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Abstract. The Dalitz distribution and the effective mass spectrum of the lepton pair produced in the

decay n. — Y0747, as well as the differential cross sections for the crossed channels ye~ — n.e”
e~ — 1.7y, are calculated in terms of the sole electromagnetic transition form factor for the vertex

et

and

Ne — yY*, where v* is a virtual photon with a space-like (for ye~ — n.e”) or a time-like (for ete™ — ey
and 7. — v£T¢7) four-momentum. Explicit parameterizations of the transition form factor are found in
two different approaches, namely in the vector dominance model and in a QCD-inspired consideration on
the basis of the process ¢¢ — v£T£~, with zero relative three-momentum of the annihilating quarks.

1 Introduction

The radiative decays of mesons and baryons are an inter-
esting source of important information for hadron spec-
troscopy and hadron electrodynamics [1,2]. For example,
it is worth recalling the role of such decays in determining
the charmonium spectrum [2]. Among radiative decays,
especially intriguing are those where lepton pairs are pro-
duced. A classical example is the process 70 — yeTe™ [3],
which is sensitive to the radius of the corresponding form
factor. Such a decay is typical of any neutral pseudoscalar
meson P (=n,n,n., etc.):
P—~lte, l(=e,p.
The corresponding transition electromagnetic form fac-
tors of P — ~v* decay are complex functions of ¢, the
four-momentum transfer squared, in the time-like region
4m? < t < m?, where m (my) is the mass of P (£). In
particular the decay 1. — v¢T¢~ offers the possibility of
studying the transition form factor in a relatively large
region of time-like momentum transfer,

4m? <t < 9GeV.

A strong theoretical interest in the transition form factors
of pseudoscalar mesons was stimulated by the experimen-
tal results of the CLEO collaboration [4,5], which mea-
sured these form factors at space-like momentum trans-
fers, using the well known 27+ exchange mechanism in the

& Permanent address: National Science Center KFTI, 310108
Kharkov, Ukraine

Fig. 1. 2y mechanism for the eTe™ — eTe™ P process

reaction ete™ — ete™P (Fig.1). If one lepton, say the
positron, is not detected, we can study the process of pho-
toproduction of pseudoscalar mesons on electrons, ve~ —
Pe™, in an unusual kinematics of colliding particles, ~
and e”. In the case of 7 production the corresponding
form factor was measured up to t = —8 GeV?, where, in
principle, perturbative QCD applies [6-9]. Recently also
the 7.7 transition form factor was determined [10] for two
different values of ¢ in the space-like region.

A special interest has the decay n. — Y£T¢~, as a
generalization of the decay 1. — <7, whose branching
ratio is known [11,10] (see also predictions by dispersive
methods [12-16]). The availability of a form factor instead
of a single constant, as in the case of 1. — 27v decay,
allows a better insight of the structure of the 7.-meson
and of perturbative QCD. It is also interesting to look at
the predictions of the “old” approach of vector dominance
model (VDM) in the unusual region of charmed particle
decays [17].

This paper is devoted to a global approach to the study
of all possible crossed channels, i.e.,
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Fig. 2. Diagram for the process 1. — yete™, with notation of
particle four-momenta

+

Ne = W™, vem e, ete” = ey,

whose characteristics are driven by a single transition form
factor. The numerical estimates are performed both within
VDM and QCD, considering, in the latter case, the process
cc — v€T{~ as the basic mechanism generating the 1. —
~v* transition form factor.

Section 2 is dedicated to the Dalitz plot distribution of
the decay 1. — v£+t¢~. In Sect. 3 we propose two models
for calculating the transition form factor 7, — ~v*, one
based on VDM and the other on QCD. In Sect. 4 we study
the reaction ete™ — n.7v. Sectionb is dedicated to the
process ye~ — 7n.e”. Finally, in Sect.6 we draw some
conclusions.

2 The decay 1. — v€1T£~

We start by considering the more general case of the de-
cay of a meson M into a real v and a lepton pair. The
differential decay width reads

MP
2 4‘74 —g—k —
e 25— g by — k)
% d3q d3]€1 d3k2
(2m)32w (27)32F; (2m)32E,’

dI' =

(1)

where w, F1 and E, are the energies of the final 7, e™ and
e, respectively.

