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Equations for TVV and TTP couplings are derived from dual amplitudes for the processes P+ V—~ P+ V
and P+ T~ P+ P. The couplings are expressed in terms of other mesonic couplings, known from
experiment. With the aid of these couplings we calculate the decay rates of A, —icosa, f~ pn. vr, X**~K*mvr and
the electromagnetic decays A„ f~ Vy, and yy. The calculated rates for A, ~comm and f~pent are smaller (by
about a factor of 4) than the average experimental data. This discrepancy is analyzed in terms of a consistent

picture for all the decays studied in this paper.

I. INTRODUCTION

It has become evident during the last decade that
a good phenomenologieal description of the strong
and electromagnetic decays of pseudoscalar (P)
and vector mesons (V) is achieved by the use of an
effective Lagrangian (in the tree approximation),
containing the strong VPP and VVP couplings. '
With the aid of specific symmetry considerations
concerning meson multiplets and couplings, and
vector-meson dominance of the electromagnetic
current, a whole variety of decays is thus de-
scribed in terms of very few parameters (i.e.,
couplings and mixing angles). The large body of
experimental data which has accumulated till now

has led to the determination of these parameters
at a fairly satisfactory level of accuracy. ' A nat-
ural extension of this scheme is to include tensor-
meson (T) decays. A first step was the descrip-
tion of their main decays (e.g. , f -mn, K**-Km,
A, -pm, qm) in terms of TPP and TVP couplings. '

In the present paper we investigate the yet
scarcely known tensor -vector -vector (TVV) and
tensor-tensor-pseudoscalar (TTP) couplings. We
were partly motivated by the actuality of rare-
modes detection, like the recent measurements'4
of A, -~vv and f-4m (which is partially f- pmw).

These decay modes, as well as many electromag-
netic decays of tensor mesons, ean be described
with the aid of the above couplings.

The paper is divided as follows: in the second
section we recapitulate a previously suggested
dual model for P+ V -P+ V amplitudes from which
we derive expressions for TVV couplings, includ-
ing the case where the V's are photons. A similar
model for the P+ T-P+P amplitudes serves to
derive the TTP couplings. With the aid of these
couplings we proceed in Sec. III to calculate the
decays A, - &umw and f- pion. . Generally our results
are smaller by a factor of -4 than the reported
experimental averages. In confining ourselves
to TVV and TTP vertices for the strong modes,

we did not include possible exchanges involving
axial-vector mesons (e.g. , A, and B) because of
the uncertainty concerning the existence of some
of the axial-vector mesons. Models which include
the contribution of these mesons have been pro-
posed in the literature. Several differential cross
sections, which could distinguish between the pre-
sent approach and the models based on axial-vec-
tor-meson exchange, are then displayed. The al-
ready existing data favor the TVV model. In Sec.
IV we present the predictions of the model for
electromagnetic decay rates of the type T- Vy
and T -yy, and compare them with the results ob-
tained by other authors.

The last section includes a summary of our re-
sults and a discussion of the possible solution for
the discrepancy between the calculated and ob-
served T-VPP partial rates. The implications
for the yet unobserved K**-K*nn mode Ipredicted
to have a width of at least -0.6I"(A, - &um w)], and
for the electromagnetic decays are then noted.

Appendix A contains a list of the expressions we
used for the various mesonic vertices and the val-
ues of coupling constants as determined from mea-
sured decay widths. Appendix B contains the def-
initions and the kinematics for A,e- nm and the
dynamical expressions of the invariant amplitudes
on which the present calculation is based.

II. DUAL AMPLITUDES AND COUPLING-CONSTANT
RELATIONS

In the detailed treatment of the A, - ~7tw and

f—pww decays, we shall want to include the con-
tributions of resonances in the direct channel and
particle exchanges in the crossed channels. This
requires the knowledge of several tensor-meson
couplings, namely the TVV, TTP, and TVP. On-
ly the last one is known from a direct measure-
ment. The first two are derived in this chapter
from a theoretical model.
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FIG. 1. The dual diagrams of the model for p+P
V'+P'[(a), (b)] and P +T-P'+P" f(c)t scattering.

The dominating trajectories are specified.

