(1940)—>wK +3.2 +3.5 +2.0 See IVC j
K*(1940)—K7 —0.9 —1.0 +0.06 See IVC ]
K*(1940)—K7’ +4.0 +4.3 +1.0 See IVC j
K*(1940)—K*7 —52 —-55 —2.38 See IVC j
2P S+t

A,(1820)—[pr]s —22 _22 57 See IVC j
A4,(1820)—[prlp —6.6 —7.1 —59 See IVC j
D(1820)—[K*K]s +1.6 +1.8 —0.8 See IVC jsc
D(1820)—[K*K1p —2.8 —3.0 —23 See IVC j,e
E(2030)—[K*K]s +1.5 +1.4 +3.0 See IVC Jsc
E(2030)—[K*K]p +5.1 +5.5 +4.9 See IVC jc
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TABLE II. (Continued).

(1) (2) (3) 4) (5) (6)
ygozconst Flux tube Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case ()] Experiment?® Comments

2°P, and 2'P, (strange)®: JP=17

Q,(1900)—[K *7]s +0.5 +0.5 +1.6 See IVC j
0,(1900)—[K*7]p —6.9 —74 —5.8 See IVC j
01(1900)—[pK ]s —0.7 —0.6 —24 See IVC j
0,(1900)—[pK 1p +4.5 +4.7 +4.1 See IVC j
Q,(1900)—[wK ]s +0.3 +0.3 +1.3 See IVC j
0,(1900)—[wK ]p —25 —2.7 —24 See IVC j
0,(1930) > [K *7]s -19 —19 —42 See IVC i
0,(1930)—[K*7p —26 —2.7 —23 See IVC i
0,(1930)—[pK s —0.8 —0.8 —2.1 See IVC j
0,(1930)—[pK 1p —-5.6 —59 —5.3 See IVC j
0,(1930)—[wK s +0.4 +0.4 +1.2 See IVC j
0,(1930)—[wK ]p +3.2 +3.4 +3.0 See IVC j
2P ST =1
B(1780)—[wn]s +0.7 +0.6 +2.7 See IVC j
B(1780)—[w7]p —6.3 —6.7 —54 See IVC j
H(1780)—[p7]s - —13 —13 —4.7 See IVC j
H(1780)—[p7]p +12 +12 +9.4 See IVC i
H'(2010)—[p7]s 0 ~0 =0 ~0 See IVC i
H'(2010)—[p7]p 0 ~0 ~0 ~0 See IVC j
H'(2010)—[K*K]s —0.8 —0.8 —2.1 See IVC Jc
H'(2010)—[K*K1p +7.1 +7.5 +6.5 See IVC jc
23Py: J =0+
5,(1780)—»nm —2.6 —2.6 —-5.7 See IVC j
8,(1780)—KK +1.6 +1.6 +4.5 See IVC j
8,(1780)—n'm +0.8 +1.0 -29 See IVC j
€(1780)—mm +6.1 +6.3 +11 See IVC j
€(1780)—KK +1.6 +1.6 +4.5 See IVC j
€(1780)—n7 —0.5 —0.3 —23 See IVC j
€,(1990)— 7 0 ~0 ~0 ~0 See IVC i
€(1990)—KK +5.2 +5.4 +7.5 See IVC i
€,(1990)—nn —2.3 —23 —33 See IVC j
k(1890)—K —45 —4.6 —-13 See IVC j
«k(1890)—K7 +0.6 +0.6 +0.8 See IVC i
«(1890)—K 7' +2.0 +1.8 —1.7 See IVC j
13F: JTon—g++
8(2010)—pmr (352G, +3.6 +3.7 +3.7 j
8(2010)—p, +0.4 +0.4 +0.8 j
8(2010)—»nm — ()G, —23 —2.4 -17 j
8(2010)—m, —0.3 —~0.3 —04 j