The notation of the four-momenta is shown in Fig. 2;
the line above the modulus squared of the matrix element
|M|? denotes the sum over the polarizations of all the
particles produced in the decay.

The standard form of the matrix element M for the
M — 4¢7¢~ decay in the one-photon approximation is

62
M == ?Eﬂju,

where ¢ = (k1 + k2)? is the effective mass squared of the
leptonic pair, £,, = T(k2)y,u(—k1) and J, is the electro-
magnetic current in the decay M — ~vv* *.

According to the usual notation we obtain

4

TAAI2 € LV
MP = S LW, 2)

! In the decay considered here, J, is proportional to the
electric charge e
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where

Ly = 0,05, WH = JrJv, (3)

Substituting (2) into (1), and integrating over all variables
except F 2, we get the two-lepton Dalitz distribution:

= O Ll

= dEdE
i 1 2,

t2m
where a = €2 /4w. However, for our aims it is more conve-
nient to express £ and F» in terms of the dimensionless
variables = t/m? and y = 2(E; — E3)/m [18], which
are defined in the ranges 0 < x < 1 and —yg < y < o,
yo = (1 —x)(1 — §/2)*/? and § = 4m?/m?. Furthermore,
we take into account, wherever possible, symmetry prop-
erties:

— Gauge invariance — k- ¢ = k- J = 0 — implies that
the product L,, W#” can be rewritten in terms of the
space components of the two tensors above, i.e.,

2

LI»WWMV = (Lmz + Lyy)Wm + ]ZjLzszza (4)
0
where ky denotes the energy of the v*. Here we have
adopted a reference frame in which the meson M is at
rest and the z—axis is parallel to the momentum k of
the virtual photon.
— Parity invariance allows one to write

Wij = (85 — kiky) Wi (t) + kik;Wa(t), k= k/|K,

where W (2)(t) is the real structure function (SF) which
describes the production of v* with transverse (longi-
tudinal) polarization.

Taking all that into account, calculations yield

a? dady [ 4m7 t
I=— 1+ —+ 52
2
2m t
— |1 7.2 ’
Ve ( RL(t)kéﬂ

m?+t = m? — t)?
Rp(t) = Wa(t)/Wh(t), ko= 2m W= %

(5)

One can see that the differential width, which charac-

terizes the Dalitz distribution for the decay M — v¢T¢~,

is symmetric with respect to the exchange F; <> Fs, in

agreement with the C' invariance of the electromagnetic
interaction.

The specific dependence of d?I"/dxdy on the variable

Y,
d*I/dzdy = a(z) + y*b(x),

is a direct consequence of one-photon mechanism. It has
the same origin as the cot?(6./2) dependence of the differ-
ential cross section in electron-hadron scattering (where
0. is the electron scattering angle in the laboratory sys-
tem) and as the cos? # dependence of the differential cross
section for the inclusive process ete™ — h X, where h de-
notes the final detected hadron and @ is the angle between
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the three-momenta of the hadron and of the electron in
the overall CMS.

One can see that the value of W7(0) determines the
probability of the radiative decay width Iy = I'(M — 27),
ie.,

71 42Wm+Wyy/ 40
Iy = gt L2 [ 5l - g — k)

y A3k d3q o
(27)32w; (27)32ws  4m

W1(0).

This allows one to rewrite the Dalitz distribution in the
following form:

1 d2r T « 1 4m§
L+ L (1- R (6)
L k(z) 4];2 L ]{3(2) )

where Ry (t) = W1(t)/W1(0) and Ry (t) is defined in (5).

Therefore the study of the energy distribution of lep-
tons in M — ~4¢*¢~ in the Dalitz plane allows one to de-
termine Ry (t) and Rr(t), i.e., the two fundamental quan-
tities of the decay considered, as functions of the effective
mass of the £/~ system.