A. The P + V~P+ V process and the TVV couplings

Let us consider the scattering of pseudoscalar
mesons (P) on vector mesons (V). If the amplitude

has a dual character, there are usually relations
between the couplings of the particles exchanged
in the direct and crossed channels. For present-
ing our approach we first take pions and isoscalar
vector mesons (V is then an eigenstate of the
charge-conjugation operator with C = —1). The
leading contribution to the scattering in the s chan-
nel (V, + V, -P, +P,) comes from scalar and ten-
sor mesons, while in the crossed channels vector
and axial-vector mesons can be exchanged. Am-
plitudes for this process, embodying the features
of crossing symmetry and correct asymptotic be-
havior, have been constructed by several au-
thors. ' ' The amplitudes constructed by the vari-
ous authors differ substantially in some details,
since each of these papers uses a different ap-
proach for the additional constraints to be imposed
on the amplitude, mainly in the low-energy region.
In the following, we adopt the amplitude construc-
ted in Ref. 7. In addition to crossing symmetry
and Regge asymptotic behavior in all channels,
our amplitude' has no ancestors or daughters, no
parity doubling of the p trajectory, and becomes
automatically gauge invariant in the limit Mv -0.

V)
The leading contributions are then those of the f
meson exchange inthe s channel and of the p-me-
son exchange in the t and 2( channels [see Fig. 1(a)].

For the TV1V2 effective interaction we use the
definition

g grvl'V2 rvv[+~(1) 6(2)+ p (~(1) .p )6(2)p + p (~(2), p )~(1)p

+y(&(» .&(2))p p + ~(&(»,p )(&(2) .p )p + ]

where e"'(p, ), e"'(p2) are the polarization vectors
of the vector mesons with four-momenta p„p„re-
spectively, r~" is the polarization tensor of the ten-
sor particle, p, is the pion mass, and gTv, v n,
grv, &jP) grv, v, P2 grv, ) 2y, and gr„,„,&arethefive
independent couplings of the TV,V, vertex. The
number of independent couplings is reduced for
particular cases. Thus, if V, = V, there are only
four independent couplings, if V, = y there are
three, and for V, = V, =y there are only 2 indepen-
dent couplings, the latter two reductions being the
result of imposing gauge invariance.

The general requirements imposed on the dual
amplitude of Ref. 7 lead to the following relations'
between the couplings defined in Eq. (1) and those
of the exchanged vector mesons":

(2d)

4
l2

(2e)

2
&~p

4
(Sa)

where l ~ is the four -momentum of the tensor me-
son. The definitions of the various meson cou-
plings encountered throughout this article are listed
in Appendix A (except for the TVV and the TTP
couplings which are defined and calculated in this
section). In the particular case V, = V, = &a, the
appropriate relations read

Ts'1f C T V1 V2 RV1tf'P g V27f P

~1 P2&

(2a)

(2b)

(2c)

(J, = P. -(&+=2m. '
My

The value deduced for g/„„ from Eq. (3) was pre-
viously used' to calculate the rate for the f—(d + y
decay. "
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1I4gA2nr gA2's& p
= 2(gppn+ gva'&n) gu&w''' (4)

In principle, the method should be applicable to
v-p scattering, in which case the f and ur would
appear as the leading trajectories in the neutral
case, and the relations (2b)-(2f) and

(g „)'
8gÃs'8 fpp 4 (5)

in place of (2a) would result. There is, however,
an objection to be made here. The dual charac-
ter of the amplitude in all channels, together with
crossing symmetry, is unable" to prevent the
appearance of exotic resonances in the isotopic
spin I= 2 channels; a satisfactory solution to this
problem has not been found. Thus, Eq. (5) does
not have the same dynamical foundation as Eq. (4).
Nevertheless, we feel it is appropriate to use it,
since it is confirmed by the complementary ap-
proach of symmetry relations. Using SU(3) sym-
metry for the TVV interaction and canonical mix-
ing for the vector- and tensor-meson multiplets,
one obtains

(6)gx2~ p
=g ypp

=g yes~ ~

The relation (6) would result in our dynamical
approach from Eqs. (Sa), (4), and (5) if we use the
same symmetry assumptions for the VVP and TPP

In order to discuss the decays A, - mmz and

f-4n we need to know the g„,„and g&„couplings.
We base this, of course, on the assumption that
the (T

~
V,V,) vertex is mainly responsible for these

decays. While for A, - ~me this appears as a na-
tural assumption in view of the fact that the two
pions are constrained to a state of isotopic spin 1,
for the f -4w mode other vertices could be also of
importance. We shall return to this point in See.
III.