924 RICHARD KOKOSKI AND NATHAN ISGUR 35
TABLE II. (Continued).
(1 @) 3) @) (5 (6)
y%=const  Flux tube  Flux tube
Decay Amplitude [Case (ii)] [Case (ii)] [Case (1)] Experiment? Comments
8(2010)—KK (135)*G +2.1 +22 +14 i
8(2010)—n'm —(55)*G, —1.2 —12 —0.8 i
8(2010)— 7, —0.04 —0.04 +0.07 j
8(20100—K*K (102G, +1.0 +1.1 +1.0 ic
8(2010)—m,n —0.07 —0.07 —0.2 j
h—mm (135)%G, +5.0 5.2 +3.4 6+1 j
h—KK (145G +22 +2.3 +1.5 1.3+0.4 j
h—am —(55)%G, —0.9 —10 —0.7 j
h—ny’ —(555)"%G, —0.5 —0.6 —0.3 j
h—n'n’ — (552G, —0.02 —0.02 —0.01 j
h—K*K (137)12G, +1.1 +1.1 +1.1 je
hy(2220)— 7w 0 =0 =0 =0 j
hs(2220)—KK (=)12G, +4.5 +4.6 +3.0 j
hs(2220)—nn —(55)%G, —2.1 —2.1 —1.1 j
hy(2220)—n7’ (152G, +1.5 +1.5 +0.8 j
hs(2220)—>n'y’ —(535)%G, —0.2 —0.2 —0.1 j
hy(2220)—>K*K —()%G, —2.9 —3.0 —2.6 jc
K *(2060)— K (55)*G —33 —34 —22 4+1 i
K*(2060)—K* (57)%G +2.1 +2.2 +2.1 j
K *(2060)—pK (57)%G +1.9 +2.0 +2.0 i
K *(2060)—wK —(35)"%G, —1.0 —11 —11 j
1-v2
K*(2060)—K — G +0.5 +0.5 +0.2 '
—En V560 !
1+V2 .
K*(2060)—>K7’ —2TLEg —1.1 —1.1 —0.8
—an V560 !
1+v2 .
K*(2060)—K* M e —1.3 —13 —1.2
—a Vaag !
1-V2
K*(2060)—K *7’ - G +0.03 +0.03 +0.02 i
(2060)—K"n Vaag !
Charmed Mesons
138 JP=1-
D*+ DO+ (3)\72pg 4+0.28 +0.34 +0.31 il
D**»D*7° (2)72pg +0.21 +0.23 +0.21 il
D*0_, DOy —(2)72pg —0.24 ~0.29 ~0.26 jl
13P,: JP=2+
KX (2500)— D _(%)Vzpfa —6.3 _6.7 _53 il
K}(2500)—D*nw —(3)'2p¢§? 4.7 _48 _41 il
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TABLE II. (Continued).

(1) (2) (3) (4) (5) (6)
ygozconst Flux tube Flux tube

Decay Amplitude [Case (ii)] [Case (ii)] [Case ()] Experiment?® Comments
13P, and 1'P, (see footnote g): JF=1"
01.(2440)—[D* s Ves¢ —17 —19 —2.7 il
0,.(2440)—[D*7]p (%)‘”Dﬁa +4.6 +4.5 +3.6 il
0,.(2490)—[D*7]s V128§ +16 +18 +28 jl
0,.(2490)—[D*7]p — (3 2pgd +0.58 +0.60 +0.50 il

1 3P02 JP=0+ _
«.(2400)— D V6s¥ —13 —15 —25 il

*Experimental results (V'T) from Particle Data Group (Ref. 9) unless otherwise indicated; if the amplitude sign is known, it is shown
explicitly as +VTor —VT.

*See Ref. 10.

°Note that the total width to, e.g., K*K +K *K, is twice the width to K *K.

4In this case 3 =-const has been used.

Isoscalar mixing would modify this result.

The status of the E is in flux at this time as the old E was at least partly the newly discovered 1(1440). There have also been claims
that the true 1+ state may be at a higher mass (see Ref. 12).

£Qp(L ) amplitude listed under Q,(L,); Q4(L 4) amplitude listed under Q,(L,). The numerical results for Q; and Q, are for a nom-
inal mixing angle of 45°: Q) =(+)"%(Q4+Qs), Q:=(5)"2(Q4—Q5); for the L and Q. mixing angles, see Ref. 8.

hSee Ref. 11.

This zero corresponds to an angular momentum selection rule of our model.

fThe full machinery of Appendix D has not been used for this decay since it is far from threshold.

kThis corresponds to an SU(3)-symmetry selection rule.

IColumns (3) and (4) do not take into account effect like those in Egs. (BS) and (B6).

a dence that the model will provide a reliable guide to the
05 0o decay characteristics of as yet undiscovered mesons and to
! previously unobserved modes of known mesons. In addi-
Ap=pm | ! — tion, as will be discussed in our final section, the model’s
ppekR . ‘, success makes it an excellent candidate for similar studies
| of baryons, hybrid mesons and baryons, and pure glue
K¥—K7T e E states.
1
— - el |
e | IV. SOME REMARKS ON MESON PHENOMENOLOGY
B——[w*rr]s - E [E—
8 fwm] | ,:____, There are a number of puzzles in the phenomenology of
! ordinary mesons which this analysis may help to il-
H—=[p7] | — luminate.
g— T - i —_
! A. The missing mesons of the quark model
g— KK L —_— I’
ag=lpmls b .._:—————. The most straightforward of these puzzles involves the
. ! apparent absence of many of the meson states predicted
Y ! by the quark model. As an illustration of the impact of
b L ,}____ our calculations on such puzzles, we will consider the fact
_ ! that, in contrast with baryon spectroscopy, most of the
h— KK = —_—