The result of the integration in (6) over the variable y
determines the ¢/~ effective mass spectrum in the decay
M — ~0t 0~ [19]:

1dr Loy 20 (1-12) m?
Fodm(M—>'y€€)—37TRT(t) . <1+2t

x,/l—ﬁ {1+RL@)2]ZS}. (7)

Turning to the specific decay n. — y*, in this case (and
more generally for any neutral pseudoscalar meson) the

hadron electromagnetic current reads
F(t
T = %%aﬁwkaeﬁqvv (8)

where eg is the polarization four-vector of the real photon
and F(t) the electromagnetic form factor of the transi-
tion 1. — ~v*, which has a nonzero imaginary part for
t > 4m?2. Note that we have defined the form factor dif-
ferent from Lepage and Brodsky [20]. Inserting (8) into
the definition of the tensor Wy, (3), we obtain

2
m
Wit) = [F@RP( - 22", Walt) =0,
ie. Rp(t) =0.

There are three different processes for studying the ¢
dependence of F':

— The photoproduction of 7. in ve~™ — n.e~ at space-like
momentum transfers;

— The decay 1. — v£T¢~, at time-like momentum trans-
fers, 4mf <t <m?

— The reaction ete™ — 7.7, at time-like momentum
transfers, t > m?.
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Fig. 3. Scheme for the momentum transfer regions covered by
the reactions vye~ — nc.e”, e — veTe” and eTe” — Ny

Therefore the simultaneous study of all these differ-
ent processes allows one to determine the ¢ dependence
of the electromagnetic form factor F(t) for any value of ¢
(see Fig.3). Moreover, all the possible observables in the
above mentioned processes depend only on |F(¢)|?. This
means that the phase of F(¢) in the time-like region can-
not be measured. But the determination of this phase as
a function of t is very important. For example, a disper-
sion relation for the form factor F(t), considered as an
analytical function of ¢, can be analyzed only if both the
modulus and the phase of F(t) are known. The problem of
measuring the phase of complex form factors of hadrons
in the time-like region is not yet solved. This is a common
problem of the electromagnetic form factor of the charged
pion, of the neutral and charged kaons, etc.

The determination of the transition form factor F(t)
is necessary for calculating the following observables:

— The Dalitz distribution in the variables z and y;

— The spectrum of the effective masses in 1, — Y074~;

— The coefficient of internal conversion, i.e. the ratio of
the decay width of . — v£*¢~ to the decay width of

Ne = 7!

(1—a)?

+ p— 1
;- Tl =7 )_2a/ 4 ‘F(t)
é

T, T 3

T1F(0)

2 Am2\ /2
x(1+2";‘€) <1—Tf) . (9)

This coefficient derives its main contribution from small
values of t, therefore it is sensitive to the mass of the
lepton, in particular it is different in the decays n. —
~vete™ and g, — yut .

3 Two models for F(t)

Now we consider the predictions of two models, the VDM
and a pQCD-inspired non-relativistic model.

3.1 Vector dominance model

In the framework of VDM (Fig.4), the ¢ dependence of
the electromagnetic form factor F'(t) can be written as

g
v

where we have summed over the contributions of the vec-
tor mesons. my is the vector meson mass, fy is the con-
stant of the v* — V transition and g(V — 7.y) is the
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Fig. 4. Diagram for the process 7. — 7" in the framework
of VDM

constant in the vertex V. — n.v. If my > m, the decay
V' — n.7v is possible and the corresponding branching ra-
tio allows one to determine the constant g(V — 7.v), or,
more exactly, as previously discussed, the modulus of this
constant. Incidentally, notice that the constant fy deter-
mines the decay width of V' — ¢T¢~ (see Appendix).
The constants gy satisfy two important conditions:

Xy £ = F0), (11)
>ovgv =0. (12)

The first one is a relation between different gy, through
an evident normalization of F'(t). The constant F(0) can
be determined from the decay width of n. — 27, i.e., from

Iy = SIFO) m, (13)
which is experimentally known. Again, the value of the
width Iy does not fix the sign of F(0), which introduces
a two-fold ambiguity in (11).