Let us therefore consider the processes um- pg
and pn —pm, from which the g& p

and
&happ ought

to be derived. For the first process, the con-
struction of the amplitudes proceeds along the
same lines as for the mm-scattering amplitude, '
the difference arising from the nonidentity of (d-p
and n-q. Dividing the amplitudes into their sym-
metric and antisymmetric parts, one observes
that the symmetric ones are analogous to the ~-m
amplitudes. The leading contributions are then
due to the A, meson in the direct channel and the
symmetric contribution of co and p mesons in the
crossed channels as depicted in Fig. 1(b). We
wish to emphasize that the antisymmetrie com-
bination of (d and p as well as terms proportional
to g-n mass difference do not contribute to the
leading terms in s.

In obtaining the coupling-constant relations [Eq.
(2)] we find that (2a) now takes the form

B. TheP+ T~P+P process and the TTP couplings

In our previous work' we did not address our-
selves to the T+ P -P+ P process. Therefore, we
shall present here a full derivation of a dual am-
plitude for it, following closely Veneziano's work"
on ('d+m- g+m.

Let us consider the process A+, + w -m'+ m' and
let q„q„q, be the (incoming) four-momenta of the
charged and neutral pions, respectively. We de-
fine

s=(q, +q, )', t=(q, +q, )', u=(q, +q, )',

&~ = (q, + q, )„&,= (q, —q, ),.
The general form of the amplitude for this pro-
cess ls

(8)

T = E q„q, q,q3&"[k,A(s, t)+ &~(s, t)], (9)

where v" is the polarization tensor of the A, me-
son and A(s, t), B(s, t) are invariant amplitudes, the
first of them being antisymmetric and the second
symmetric under the exchange of the like pions.
The trajectories dominating the asymptotic be-
havior of the amplitude are the f in the s channel
and the p in the t and u channels [Fig. 1(c)].

For the TTP effective Lagrangian we take

g ~&1&2P +(&)+ tt (2)l'&pB
Tj T2P ogy6

gag~„+ 2 /

where v'"(p), i "'(q) .are the polarization tensors
of the tensor mesons and l is the pseudoscalar-
meson momentum.

A suitable dual representation for the amplitude
(8) is then

A=g
2

' " E(s, t, u),2-n, -n„
J3=gF(s, t, u),

(11a)

(11b)

couplings (e.g. , g„„„=g„„=(I/WS) g~ &
and g~ „,

= (1/v 3 )g~„).
Numerically, one obtains from (Sa), (5), and (6)

(see Appendix A for the values of the experimental-
ly determined couplings)

[g„,„]=1.93. (I)

Qur result can be comparedwith Renner's, "who
has calculated the TVV couplings from a model
based on tensor-meson dominance for the energy-
momentum tensor. His results in our notation of

qs. (2), (6), md (7) read
a~=p, p» P", =P2~= -1, y~=1, 5"=0. Although
the approaches are basically different, the values
of the dominant couplings are very close in these
two models.
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where g is a constant and

I'(1 —n, )I'(2 —n, ) I'(1 —n„)I'(2 —n, )
2 I'(3 —n, —n, ) I'(3 —n„—n, )

I'(1 - n )I'(1 - n „)
r(2 —n, —n„)

(12)

For the assumed degenerate vector-tensor tra-
jectory we take a value representing an average
of experimental fits, '4 n„= 0.46+ &'x and &' = 0.9
GeV '. Note that for the external masses involved
in this process n, + n, + a„=3.

The requirement that the amplitudes (11) have
the correct residues at the f and p poles reads as
follows:

Ag( (p)

( al)

(q,)'i, '~{q
/

~( q2) vr(q, )
/

/
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Equations (13) give for the two independent TTP
coupling s

FIG. 2. The contributions included in the present
model for the decays A2 uxm [(a)] and f p~n f (b')].

g~2w gp ~
gw2yn

——
R fn'n'

(14a)

2&' p,
(14b)

III. THE STRONG DECAYS T~ V+ 2P

We proceed now to calculate the rates for the
partial decay modes A, —&omm and f-pew. To this
end, we picture the amplitude T+P-V+P as

Numerically, using the experimentally determined
values for the couplings in the right-hand side of
(14a) one has

(15)

There is only one previous determination of a
TTP coupling in the literature. By using current-
algebra sum rules, Gilman and Harari" arrived at
g„,&, ~

= 2.8, which is fairly close to our value (15)
[in their expression for the TTP vertex the second
term in Eq. (10) is ignored]. (16)A; = R,'""'E&„„&(s,f)+ R,"E&,&(s, f),

where R,'""' contain the residue of the p(A, ) ex-
change in the t and zc channels of A, +m-~+m
(f+ m -p+ m), and R,"' contain the residue of p in
the s channels of both reactions. For the A, + m

-co+z reaction, E«,„& and E&,&
are given by

receiving contributions from resonances in the
direct channel and Regge-trajectory exchanges
in the crossed channels. The relevant contribu-
tions for these decays and the definition of the
three channels are depicted in Fig. 2. To combine
both these contributions we use the same dual
mechanism as described in Sec. II for V-P scat-
tering' and for T+P-P+P.