mesons of the L =2 multiplets are missing. Our calcula-
tions normally supply an explanation for this state of af-
fairs. Consider first the 'D, (JP©=2~*) nonet. The
I=1 A,(1680) of this nonet is observed as one might
have expected from our results: it has a predicted total
FIG. 5. A test of the sphericity of pair creation. width of about 200 MeV (as observed) of which a healthy
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50% or so is predicted (as observed) to go through the
simple channel p7r. Its unseen I =0 nonstrange partner is
considerably broader (its width is predicted to be about
400 MeV) and it decays almost totally to the relatively
unexplored channel 4,7 with only about a 10% branch-
ing ratio to the simple channel K*K +c.c., so it is natural
that it would be much more difficult to see than the
A3(1680). The s5 member of this nonet, which should be
around 1900 MeV, is predicted to decay predominantly to
K*K + c.c. with a width of about 150 MeV and so should
be observed in an experiment where it is produced; we
presume that the absence of this state is in this case due to
the difficulty of producing such an s5 state. The strange
'D, and the nearby *D, mesons are expected to be well
mixed and overlapping resonances at about 1800 MeV
with widths of about 300 MeV. The lower state is
predicted to decay mainly to Kf(1280) and pK, while the
upper state decays mainly to K*(1420)7 and K*m. This
is probably consistent with the observed structures seen in
the region of the L(1770). Aside from this indication for
at least a piece of the strange member of the *D, nonet, it
is otherwise unseen. With J "=2"" its I =1 state can
decay to (A4,m)s (unlike the corresponding !D, state) and
its broad width of about 500 MeV is dominated by this
relatively unexplored four-pion final state. Its absence
thus seems in order. The absence of the I =0 nonstrange
3D2 state is, in contrast, rather odd. It should have a
strong p7 branching ratio in a reasonable width of about
250 MeV. Apart from possible weak production, the only
explanation we can offer in this case is that this state,
which is expected to be nearly degenerate with the
A3(1680), has been masked by the pm decay mode of this
well-established state. This could be checked by looking
for a signal in the p°7° channel. As for the !D, s¥ state,
we attribute the absence of the 3D, s¥ state to its being
weakly produced, since it should be relatively narrow with
a substantial K*K + c.c. branching ratio.

In contrast with the 'D, and 3D, nonets, the members
of the 3D; nonet are all known, so our discussion of the
L =2 nonets can turn to the *D, states. From the masses
of the *D; g(1690) and 'D, A4,(1680), it seems very likely
(especially on comparing to the L =1 case) that the non-
strange D, states are near to 1680 MeV as predicted in
Ref. 8. This immediately raises the question of the rela-
tion of, for example, the 7 =1 3D1 state to the well-
established (but puzzling) p(1600). We thus conclude this
illustration of how our calculations may shed light on the
missing meson resonances and turn to the discussion of
the implications of our results for another, related puzzle
in meson physics.

B. The excited-vector-meson puzzle

In most quark models the JE 1~ 23S, and 1°D,
nonets coexist in the 1.4—1.9-GeV region. We have al-
ready pointed out that on empirical grounds the I =1
1°D, state should be at about 1.68 GeV; various models
predict the I =1 23S, state to be between about 1.4 and
1.6 GeV. Given that the I =1 21S|, state (the =,) is seen

at about 1300 MeV, and the prejudice that the p,-7, split-
ting should be smaller than the p- splitting since the ra-
dial excitations will have smaller values for their wave
functions at the origin, these quark-model estimates seem
reasonable. [Compare also to the known case of the
cc 13D, ¢¥"(3770) and the ¢z 23S, ¥'(3685).] In the fol-
lowing discussion we will favor the 23S, masses of the re-
lativized quark model of Ref. 8 which lie at the lower end
of the range of predictions, but the main thrust of our re-
marks will be seen to be independent of this choice.

The “vector-meson puzzle” which we address is com-
pounded by the existence of uncertain and sometimes con-
tradictory data, but one feature of the data which seems
particularly odd is the existence of what appears to be an
s5 state [the ¢(1680)] just above the I =1 p(1600) in con-
trast with the usual s3-(7 =1) splittings of about 240
MeV. We consider this to be evidence in favor of a two-
nonet structure for this region and would argue that all
analyses of the vector mesons in this region must consider
the possibility of broad, overlapping states in the data.

We now give our tentative interpretation of this region
(which coincides very well with that of Ref. 8 based on
their single-pion-emission model). From the known loca-
tions of the 3D; states w(1670), g(1690), and ¢(1850)
(whose decays are all well predicted by our model), and
from that of the 'D, state A43(1680), it seems very likely
to us that the s 3D, state is to be found near 1900 MeV
as predicted by Ref. 8. We are therefore driven to inter-
pret the ¢(1680) as the s5 23S, state: its mass is almost
exactly as predicted by Ref. 8 and its observed width and
preference for K*K +c.c. are in accord with our predic-
tions.