The relation (12) results from a specific asymptotic
behavior of F'(t): the structure of the current 7, shows
that F(t) oc =2 for large |t|. This differs from the standard
[t| behavior of the elastic electromagnetic form factors
of mesons; however, it agrees with the quark counting rule,
and it results from the presence in (8) of an additional
four-momentum, owing to the electromagnetic current of
the decay considered.

The simplest model that can be suggested here for F(t)
must contain the contribution of two vector mesons. The
problem is how to select the most important contributions.

Taking into account the ¢¢ nature of 7., the J/v¢ seems
to be a good candidate, as confirmed by the value of the
branching ratio Br(J/v¢ — n.y) = (1.3 £0.4)%. Similarly
the branching ratio Br(n. — pp) = (2.6 + 0.9)% exhibits
the importance of the p contribution to the form factor
F(t). Therefore, in such a two-pole model we find the fol-
lowing two parameterizations:

m2m?
F(t) = +[F(0)| 22 ( L ) :
My = My t—my tfmJ/w
(14)

which cannot be disentangled in the study of the above
mentioned processes.

In order to avoid singularities at ¢t = m%h we have to
substitute m#, — m¥ —imy Iy, where I'y is the width of
the V meson (V = p, J/9).
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Fig. 5. Diagrams for the process c¢ — yete™

These parameterizations offer a numerical estimation
of all the observables of the 7. photoproduction on elec-
trons, ye~ — n.e”, and of the decay 1. — v¢*£~, where
t < m?2. In both processes the p contribution is particu-
larly important at relatively small momentum transfers,
[t| < 1GeV2. The J/1 contribution plays an important
role in the decay 1. — €74~ near the upper kinematical
limit in the variable ¢, t — m?2, where the J/1 pole is very
close to the physical region.

On the other hand this simplified parameterization is
not convenient for the study of the annihilation process,
eTe” — n.y, to which the entire set of ¢ resonances in
principle could contribute. In this case formula (14) has
to be generalized, taking into account, at least,

— the contribution of additional 1) resonances;
— the widths of such resonances, as illustrated above.

In the framework of VDM it is in principle possible to
write a five-pole representation for F'(t), with the contri-
butions of p, J/1,1(3.77),1(4.04),1(4.41). The constants
gv of p, J/v and 1(3.77) can be found using the existing
experimental data about the radiative decays: J/1¢ — 1.7,
W(3.77) = ey, Ne — pp, p — ete™, J/¢p — eTe™ and
1(3.77) — eTe™. The details of the calculation are given
in the Appendix. On the other hand, using relations (11)
and (12), it is possible to find the constants gy of the
¥ (4.04) and the 1)(4.41) resonances. As two choices are
possible for the sign of F(0) and for the constants gy for
the first three resonances, p, JJ/1 and (3.77), one finds
a 2% = 16 fold parameterization for F(t), which prevents
any realistic estimation of the ¢ behavior of the cross sec-
tion for the process ete™ — 1.7. So our prediction of the
various characteristics of the decay 7. — vete™ will be
based on the simplified two-pole model for F(t).

3.2 QCD-inspired model

Now we consider the process of ¢¢ quark annihilation into
~vv*, which receives the contribution of the two diagrams
illustrated in Fig. 5.

In the limit of |p] = 0 (where p'is the relative momen-
tum of the ¢¢ system in the CMS), the ¢¢ annihilation in
a singlet S state — which has the quantum numbers of the
ne meson, J© =0~ — is described by a matrix element of
the form ~ ~

M(ce) xk-€x e, (15)

where & (¢/) is the polarization vector of the real (virtual)
photon. The following relations hold: ek #0and ek = 0.
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Fig. 6. x dependence (x = t/m?) of |F(t)/F(0)|* in the VDM

two-pole model (dashed-dotted line) and in the QCD-inspired

model for different values of the transverse quark momentum:

2(k%)/m? = 0.075 (solid line), 2(k2)/m? = 0.100 (dashed

line), and 2(k3)/m? = 0.125 (dotted line)