The general form of the T+P- V+P amplitude
is expressed in terms of eight independent ampli-
tudes. Details concerning these amplitudes are
re1egated to Appendix B. Here we want to empha-
size that in the present model these amplitudes
are decomposed into two parts of the general form

r(1 n, )r(3 n, ) r(1 n„)1(3 n, ) r(1 n„)r(1 n, )
2 1"(4 -n, -n, ) I'(4 -n„—n, ) I'(2 —n„-n, )

I'(3 —n, )I'(1 —n, ) I'(3 —n„)I'(1 —n, ) I'(3 —n„)I'(3 —n )
2 I (4 —n, n, ) I—'(4 -n„—n, ) I'(6 —n, —n„) (18)
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TABLE I. The calculated partial widths in MeV for the A2 cu7l7l and f —p7l7l decays. The
meaning of the various columns is explained in the text.

~Born
t+uI Born I theor

(-)
theor
(+)

A2 —cu7l 7t

f ~P 7l 7l

0.92

0.53

0.975

0.44

0.054

0.67x10 2

0.27

0.9 x 40 ~

0.30

0.40

2.2

0.49

where &' is the slope of the p-A, Regge trajectory.
The asymptotic behavior of these expressions is

ql s al t~l

E«„& -- ——I'(1 —n, )(l —e "~&) —,(19a,)

I [s (M, —m)'][s —(m, + ~)']j'~'

(s —4+2)1~2
q=

2

(21)

~s 3
F«, „&

-- ——I'(3 —o.,)(1 —e "~~—
0

0. g-3

E(,&

= ——I'(3 —a,)(1 -e ""&)—
2

gt 1

Z&, &

— ——r(1 ~ )(1 -e-"")—
2 ' t,

(19b)

(19c)

(19d)

1 1
(2v)' 2'(5)~,'

2kq
x '"-"' ds Q IM l~dt

4P 2&q

where K~M ~' is the summation over the helicity
amplitudes, M~ is the mass of the decaying par-
ticle, m is the vector-meson mass, and

From (16) and (19) one sees that for this process
there is a decoupling of the leading-s behavior
from the leading-t behavior and therefore one can-
not produce a relation between the couplings en-
tering R'""' and 8"', as it was the case' for the
process V+ w- V+ m. Similar amplitudes and con-
clusions hold for the f+ v- p+ v. If such a relation
would have been possible, one would have an ad-
ditional way to calculate the A2pco vertex, this time
in terms of A2pp, p(dm, and p7tm couplings. More
important, the phase between the contributions of
the various channels would have been thus deter-
mined.

The reason for this decoupling can be traced to
the fact that owing to the higher spin of the par-
ticipating particles, there are now more invariant
(and helicity) amplitudes demanding stronger con-
straints on their asymptotic behavior than in V-p
scattering. These constraints fix the asymptotic
behavior of certain combinations of the invariant
amplitudes down to order s~t '. The terms de-
scribing the p exchange in the s channel do not
fulfill the abovementioned asymptotic constraints,
their highest order going only as s t '.

The decay rate T- Vmm is given by

We calculate the rate given by the contributions
depicted in Fig. 2 by using their analytic expres-
sions, as given in Appendix B for A2-co~m; simi-
lar expressions, not listed for reasons of econ-
omy, hold for f -pwv (the main difference is in the
t and u-channel exchanges, which are of tensor
type in the latter). In Appendix A are listed nu-
merical values of the coupling constants we use;
the majority of them are experimentally deter-
mined, while for the TVV and TTP couplings we
use the values derived from our model [Eqs. (2),
(7), and (15)].