The nonstrange 7 =1 and I =0 and the strange I =+
sectors are messier, but we believe also consistent with our
interpretation. From the spectroscopy of Ref. 8 and our
decay analysis we expect in each of the first two cases a
broad 23S, state at around 1.45 GeV overlapping (and
therefore interfering and mixing) with a very broad 13D,
state at around 1.66 GeV, not a single p’ or o' resonance
as is often assumed. It is interesting to note that measure-
ments of the properties of the p’(1600) in different chan-
nels tend to give different results, perhaps indicating that
there are important interference effects. In the I =0 sec-
tor little is known experimentally, but we expect a similar
situation with the exception that in this case we have two
extremely broad overlapping resonances (without mixing,
I‘lng >600 MeV, r, s, >400 MeV). Finally, in the

strange sector we once again expect two broad overlapping
resonances with masses, according to Ref. 8, of about 1.58
and 1.78 GeV. There is recent evidence!® that there are
indeed two states in this channel, lending further support
to our picture of the “vector-meson puzzle.” Neverthe-
less, the situation requires and deserves much more care-
ful consideration than we have given it here: a full discus-
sion would have to consider the possible mixings of these
states via their decay channels, as well as interferences of
the resonances with each other and with background am-
plitudes like those arising from the tails of the 1°3S,
States.

For other discussions of the vector-meson puzzle, some
of which have elements in common with us, see Ref. 14.
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C. Other radially excited mesons

For every value of L, the quark model predicts a se-
quence of radially excited states. These states, which are
best known in the case of the L =0 c¢ and bb spectra, are
characterized by the fact that the state n > +!L; has n —1
nodes (apart from r =0) in its radial wave function.

Such nodes will not have dramatic effects on the gen-
eral characteristics of heavy QQ states below (Q7)+(gQ)
threshold: the total hadronic widths of states like the bb
P-wave sequence will depend only on the derivatives of
their wave functions at the origin. (On the other hand,
decay rates to exclusive channels below threshold may
show more dramatic dependences on the nodal structure.)
However, above threshold decays by pair creation can be
dramatically influenced by radial nodes. This fact has
been extensively discussed in both the light-quark vector
mesons'* (where it is responsible for some of the charac-
teristics noted in the preceding section) and in the corre-
sponding heavy-quark states.!* We agree qualitatively
with these results, and add to them our new results on the
decays of 2P states. As shown in Table II, these decays
often depend strongly on the choice of meson wave func-
tions [compare columns (3) and (4)]: the nodes in the
wave functions produce zeros in the decay amplitudes as a
function of decay momentum g which are near to the
physical values of g for many of the decays.

Although this means that our detailed predictions are
untrustworthy for such decays, these results are neverthe-
less useful. They show that the intensity of radially excit-
ed states can sometimes show strong non-Breit-Wigner
behavior, and that such states can appear with very dif-
ferent characteristics in different production and decay
channels. They can also display strong nonphase-space
violations of flavor symmetries between channels. This
may complicate the identification of such states.

D. The scalar mesons

As our final illustration of a way in which our results
may help to shed light on some old puzzles in meson spec-
troscopy, we turn to the scalar mesons. Our results in this
sector confirm the conclusions drawn in Ref. 8 that the ¢g
13P, scalar mesons are far too broad to be associated with
the $*(975) and 8(980) mesons. If we try to associate P,
qq states with these observed states (by assuming that the
Ref. 8 mass predictions of 1090 MeV are too high and ad-
justing the available phase space accordingly), we predict
I'(8—nm)~250 MeV and I'(S*—77)~500 MeV. This
latter width, for example, is in stark contrast to the exper-
imental value I'(S*—mm)~25 MeV and this discrepancy
seems even more outstanding when one recognizes that
the decays of the other L =1 nonets (including several S-
wave decays like these) are very well described by our
model. We have checked that these conclusions are very
stable under all variations of the model we have been able
to imagine. We therefore suspect that the S* and § are
not gg mesons.

A possible alternate interpretation of these same states
has been given in Ref. 16: this study of the g g g system
indicates that the KK system experiences an attraction
from residual interquark forces that are probably strong

enough to create weakly bound states. This picture of the
8 and S* as KK molecules immediately explains many of
their other peculiar characteristics: (1) Unlike a pair of
degenerate ideally mixed nonstrange mesons (e.g., p,»), &
and S* seem to couple preferentially to the KK system;
(2) they are found just below KK threshold (like the deute-
ron is just below pn threshold); (3) they have very small
widths to the open S-wave channels w7 and 17 because
the reactions KK — mr,m occur very slowly since the KK
system is very weakly bound.!®

Note that this picture of the S$* and § is closely related
to an earlier suggestion in the context of the bag model, !’
though it avoids the problems of that picture with “fall
apart” modes and as a bonus explains why these states
happen to lie right at KK threshold. On the other hand, it
is completely different from a recent explanation of this
sector in terms of unitarity effects.'® Indeed, in addition
to disagreeing with the physical picture of Ref. 18, our
calculation indicates that the meson form factors required
by that model are unrealistic.