The result (15) can be found, without specific calculations,
on the basis of symmetry properties relative to C' and
P transformations for the process c¢ — vy*. Due to the
positive C' parity of the two final ~s, the sum of the total
spin S and the angular momentum ¢ of the (c¢) system
must be even. But in the limit of p’ — 0 we have £ = 0,
therefore S = 0. In this limit the ¢ dependence of the
resulting matrix element for ¢c¢ — vy* can be identified
with the ¢ dependence of the form factor F(¢) of the decay
1. — vv*. This dependence can be written in terms of the
¢ quark propagators in the elementary process c¢ — yy*,
which are identical for both diagrams of Fig. 5. Therefore
in the limit of p’= 0 we have

1 1 p=0 1
Ft = =
O PPy S e Sl B vy A B
2
- k2 — 4m2’

which implies that F(t) oc [t|~! for large [t|, unlike the
VDM.

The parameter 4m? which appears in the denomina-
tor should be identified with a physical quantity. The sim-
plest possibility is to set 2m. = m ;/,, which corresponds
to the J/v contribution to F(t), appearing in the frame-
work of VDM. A perturbative approach, on the basis of
a factorization of short- and long-distance physics [20], as
considered by Feldmann and Kroll [21,22] in the space-like
region, results in

4m? — m? + 2(k%), (16)
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Table 1. Prediction for the coefﬁcienﬁts of internal conversion
in units of 1072. We have set A = 2(k3 /m?)

Model Ne = vete™ ne—yutp”
VDM 3.99 2.39
QCD, A =0.075 2.22 0.61
QCD, A =0.100 2.22 0.60
QCD, A =0.125 2.21 0.69

where k| denotes the transverse momentum of the ¢ quark
in the 7, meson [23]. This substitution may be regarded as
a possible procedure for taking into account the transverse
momentum of the quark inside the meson. On the other
hand, note that our QCD-inspired consideration above is
valid for any ¢, both space-like and time-like, except for a
small neighborhood of ¢t = 4m?2. Therefore, if we assume
that the substitution (16) can be extended at least up to

t < m?2, F(t) turns out to be very sensitive to (Eﬁ) near
the upper kinematical limit of the Dalitz plot, as results
from Fig. 6.

In this approach it is also possible to find the corre-
sponding form factors of the radiative decays xj — €74~
of the P-wave charmonium states, J = 0, 1 and 2. To this
end it is necessary to find the matrix element of the pro-
cess ¢¢ — yy* (see Fig.5). The spin structure of the x
decay matrix elements is

lo0d - Plat - 1 xo = v+

fiogﬁxﬁ~é'><l€§267~l;: X1 — v+,
2 €la elb_}
0ab0 - ﬁ) EaQ koky €-¢

gy (%pz; + oppa — 3
61akb e -k

X2 =7+,

where §;(2) is the two-component spinor of the ¢ (c) quark.

In the general case the decays of x¢ and x; are char-
acterized by one form factor, whereas in the case of xyo —
vv* three independent form factors are present. Notice
also that the matrix element for y; — yy* is proportional
to €/ ~E, which vanishes for real photons, in agreement with
the Landau—Yang theorem.

As one can see from Fig. 6, the VDM and QCD-inspired
model predict essentially different ¢ dependences for the
transition form factor F(¢) in the whole region 4m? <
t < m?2, where the decay 7. — T4~ occurs. The coef-
ficients of internal conversion of the decays 7. — veTe™
and 7. — yuTp~ are also strongly model dependent (see
Table 1). These properties of F(t) depend essentially on
two factors: the role of the p meson in the VDM approach
and the small mass difference between 7. and J/.

Also in the space-like region the two models describe
the form factor quite differently; in particular the QCD-
inspired model predicts for F(t) a much slower decrease
at increasing |t|, in agreement with present data [10].
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4 The reaction ete™ — 1.y

The differential cross section in the overall CMS reads

do _ M gl _ [M]? m?
R L1 1——, =0, (17
A0~ 64n?t|f|  64n% t mn (17)

where k and ¢ are the three-momenta of the colliding lep-

tons and of the produced v, and t = (k1 + k2)? is the

square of the total energy of the colliding particles.
Taking into account (8), we get

m2

3

(1 + cos®6) <1 - t) |IF@®))?, t>m>

(18)
The cross section for collinear kinematics (i.e. # = 0 or 7)
is non-vanishing, in agreement with helicity conservation.
Indeed, in the limit of m, = 0, owing to the properties
of the electromagnetic current Ty, u, we have A; = A\.— +
Ae+ = *£1; on the other hand for a real v we have Ay =
Ay = £1.