In order to get a feeling for the relative impor-
tance of the various contributions, as well as for
the modifications of the dual model relative to the
Born model, we present them as separate entities
in Table I. 1"~„„I d„~ are the widths obtained if
only the s-channel contribution is taken, using
either the Born term or the corresponding one
given by the dual model. I'~,"„,1 d„'„" are simi-
larly defined. Z'&"&", P&."',"are the predictions of
our model containing both s and t+u exchange, for
the two possible relative phases. Needless to say,
in light of the experimental findings" we favor
the constructive-interference results of our model,

I'""'(A —&uv'» ) = 2.2 MeV,

I'""'(f'-p'v'» ) =0.49 MeV.

This is to be compared with the experimental av-
erage of

I' '(A, - &u v») = 8.6 s 1.8 MeV,

I""'(f'- '
vv'»&T ) =6.2+1.5 MeV.

As can be seen from Table I, the main contribution
to the decays is due, in our model, to the chain
T-(V')+ V-»+ &&+ V. The dual representation for
this term affects only slightly its Born approxi-
mation value. We note also that the factor of 1.8
between the values of I"~„,for A, and f decays
is due to phase space and the kinematic dependence
of cv. The contributions from the crossed chan-
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nels [diagrams (a2) and (b2) in Fig. 2] are smaller
in the Born approximation by at least an order of
magnitude vis -5,-vis the direct-channel contribu-
tions. " The dual representation enhances these
terms, the effect being particularly large for A,- ~we. Here, the positive interference of I"d„& and
I'~„'~ leads to a value which is twice as large as the
direct-channel contribution taken alone. Even so,
our prediction (the last column of Table I) is 4
times smaller than the average experimental val-
ue. A comparison of our result for f- pmw with
experiment is less transparent since the experi-
mental analyses of f -4m did not separate the pvm

subset unambiguously. An examination of the
published data4 indicates that it could account at
most for 50% of the f-4m decay. Thus, here again
our prediction is smaller than the average experi-
mental value, by a factor of -6. We checked also
the magnitude of the contribution of possible pion
exchange [f- (m)v - pwm] and we found it to be only
about 3 of the A, -exchange Born term.

Previous approaches to these decays have con-
sidered the exchange of axial-vector mesons as
the primary mechanism. The relevant fA, ,m cou-
pling entering the f-4v calculation has been ob-
tained by Parashar" from a quark model, while
B&yai and Rittenberg" have used a chiral-sym-
metric Lagrangian in their treatment. Golowich"
has considered the A, —~we mode as proceeding
through B-meson exchange. In order to ac-
count" "for the observed rates, unreasonably
large (in our opinion) coupling constants are re-
quired, e.g. , gs„,'/4z—- 70.

It is therefore of interest to be able to distin-
guish experimentally between the two mechanisms.
We have calculated the distributions do'/dM(VP)
and do/dm'(PP) for both decays in our dual mod-
el and in a model with axial-vector-meson exchanges
only. In Fig. 3 we give the distribution forA. ,- ~me.
The con effective-mass plot includes the histogram
obtained by Diaz et a/. '"' It seems very unlikely
from it that B exchange contributes significantly
to this decay mode. The fit given by our model
is gratifying, and we remark that the excess of
events with high effective ~m mass can probably
be accounted for by including the width of A, in
the model calculation. There are no experimen-
tal histograms for the mw effective mass to com-
pare with.

In Fig. 4 we give the theoretical curves obtained
with the two approaches for f-pew without com-
paring with experimental data, since, as noted
before, the p7tx subset has not been extracted.
However, the experimental data for f-4m have
been compared by Anderson et al.'"' with the

pp model of Ascoliet al.'"' and with the calcula-
tion of Banyai and Rittenberg, "clearly favoring
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FIG. 3. Effective-mass distributions for the decay
A& —cu7t7t. (a) do/dv t, where t = (p~+p~); (b) do/ds,
where s = (p„+p ) The solid line is calculated with
our model and the dashed curve is the result of a model
involving axial-vector —meson exchange. The experi-
mental data are from Ref. 3(c). The theoretical curves
of (a) are the best y2 normalization of the respective
model to the data.
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40—
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~M
Ch 20—

(a)

the pp model.
From the SU(6)-symmetry structure of the ver-

tices entering in the dual amplitude for T+ m-V+ w, we expect also the decay K**-K*w7t to
occur. In this case, however, the pions are al-
lowed to be in both I= 0 and 1 states; our model
accounts only for the I= 1 channel. The dominant
contributions in our model are p exchange in the
s channel and K* exchange in the crossed channels.
Using the symmetry values g~~*+Qw+ pQ Q gz~p,
g~++r+0, + = (1/v 2)g ~„and the experimental
g~w+&~„we get 0.46 MeV for the mode K**'
-K*'n'm' and twice as much for the K**'-K*'n'm' one.
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1.2