Any ¢ q g g explanations of the S* and 8 must, howev-
er, face another problem: where have the gg states gone?
Our calculations provide an answer in agreement with
that of Ref. 8 (to which we refer the interested reader for
details). The total width of the I =0 (uii +dd) 1°P, state
(€) with its predicted mass would be of the order of 1000
MeV, and we associate this “resonance” with the slow rise
of the S-wave w7 phase shift through 180° between
threshold and 1.5 GeV after subtracting off the S*. We
predict the I =1 13P; state (8,) to have a width of the or-
der of 500 MeV, consistent with the broad backgrounds
seen in 97 production experiments. The s5 1P, state (¢;)
is also predicted to be so broad that it would be very diffi-
cult to see, but in contrast we predict the 7 =% state (k)
to have a width of the order of 300 MeV, consistent with
the observed properties of the k(1350).

With these three examples we have only tried to illus-
trate the potential usefulness of the comprehensive decay
analysis we have presented here. To the extent that the
known and future successes of the model establish its
credentials, it may eventually prove to be most useful not
for meson spectroscopy as such, but rather in helping to
distinguish the standard mesons of the quark model from
more exotic objects like the possible KK bound states of
Sec. IV D above, or from the hybrid mesons and glueballs
which must eventually appear in the spectrum of QCD.

V. CONCLUSIONS

The flux-tube-breaking model has many attractive
characteristics. Among these we should first remind the
reader of a feature which came as a surprise to us: for the
decays of ordinary relatively light mesons, its predictions
are very similar to the successful 3P, model.*> We count
high among the accomplishments of this picture the fact
that it explains this correspondence and thereby places
this old phenomenological model on a much firmer foot-
ing within a QCD context. We have also been very im-
pressed with the fact that the flux-tube-breaking model'
can correctly reproduce (with an rms deviation of less
than 25%) nearly a hundred well-known decay amplitudes
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in terms of the single string-breaking amplitude y,. We
confidently expect that the hundreds of additional ampli-
tudes which we have predicted here will confirm the ap-
plicability of the model.

Over and above these successes of the model for ordi-
nary meson decay is, in our opinion, its potential two-
pronged utility in the study of new types of hadronic ob-
jects expected in QCD. Its first use, should it continue to
describe ordinary mesons as well as presently indicated,
will be as a guide (in conjunction with a spectroscopic
work like that of Ref. 8) to ordinary mesons, so that we
know when a hadronic object is something new and unex-
pected. Perhaps even more important, however, is the po-
tential this model has to be extended to predict the ha-
dronic couplings of hybrid mesons and glueballs. While
there is little doubt that such objects should exist in QCD
in the mass range from 1—2 GeV, any attempt to find
them is severely compromised at the moment by the lack
of solid predictions for their total and partial widths. The
flux-tube-breaking model should be able to remedy this
situation, especially for hybrid mesons:?° unlike most oth-
er models of hadronic decay, it explicitly involves the
gluonic degrees of freedom.

APPENDIX A: STRING OVERLAPS
IN FLUX-TUBE BREAKING

In the flux-tube-breaking model for decays, not only
must the two quark-antiquark pairs find themselves in the
wave functions of the two final-state mesons, but also the
two pieces of the broken flux tube (“string”) of the origi-
nal meson must find themselves in the string wave func-
tions of their respective final state mesons. To study these
string overlap integrals, we consider a ‘“‘discrete” string
with n =0 and N +1 fixed and with n =1,2,...,N each
having a transverse degree of freedom y,,.

A basis for the states of such a discrete string consists
of the set of direct product states

Iv)=1yD |y - lyn)= vy yn) (A1)
or alternatively, of the Fourier coefficients
N 172
2 . nw
am—ngly,, N1 sin N+l (A2)

If the “lattice spacing” of the discrete masses is a, then
the Lagrangian is (in the small-oscillations approxima-
tion)

2
dy No|1]|dya 1 )
L |y,—— |=b — | — | - —
y dt an§0 ‘2 dt 202 (Yn+1 Yn)
(A3)
or alternatively
N 1 | da
L ,‘;—a —ba 3 |3 | |—tontan?|, A9
m=1
where

@, = —sin m (AS)

a 2AN+1)

Clearly the modes separate and the eigenstates of the

discrete string can be labeled by mode occupation num-

bers n),, where n is the number of “phonons” in the mth
mode with polarization a=x,y:

[n)=|nininin% - nyn}) , (A6)

N
E,= > (ny+nh+ Do, .

m=1

(A7)

The string wave function is correspondingly just the prod-
uct wave function of the individual mode amplitudes:

Ya@) =0, (@, (@1) - b, (DN, (k). (AB)
where, for example,
a,, 2
'/’og,(a;)z 174 exp[ — 3 a,, (a2 )?], (A9)
1//1::"(0:1 ):‘/iamarlrztdjoa (a:l ) s (A10)

etc., are just the one-dimensional harmonic-oscillator
wave functions, and

172
m™m

b sin———
2bsino D)

a,, = (A11)

Before proceeding to the overlap integrals we require, it
is instructive to examine a few properties of the string
ground state. First we note that the rms deviation of the
nth string element from its equilibrium position is

172

sin? | -7 _
(y,2)172 2 i N+1
- (A12)
Yn 70 Nib 2, T
2(N +1)
At the center of the string this means that
1/2
2 N, 1
2y 1/2_
((YCemer) >0 (N+1)b m2=‘ ] mw
2(N+1)
(A13)
so that as N—
4, 2aN+D |7
((YCenler)2>(1)/22 E—ln———ﬂ—}
4 1/2
~ «lnN] . (A14)
b

This divergence is symptomatic of the roughening transi-
tion which occurs as the number of normal modes be-
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comes infinite. Since our string modes are to be cut off at is for large N finite and simply equal to
the scale a, where g(a;)=1 (namely, a, of the order of

0.1 fm) for all normal mesons InN=Inr /a, will be of (52 16 1/2~O it L6
the order of In 10 and thus the rms excursion of the string Yolo= b - ’
center will be of the order of 1 fm. On the other hand,
the rms value of the mean deviation J of the string from We now turn to the string wave-function overlap ampli-
equilibrium tudes that are directly relevant to meson decay. The am-
N plitude for a ground-state string to break at the point n,,
y= _]17 Sy, (A15) with displacement y,, into two other ground-state strings
n=1 18

Y60(n6,¥5) = f d?yy - d’yn8 Y, —Y5) 0L, | Y1, " Yny—1,0 YO iny) | V1,8 """ YN —ny, & ) (Y1~ YN | 0)
(A17)

which is the formal expression for (the discrete version of) the string-breaking process depicted in Fig. 4(a). Note that

YL =Vn— ‘% Vb O<n <np, (A18)
N+1—nb—n
Yn,R=Vn 4n, — TN+l—n, Vb, 0<n <N —ny+1 (A19)

so that the left and right ground-state string wave functions are automatically referred to the equilibrium string posi-
tions, and

Y0, =Vn,,L =VO,R=VN +1-n,,R =0 .

Since the coordinates y;, yg, and y determine a set of Fourier coordinates a;, ag, and a, we can write out (A17) in
terms of the three ground-state wave functions:

QL@ L mp |
Voolsyo) = [dyi s dPyn®lyn —yo) | =G i fep | =3 3 amian?
m=
al,R"'annb,R ) N_"b ) ) a; o ay ) N ) )
X (N—ny)/2 eXp |— 7 2 Am,R am,R —7;1—\77_2'_— eXp | —7 2 Ay am (A20)
o m=1 m=1
These integrations can be done analytically; on inserting expressions like (A2) into (A20) one obtains
172
f(ny,N)b
Yoolns, o) =Afo(np,N) |2 | expl =3/ (ny,Nby,’] , (a21)

where 4% and f are slowly varying functions of n, and N of order unity. Note that the dimensionless function y3,(n)
of Eq. (4) is proportional to ¥3(n,, ¥ )a.

It is easily shown that decays involving excited strings have string overlap amplitudes closely related to (A21). They
differ by the insertion of various factors of a,, ;, a, r, and a,, into (A17) as is appropriate to the wave functions (A8)
involved. Indeed, such amplitudes are just equal to the same Gaussian factor appearing in (A21) multiplied by appropri-
ate polynomials in y,.

APPENDIX B: THE P, DECAY AMPLITUDES

In the limit that the flux-tube wave function rms radius becomes infinite, the flux-tube model for ordinary meson de-
cays goes over into the naive *P, pair-creation model. In this extreme, if we approximate the meson wave functions by
those of a harmonic oscillator, many decay amplitudes can easily be calculated analytically. These analytic results,
which reveal the relationships which exist exist between various decays in a way that raw numerical results cannot, are
displayed in column (1) of Table II in terms of certain basic amplitudes which we show in Table III below. Throughout
this table we use the notation
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TABLE III. The harmonic-oscillator *P, amplitudes. These amplitudes are those of the harmonic-oscillator wave functions in the
3P, limit. The notation is defined in the text; our conventions for the harmonic-oscillator wave functions are those of Ref. 8.