In any process of the type ete™ — v* — hihg, where
hy and ho are hadrons or hadronic states, the one-photon
mechanism is characterized by a definite angular depen-
dence:

do _ o
d  32m?

do 9

10 = A(t) + B(t) cos” 0,
where 6 is the production angle of h; in the overall CMS
and A(t) and B(t) are two structure functions which are
quadratic combinations of the electromagnetic form fac-
tors of the transition v* — hihs. In the case considered
we have only one form factor for the vertex v* — n.7v;
therefore B(t)/A(t) = 1, as results from the angular de-
pendence (18).

The threshold behavior of the cross section is propor-

tional to (1 —m?2/ t)3 and results from the magnetic dipole
radiation in the transition v* — n.7.

The factorization of the ¢t and cos # dependences in the
differential cross section of eTe™ — n.v, (18), is due to
the specific structure of the matrix element and to the
choice of the CMS as a reference frame. Therefore the
t dependence is the same for any production angle and
coincides with the ¢t dependence of the total cross section:

2\ 3
T 2 m 2
19

Equations (18) and (19) can be rewritten as

do e m2\° E(t) 2 9
@_72m31—’0 <1_t) 7F(O) (1+COS 9)
~ (1+cos?0)
=6 7
4 am m2\* F(t)|?
= (1) | 2Y
7T 3ms 0( t ) F(0)

In order to predict the t dependence of the total and dif-
ferential cross sections, it is necessary to know the form
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e -

Fig. 7. Feynman diagram for ete™ — eiefnc

factor F(¢) in the region t > m?, and especially where the
contribution of all the 1 resonances is important. From
our previous discussion it turns out that the VDM can be
applied here.

5 The process ye= — n.e".

The direct study of the reaction ve~ — n.e” is exper-
imentally difficult due to the large threshold, E ¢y =~
m?/2m,. ~9TeV. Therefore this process can be studied
through the 2y mechanism in the reaction ete™ — e*e ™7,
(see Figs.7 and 1) with a quasi-real photon produced in
the e* — e®~ vertex. In this case, for the process ye~ —
ne.e”, it is necessary to consider a particular reference
frame with colliding v and e~. Let us re-write the cross
section of ye~ — n.e” in terms of the Mandelstam vari-
ables s, t and u, which can be defined in the standard
form, according to the following notation of the particles
four-momenta:

v(q) + e (k1) = e (k2) + ne(p),

s = (kl + q)27
U= (k2 - q)2a
t= (k1 — ka2)?,

where ¢, p and k1 (kg) are the four-momenta of the photon,
of . and of the initial (final) electron. In the overall CMS
the differential cross section can be written as

do. (ve~ —nee”) = LM 1—m—2
de, " e  64n2s s )

In the one-photon exchange approximation the expression
of [M|? can be derived from (5), by exploiting the crossing
symmetry. In the direct channel we have

'[F(1)

|IM|? = oy (14 cos? ) (t —m?)?, (20)

where ¢ is the overall CMS energy squared.
Taking into account the relation

4su

2 _
1 — cos e—m,
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the invariant differential cross section for ye~™ — e7 1, is
found to be

do Ta? 92 9
= = [t — 2us]|F(t
T = Tyl = = 20 F)
! F(t)|? (t — m?)% = 2us
= dr— T 21
T3 0| F(0) s2[t] 1)

Since the four-momentum transfer in this process is space-
like, the reaction considered is especially sensitive to the
p meson contribution, which is the lightest vector meson
— in particular for [t| < 1GeV?2.