IV. ELECTROMAGNETIC DECAYS

Although the electromagnetic decays of tensor
mesons have yet to be detected, there are already
several theoretical calculationse ""37 with quite
divergent predictions for their expected rates.
The models on which these calculations are based
range from the tensor-meson dominance of the
energy-momentum tensor"' through finite-ener-
gy sum rules ' and the dispersion-relations ap-
proach~ "to quare' and symmetry models. "

The dual amplitude for the P+ V -P'+ V' pro-
cess' was constructed so that it becomes gauge
invariant in the limit m~2 or both m~-, m~,2-0,
the amplitude thus being suitable for describing
processes like V+P-y+P' and y+P-y+P'. Ap-
plying the procedure described in Sec. II, we
derive now the electromagnetic couplings of TVy
and Tyy types which read as follows:

0$

C

15

10

g~p~g p~r ~p~Zf nygf~y= 4g ~ gfpr =
4gfoff f1ps'

'+&war g'pay
g'fyy= 4 fPIT

g'c ~n4'f ~y+ g pny gc p~
gx2~y 8gA2gn'

gppng p~r+g ~~g~p~
8 + gn'

gpmgpny+gf ~yg~~r
gx2 yy

=
4g

Appal' (22)

(23)

0.10 0.14 0.18

s ( in GeV*)

I

0.22

The values of the n, P„P~, y, 6 couplings are as
given in Eq. (2). Note that if the VVP, yVP, and
TPP couplings are related by nonet-symmetry re-
lations, the tensor couplings arrived at in (22) and
(23) obey it as well, namely

FIG. 4. Effective-mass distributions for the decay
f p&'tl' (a) da'/dl/ t where t (p p +p ~ ) (b) do'/ds, where
s = (p ~ +p ) The solid curve is calculated with our
model and the dashed curve is the result of a model in-
volving axial-vector-meson exchange.

1 j.
gfuy= 3gfpy=&2py= 3&@~r~ (24)

g~ rr= 5Arr. (25)

Using experimentally determined values (Appendix
A) we calculate gz, „in (22) to be
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spy- 9.65 x 10"2.

The numerical value of g&yy is similarly obtained,
taking now for g„„the SU(6) value (= —,'g „)

g~yy
——5.38 x 10 (27)

For the remaining electromagnetic couplings of
Eqs. (22) and (23) we use the symmetry values
given in Eqs. (24) and (25).

The width for a decay T- V, + V, is given by

I'(T V, +V,)=40
alMI'

40gM," (28)

where }Mi is the square of the amplitude for decay
summed over polarizations. Using the general
vertex defined in Eq. (1), with e"' the polarization
vector of the photon, gi' takes the form

2 2
3m*+ —,[a+-,'((, (M „+I)'][a+ -,'((,(M„—I)']+ -', (Ry(.' —n)*},

with k'= (Mr2 —m')'/4M'', m being the vector-
meson mass. For T-y+y, gi' is given by

2 1 M22
yy (30)

Inserting the particular values of our model for
c(, P„and y given in Eq. (2) into (29), (30), and
(28) one has

MI' = r]"" r (1 —x)'[—"—4x+ 3x'+ xs]T vy 4+ 80~2
(31)

2 3
gzyy Mz

yy 4~ 48'& ' (32)

V. SUMMARY

We have presented in this paper a calculation of
tensor-meson decays T- V+ 2P, T V+ y, T 2y.
The correlating factor for all these decays is the
TVV coupling, which we have set out to calculate
with the aid of a dual model for P+ V -P'+ V' am-
plitudes. Our results for the strong couplings are
given in Eqs. (2), (3), (5), and (7), and those for

We present in Table II, column 2, the predictions
of our model for the decay widths of one- and two-
photon decay modes of f and A„ the results of
other models being also tabulated for compari-
son." No experimental data are available so far.

r

the electromagnetic ones are given in Eqs. (22)-
(27) and (2).