Amplitude/ 4 Types of decay A4 —BC

2
S = l—#(l—é’)(l—l—é’)] Py —3S1 +!So, *Po—'So+'So

lPI—-)SSI—f-lSO

2

4
S, = <%§—1)——4-—<1+13§—20§2)+—9—<1+§)u—§>2} 235, —3Po+3S), 238, P, +'S,

363,42 72844
23S1—>’P|+‘So
2 2 4
S;= ﬂfﬂa 1—1%2—(1+%§+ %52_%53)-*-%523—2(1-%5)(1—@2] ’D;—’P,+'So, 'D,—’P,+'S,
A
3D\ —3P,+'So, D\ —'P, +1S,
2 Fa(g?)
S9b 1_fB—2(1_§ab)(1+§ab) ;‘;qqz) 3P —38,+1S,, P, —38,+1S,
3Py— S0+ 'S
Pi= qg; (148 *$1='S0+'So
P2=_q_ 3P|—>3})0—+—‘S0
Bs
2
p=2A <1—%§>+§§—2<1—§><1+§>] 'P1—>Po+'So
A

2
P,= qg; [(1+%§—L30"§2)— 6B 2(1+§)(1——§)2] 2'So—’S,+'So, 281 'So+'S,
4

23S|->3S|+ISO

2
P—9 |(1—e)— 34" (4 1—&)2
'y [( §) 2032( +&6)(1-4)

. BA Fab(qz)
Pab=g_(1 . )
B e F(g?)

2
D1=%2—(1+§)(1—§)

2 2
D,=—9 |14 Re_sp2 18y 3¢° 2
2 BABB ( 7 § 7 g 7 5) ZSBAZ( §)(1 é—)

202 2
Dy=-9B |(1_sgi3en_ 34 1—€)
=g E+3¢ 35 +E)1—£)

2
D,=—9 (1—
=B Y

2
Ds=—9 (1—4£2438%)
ST BB, T

’D,—3S, +'So,

’Dy—'So+'So,

381 —1S0+1S,

*P,—'So+ 'S,
P —381+'So,

D3P +1S,

*D3—'P+'S,

’D,— Py +1S,

'D; 3P + 'S,

'D,—3S,+'So

3Dl—>35'1+150

P, —381+'S,
1Py —38,+'S,

1D2—->]P1 =+ ]SQ
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Amplitude/ 4 Types of decay 4—BC
w F,y(a?)
D1b=#(l+§ab )(l—é—ab) Fb(qZ) 3P2——’1S0+1S0’ 3P2—~)3S1+1S0
3P1—38,+ 1Sy, 1P =38, +1S,
3
Fi=gl—atp0-gr "Dy —'So+'So, 'D3—S1+'So
A
’D;—38, +'So, 'Dy;—381+'So
4
Gi=—L5(1+£)(1-§) "Fs—'So+'So, "F4—S1 +'So
B’Ba
8y a3/t 5/2 , 132
AELI/Z— B B Fy, (B1)
93 Ba BgBc
B l=5(Bs 2 +Bp 2 +Bc7Y), (B2)
E=B/3B4%, (B3)
2 [ BBy +Bc?)
F(g)=exp | —1- BB +Bc) BI; 2ﬁc2 , (B4)
12 | 2B,°Bs°Bc
2 | BBCH1+ A )+ Bp* 4+ Agp 2B 4>
Foy(gh)=exp | — L [Bc ab2 2[332 ab Ba”l ’ (BS)
12 2B4°Be“Bc
B 2
Ep=E [1—B4—5 |, (B6)
Bz
|
where f3; is the (effective) harmonic-oscillator wave-  harmonic-oscillator approximation to the meson wave
function parameter for meson i and functions to be described by a single parameter 8 which

App=mg—myp)/(m,+my) s

only in decays of charmed mesons.
In the simplest case one could take the above-mentioned

a flavor-symmetry-
breaking parameter which we have taken into account

appears in the Gaussian factor exp( — 5 8%r?) multiplying
polynomials in the usual harmonic-oscillator wave func-

tions for the interquark coordinate r=r, —r;. This is the

q

TABLE 1IV. Helicity—partial-wave conversion factors. P and V represent pseudoscalar and vector particles, respectively, M Ag is

used to represent H {B Aot and M, is used to represent M,fg, since Sp=0 in these simple cases.

J Parity (+)—V +P Parity (—)—>V +P Parity (+)—>P +P Parity (—)—>P +P

0 Mpz—-Mo MS=M0

1 Ms=V'4/3M,+V'1/3M, Mp=—V2M, Mp=M,
MDZ\/ 2/3M]—V 2/3M0

2 Mp=—V2M, Mp=V'6/5M,+V2/5M, Mp=M,

Me=V'4/5M,—V'3/5M,

3 Mp=V8/IM,+V'3/1M, Mp=—V2M, Mp=M,
Mg=V'6/IM,—V'4/1M,

4 Ms=—V2M, Mp=V'10/9M,+V'4/9M, Mg=M,

My=V8/9M,—V'5/9M,
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approximation used in columns (2) and (3) of Table II. A
somewhat more realistic approach is to allow B; to vary
from sector to sector by adjusting (; in the harmonic-
oscillator wave function to the rms relative momentum of
the analogous state as calculated in a quark model (like
that of Ref. 8) with realistic forces.