In the framework of the one-photon mechanism a def-
inite prediction for the polarization observables can be
derived. Independently of the kinematical conditions, the
absorption asymmetry of a linearly polarized photon, i.e.,

o] — 0”

b
O'l—l-U”

where o1 (o) is the differential cross section with lin-
early polarized photons, whose polarizations are orthog-
onal (parallel) to the reaction plane, is equal to 1. This
result, which implies o = 0, follows from parity conser-
vation.

This prediction can be tested using a linearly polar-
ized photon beam and detecting the final electron. The
electron polarization here does not carry any additional
information, owing to the presence of a single electromag-
netic form factor. However, for two-spin polarization ob-
servables non-trivial effects can be produced by the col-
lisions of circularly polarized photons with longitudinally
polarized electrons.

6 Conclusions

We have considered some characteristics of the radiative
decay 1. — €T, such as the Dalitz distribution with
respect to the energies of the two final leptons, the effec-
tive mass spectrum of the lepton pair and the coefficient of
internal conversion, i.e. the ratio I'(n. — v¢™¢~)/I'(n. —
27). We have used two different models for the electro-
magnetic form factor F'(t). The VDM allows one to find
a relatively simple two-pole representation for the form
factor F'(t), with a definite normalization at t = 0 and an
asymptotic behavior in t~2, in agreement with the quark
counting rule. The VDM parameterization contains the
contribution of the p meson (which is important owing to
the large width of the decay 1. — p%p") and the J/4 con-
tribution. This two-pole representation can be used for
analyzing the decay 1. — Y£*¢~, which corresponds to
time-like ¢, and the photoproduction process ye~ — n.e™,
where ¢ is space-like. However, in the calculation of the en-
ergy dependence of the differential and total cross section
of the process eTe™ — n.y the form factor F(t) could
be sensitive to the whole set of ¢ resonances. A suitable
parameterization of the form factor, in terms of the con-
tribution of the vector mesons p, J/v, ¥(3.77), 1¥(4.04)
and 1(4.41), can be found in the framework of VDM, but
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e (k)

e’ (k,)

Fig. 8. Diagram of the decay V — eTe™, with notation of

particle four-momenta, in the framework of the one-photon
exchange mechanism

P

Fig. 9. Diagram of the decay V' — P~y

with a 24 = 16 fold ambiguity in the definition of the signs
of the various constants. The QCD-inspired model for the
form factor F(t) on the basis of the process cc — y£+{~
(with two-pole Feynman diagrams) results in a parame-
terization which is very similar to the J/v¢ contribution
alone. This model predicts an asymptotic behavior of the
type [t|~! for large |t], in contrast with the VDM.

Appendix

Here we consider the decays 1. — pp°, V. — 7.y and

V — £74~, whose decay constants are necessary for the
calculation of the form factor F(¢) in VDM.

The matrix element for the process 1. — p°p" can be
written as ( 0,)

g —
M= %GwaﬁUmUwpmpw»

where Uy (Uz) and p;(p2) are the polarization four-vectors
and four-momenta of the two produced particles. Sum-
ming over the final polarizations, the partial decay width
reads

m
I'(ne — p°p%) = sil9me = p°p%)|? (

the constant g(n. — p°p°) being dimensionless in the
present normalization.

The matrix element of the decay V' — £+¢~ (see Fig. 8,
which illustrates the notation of the particle four-mo-
menta), can be written as

M= levﬂ(kl)%Lu(kg)U”7

where U, is the polarization four-vector of the V' meson.
Averaging over U, and summing over the final lepton po-
larizations, we find, in the limit of zero leptonic mass,

(Vo0 )=a?
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The matrix element of the decay V' — P~, where P is
a pseudoscalar meson (Fig.9), can be written as

eg(V — P7y)
my

M= e“VO‘BU#e,,qakﬁ.

Summing over the v polarizations and averaging over the
V' polarizations yields

ag* (V. — P m?\°
F(V—>Py)=7g(24 7)mv<1—mz) :
\%4

Finally, gy is connected to g(V — P~) and fy through
the relation

gv = efyg(V — Py)my,.

We stress that this relation does not fix the sign of the
constant gy .
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