The calculation of A.,- (dvx and f- pwca was per
formed by building an appropriate T+P- V+P
dual amplitude and has also necessitated the de-
termination of the TTP coupling [Eqs. (14) and

(15)]. Our results for these rates turn out to be,
by a factor of -4, smaller than the average ex-
perimental values. This raises the question of
whether the TVV vertex is indeed the dominant
one. A comparison with other models, especially
those including axial-vector-meson exchanges,
was presented in Sec. III and in view of the very
large couplings required by these models we doubt
that they constitute the major contribution. On the
other hand, it might well be that our theoretical
relations for the g~«couplings are realized only
within factors of -2. If instead of (7) one has

P„,)=4, the proposed mechanism can account"2 "
well for the T- VPP decays, while the dimension-
less couplings are still of very reasonable mag-
nitude (g„,, '/4m=1 ~ 3). Measurements of the
various distributions suggested would help to an-
swer this question. The results in Fig. 3 are very
encouraging for the TVV approach.

In this connection one should also upgrade our
estimate in Sec. III for the K**-K~(vw)z, by a
factor of -4. Thus, keeping in mind that there
could also be some contribution from the (vv)1 0
state, we expect K*~-K*gg to be at least 5.5
MeV. We remark that so far the detection of this

TABLE II. The calculated partial decay widths for one- and two-photon decays of f and A2.

Decay mode

f cup (MeV)

f py (MeV)

A, -~q (MeV)

A~ py (MeV)

f —~~ 0 eV)

A, -~q (keV)

Present
calcul ation

0.060

0.58

0.68

0.080

5.07

2.05

0.2

2.0

8.0 0.8

0.3

Ref. 12 Ref. 21 Ref. 22

5.7

Ref. 23 Ref. 24

0.096 or 0.24

0.84 or 2.2

0.84 or 2.5

0.11 or 0.29

1.2 or 2.3

0.46 or 0.81
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mode has not been reported. "
Before concluding, we should like to emphasize

that the experimental data we are referring to in
our comparisons are averages" over widely
spread experimental results, some of which "'" '

go as high as I'(Ao- ur'v'w ) -20 MeV. If these turn
out to be correct, our picture for the decays would

imply a rate for K**-K*zzof at least 13 MeV,
while the electromagnetic decays listed in Table
II would also then be higher by a factor of -20.
This would mean that modes like f- py, A, -~y
would have widths of about 10 MeV, if indeed the
relation between the strong and the electromagne-
tic decay mechanisms is as pictured here. The
magnitude of the TVV couplings affects also the
rate of hadron production in the yy events of e'e
-e'e + hadrons, being of particular interest if
these events are dominated by resonances. 22'27

An experimental effort to measure the strength
of the electromagnetic vertices of tensor mesons
in decays and colliding beam experiments, and to
improve the data on T V+ 2z decays, is of time-
ly interest.

APPENDIX A

The following definitions for vertices, and val-
ues for the coupling constants determined from
measured widths are used in the text. Generally,
we shall use the notation M(p) -m, (q,)+ m, (q,),
the mass p, denoting pion mass;

q [~2(~ +m)2]1 /2[/if2(~~)2]1 /21
2M ~ 2 1 2 r

~.=(q. -q2). .

pew vertex. gp 6('p)ILek

22 3

r(p-«)=g," —, '„
I""'(p-«) =146 MeV, g„,= 5.93.

f«vertex. (g„,/I )~'"n,,n,„:

g~„8 q'r(f--)= 4. 5

r'~(f vw) = 141 MeV, g/„——0.613.

(g/'y y /p') ~ gy6 ~l qy~2q2'
Pr 6.

For &u pv, assuming &u - (pv) - 3v,

2 3
r(v - vy) =

4m 3p

r'"'(~ - vy) =0.87 MeV, g„„=0.109.

TVP vertex (.gr„t, /p')& , ~»7' "q»q, p"t(~).
2 5

r(T V )
gTvP

47t 5p,' '

for A2pm,

r'"'(A, - pm) =71 MeV, g „=0.373;

and for K**K*g,

r'"'(A**-SC*v)=29.5 MeV, g,**,*,=0.237.

The experiment agrees well with the SU(6) relation
g„gg„g,= (WS/2vY)g„„.

APPENDIX B

This appendix contains the definition of the in-
variant amplitudes and, following that, the helic-
ity amplitudes for the process T(l)+ V(p)- n (q,) + v(q, ). At last we give the invariant am-
plitudes for the decay A, -&gp, first in the Born
approximation: the p exchange in the t+u channels
(A,". ~„,) and the p exchange in the s channel
(A', s„,). The dual representation for the invariant
amplitudes is then given in terms of R',.""' and R&"'

(their definition is given in the text (Sec. III); the
s, f, u channels are depicted in Fig. 2).