1/2
2L +1
2J +1

Aphc

where Ag,Ac and Sp,Sc are the final-state helicities and
spins and where M =Ag —Ac, S=Sp+S¢, and J=L+S.
The resulting factors for some simple cases are given in
Table IV.

APPENDIX D: DECAY RATES

1. Phase-space factors

In a calculation using rest-frame wave functions, like
this one, there are ambiguities surrounding the choice of
phase space when the decays become relativistic. In par-
ticular, we know of no rigorous way of deriving the rela-
tionship between the formula (6) and a relativistic decay
rate. The best way we know is the ‘“mock-hadron”
method of Refs. 8 and 21, but since the application of this
method to all of Table II would be prohibitively laborious,

our prescription here is to take
J

~ 1
M(fnL)=————-
UnL)="150 1) m=§,o,1

2. The effect of resonance widths

We next discuss the way we treat decays in which the
narrow resonance approximation implied above is inade-
quate. This typically occurs for decays near threshold
where a variation of the masses of the particles within
their Breit-Wigner line shapes can produce significant

[2(L +m)+1]M (fnL;S =1,J =L +m) |+ +M(fnL;S =0,J =L) .

APPENDIX C: CONVERSION FROM HELICITY
TO PARTIAL-WAVE AMPLITUDES

The formula (6) of the text directly provides expressions
for helicity amplitudes H {B A To convert to partial-

wave amplitudes Mjs we use the Jacob-Wick formula

S Cis(IM;0M)Cs, s (SM;Ap, —Ac)HS i (e}})

—
o |t
2]+ D ﬂA

I'A—(BC)s]= ( 'MiISIZ (D1)

since in the weak-binding limit, where our results are
valid, the decay rate would have this form with M; being
the sum of the constituent-quark masses in meson i.
Since we must contend with situations which are rather
far from weak binding, we instead take M, to correspond
to the calculated mass of the meson i in the spin-
independent gg potential. (In this approximation, as ex-
amples, one has m,=m, and My, =My =Mp="Mg; We
are thus building in the known approximate validity of
SU(6) symmetry up to phase-space factors of g*2+') A
list of the M; is given in Table V; apart from some rela-
tively small effects from annihilation and from the fact
that the hyperfine interaction is too strong to be treated in
lowest-order perturbation theory, these masses can be ob-
tained from those quoted in Ref. 8 via the spin-averaging
formula (for a meson flavor f with radial quantum num-
ber n, and orbital, spin, and total angular momenta L, S,
and J)

(D2)

—

variations in the available phase space. For example, the
decay 4—BC—XYC can proceed for M, < Mg+ M if
I is very broad. In a few special cases, notably decays to
the very broad 13P, states, the effects of the widths are
almost always significant. To take into account these ef-
fects we apply the result

TABLE V. M, values. The I =0 masses quoted are for ideally mixed states except in 1 1S, where we
quote the average of these two masses to represent the fully mixed 7 and 7’".

I1=0 I1=0 Strange Charmed
Sectors I=1 uit, dd S5 us cu
1S, 0.72 0.85 0.85 0.85 2.00
135, 0.72 0.72 0.98 0.85 2.00
2'S,, 238, 1.41 1.41 1.68 1.55
1'pP, 1°P,y, 1P, 1°P, 1.25 1.25 1.49 1.38 2.47
2'P,, 2°P,, 2°P,, 23P, 1.81 1.81 2.03 1.92

1'D,, 1°D,, 1°D,, 1°D; 1.68 1.68 1.90 1.79
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Ty pc(Eq) e [ d’q|M(A—BC)|*Wy(E—Ec,Ep)

(D3)
where, with I';(E) the full energy-dependent width of i,
T(E)/2m
W,(E,E')= 5 (D4)
, TuE)
(E—E'Y+ 2

We use this result to calculate the branching ratio for
A—(XY)pC (the notation denotes that XY are the decay
products of the resonance B) via

J dE4T 4 pc(E )W 4(E4,M,)
[ dE T ((E )W ((E4,M )

B(A—(XY)3C)=

(D5)

The entries appearing in Table II are obtained by multi-
plying these branching ratios by T 4(M ), the full width

of A at its nominal mass. Then if I"4 is very small (D4)
in conjunction with (D5) ensures that I" ,_, pc will be the
nominal width at the resonance peak, but in general this
result allows for decays in the upper part of the line shape
of A to be considered. Note that (D3) is basically the sum
of integrals over the (three-body) Dalitz plots for decays
A—-XYC over all the decay modes B—XY. It therefore
takes into account the effects of broad resonances and res-
onances with masses My which straddle the edge of the
Dalitz plot in the variable Myy.

If both final state particles B and C are broad we apply
the straightforward generalization of (D5). For simplicity
we have in all cases neglected the effects of possible in-
terferences in the Dalitz plot.
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