The eight invariant amplitudes are defined by

T q„=A,g „kq+Amg „68+(Ask„+A,n.„)k kq

+(84k„+A76„)k~48+ (A, ,k+Ah„)n bq,

(»)
with

kg = (qi+ q2) g~ +g = (qx q2) g.

The two pions are in a state of isotopic spin I= 1,
hence under the exchange of q, and q2 or t -u the
invariant amplitudes obey the following symmetry
relations:

A„(f,u) =A„(u, f)

A„,(f, u) =-A„,(u, f),

i=1, . . . , 4. The helicity amplitudes are defined
by

2 2

r((o sv) = " "' x8.55 MeV
47t 4g

+Kg y
(x) f(g)Tesy~

A. =2, . . . , -2, p, =1,0, -1
(Ss)

r'*'(~-sv) =9 MeV, g„„=2.17.

For corny,

and their explicit expressions in the s channel
are
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M2, --())2 q sin 8)[A, —(v 2 q sin 8)'A, ],

M, ,= (v s pA, + 2poq cos HA, ),
(W2q sin 8)'

M, , = (W2q sin 8)'A„

M, , = [(2)2q sin8)'(4/ q cosHA —WspA )+A,Wsp —2q/ cosHA ],
T (a4)

M« --q [2qp, cos 8(v spA, —4l,q cos8A, ) + )(sp()) spA4 —4l,q cos HA, ) +A, l p],

M, , = (~sPA7 —4/oq cos HAn),
vYq' sin'8

T

M, = — A, — 2l cosHA + —(Wqqsins)' A, +—A I,
2qsin8 Wsp ' esp 2ql cosH ' . , 1

3

Mo o= (WspAB+ 2poqcosHAn) — n
n ())spA +2p qcosHA )

W2 Wsp ' 2/, )) sqp cosH
Sm T

+ ' —(qsqsinq)' (qspA, +2pqcosHA)+, (qspA, —2ql, cosHA)I,
2qlo s~ ~ 2 ~ 'P

T T

and M & o ——(-1)~ oM», with the notation

q = —,(s —4 p, ')'~', p = [s —(MT —m)']' ~'[s —(M T+ m)']2 ~',
2 s

S+m' —MT' S+MT' —ng' S —MT' —~'

and ,'(t-u) =pqcos8. —

The invariant amplitudes in the Born approximation are

A,"B, = -[(s —u) t+ (M T' —p') (m' —p, ', )]X(t) —(t-u), A.,"B.„=[(s —u)t+ (MT' —p') (m' —p') ]X(t)+ (t -u),

A,"B, = [(t u) ——,'s—+ —,'(MT'+ m') + 4l),']X(t) —(t-u),

A,"B„„=[-,'s ——,'(M T' —m') —4u' ,'(t —u)]X(t) + (—t—-u),

A.,"",.„,= -[-.'(t —u)+ m']X(t) —(t -u), A,'",.„=-[-.'(t —u)+ M, ']X(t)+ (t-u),

A,"B„„=2[(t -u) —s+ MT' —m']X(t) —(t-u), A,"B„,= --,'(s MT' —m')X(t)+—(t-u),

(a5)

where

X(t)
X

d X gs4npr8 Hoor

t- mp2 8P3 (a6)

AHP B„,=P, Y(s), Ano B„,=n Y(s), Ano B„,=-s Y(g),

4, Born PBY( )2 6, Born yY(S) An, Born 7, Born AB, Born

(a7)

where c(, P„P„y, and 5 were defined in Sec. II and

F
Y(s)=,, with Y=g„,„pg„,.

P

The dual representation reads

(as)
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8't+" = — ' " [m (2s+m —Z)+(M —p, 2)(m —p)]
Xn —n

g&t+I& —Xm2(2g+m2 g)+(M 2 p2)(m3 p2)
s (1 —n &(1 —n&

2 P P (2 —n, —n„)

8"~'= ' " [2m'+3p, ' ——,(s+Z)]
X(n —n )
(2 —n, —n„)

~(t,„)-,-, 3, 2(1 —n, )(1 —n„) 1 M~'+m'
(2 —n, —n„) e' 4 —nt —n„

" [—,(s —Z)~m™,'],X(n —n )
(2 —n, —n„)

g(t~) t u (g+m2 m2 p2) g(t+u) -X(s —M2 —m2)
X(n n )

(2 —nt —n„

y'p g& ) y'y g( ) g( ) g( ) p.
4 ~2, 6, 5 7 8

(B10)

Z=Mz +m +2P2, &=n +e~+n . (B11)
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