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JÕc dissociation cross sections in a relativistic quark model
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We calculate the amplitudes and the cross sections of the charm dissociation processesJ/c1p

→DD̄,D* D̄(D* D),D* D* within a relativistic constituent quark model. We consistently account for the
contributions coming from both the box and triangle diagrams that contribute to the dissociation processes. The

cross section is dominated by theD* D̄ andD* D* channels. When summing up the four channels we find a
maximum total cross section of about 2.3 mb atAs'4.1 GeV. We compare our results to the results of other
model calculations.
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I. INTRODUCTION

The analysis of theJ/c dissociation cross section is im
portant for understanding the suppression ofJ/c production
observed in Pb-Pb collisions by the NA50 Collaboration
the CERN Super Proton Synchrotron~SPS! @1#. There are a

number of theoretical calculations on thecc̄1 light hadron
cross sections~see, e.g., the review Ref.@2#!. However, they
give widely divergent results, which implies that one is s
far away from a real understanding of the scattering mec
nism. The nonrelativistic quark model has been applied in@3#
and @4–6# for the calculation of the cross sections for t

dissociation processescc̄1qq→̄cq̄1qc̄. The calculated

cross sections for the reactionsJ/c1p→DD̄, D* D̄, DD* ,
D* D* have the following common features: they rise ve
fast from zero at threshold to a maximum value and fina
fall off due the Gaussian form of the potential. The mag
tude of the maximum total cross section was found to
'7 mb atAs'4.1 GeV in@3# and a somewhat smaller valu
of '1.4 mb atAs'3.9 GeV in@4–6#.

Another approach to studying the charm dissociation p
cess started with the model proposed by Matinian and Mu¨ller
@7#. They assumed that the dissociation cross section is do
nated, in thet channel, by theD meson exchange. A gene
alization of this approach can be found in@8–13# where an
effective chiral SU~4! Lagrangian was employed. Such a
approach seems to us quite problematic for the follow
reasons:~i! SU~4! is a badly broken symmetry, and~ii ! some
of the couplings in the chiral SU~4! Lagrangian are un-
known. Nevertheless, this is a relativistic approach that
lows one to study the above processes in a systematic f
ion. In this framework, the dissociation cross section ofJ/c
by light hadrons is predicted to be, near the physical thre
old, in the range 1–10 mb. Moreover, it is interesting to re
to the paper@12#, where theJ/c dissociation byp and r
0556-2821/2004/70~1!/014005~16!/$22.50 70 0140
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mesons was examined in the meson exchange model@12#
and compared to the quark interchange model. The aut
of this paper found that the meson exchange model co
give predictions similar to those of the quark interchan
models, not only for the magnitudes but also for the ene
dependence of the low-energy dissociation cross section
the J/c by p andr mesons.

It appears that the microscopic quark nature of hadron
important in charm dissociation processes. The first step i
calculate the relevant form factors corresponding to the tr
and quartic meson vertices in the kinematical region of
dissociation reaction. QCD sum rules have been used
Refs. @14–17# to evaluate those form factors and to dete
mine the charm cross section. The cross section was foun
be about 1 mb atAs'4.1 GeV with a monotonic growth
when the energy is increased@17#.

An approach based on the 1/N expansion in QCD com-
bined with the Regge theory gives, for the total dissociat
cross section, a value of a few millibarns near toAs
'4 GeV @18#.

We also mention the work of Deandreaet al., where the
strong couplingsJ/cD* D* andJ/cD* D* p were evaluated
in the constituent quark model@19#. Finally, an extension of
the finite-temperature Dyson-Schwinger equation appro
to heavy mesons and its application to the reactionJ/c1p

→D1D̄ was considered in@20#.
We employ a relativistic quark model@21# to calculate the

charm dissociation amplitudes and cross sections. T
model is based on an effective Lagrangian which descri
the coupling of hadronsH to their constituent quarks. Th
coupling strength is determined by the compositeness co
tion ZH50 @22# whereZH is the wave function renormaliza
tion constant of the hadronH. One starts with an effective
Lagrangian written down in terms of quark and hadr
fields. Then, by using Feynman rules, theS-matrix elements
describing the hadronic interactions are given in terms o
©2004 The American Physical Society05-1



o
n
u

le
ad
e

iz
ad
o

g
he
e
g
y
b

ing
to

t

a
u

th

fly
ne

n
a-
ia

rm
c
io

h
s
f
s
io

t

n
tary

In
e
e-
are
s
tate.

e
is

nor-

and
ob-
ual
on-

sed
to
ith
m-

ed

tic

ath
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set of quark diagrams. In particular, the compositeness c
dition enables one to avoid a double counting of the hadro
degrees of freedom. The approach is self-consistent and
versally applicable. All calculations of physical observab
are straightforward. The model has only a small set of
justable parameters given by the values of the constitu
quark masses and the scale parameters that define the s
the distribution of the constituent quarks inside a given h
ron. The values of all fit parameters are within the window
expectations.

The shape of the vertex functions and the quark propa
tors can in principle be found from an analysis of the Bet
Salpeter and Dyson-Schwinger equations as was done,
in @23#. In this paper, however, we choose a phenomenolo
cal approach where the vertex functions are modeled b
Gaussian form, the size parameter of which is determined
a fit to the leptonic and radiative decays of the lowest-ly
light, charm, and bottom mesons. For the quark propaga
we use a local representation.

We calculate the amplitudes and the cross sections of
charm dissociation processes

J/c1p→D1D̄,

J/c1p→D* 1D̄~D* 1D !,

J/c1p→D* 1D* .

These processes are described by both box and reson
diagrams which can be calculated straightforwardly in o
approach. We compare our results with the results of o
studies.

The layout of the paper is as follows: In Sec. II we brie
discuss our relativistic quark model. In Sec. III we outli
the calculational technique of the arbitraryn-point one-loop
diagrams with local propagators and Gaussian vertex fu
tions. We give explicit result for the triangle and box di
grams which are the building blocks of the charm dissoc
tion amplitudes. In Sec. IV we calculate the cha
dissociation amplitudes and the total cross sections. In Se
we perform the numerical analysis and give our predict
for the cross sections.

II. THE MODEL

The coupling of a mesonH to its constituent quarksq1

and q̄2 is determined by the Lagrangian

Lint
Str~x!5gHH~x!E dx1E dx2FH~x,x1 ,x2!q̄2~x2!

3GHlHq1~x1!1H.c. ~1!

Here,lH and GH are Gell-Mann and Dirac matrices whic
describe the flavor and spin quantum numbers of the me
field H(x). The functionFH is related to the scalar part o
the Bethe-Salpeter amplitude and characterizes the finite
of the meson. To satisfy translational invariance, the funct
FH has to satisfy the identityFH(x1a,x11a,x21a)
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5FH(x,x1,x2) for any four-vectora. In the following we use a
particular form for the vertex function,

FH~x,x1 ,x2!5d~x2c12
1 x12c12

2 x2!FH„~x12x2!2
…, ~2!

where FH is the correlation function of two constituen
quarks with massesm1 , m2 andci j

k 5mk /(mi1mj ).
The coupling constantgH in Eq. ~1! is determined by the

so-calledcompositeness conditionoriginally proposed in@22#
and extensively used in@24#. The compositeness conditio
requires that the renormalization constant of the elemen
meson fieldH(x) is set to zero,

ZH512
3gH

2

4p2
P̃H8 ~MH

2 !50, ~3!

whereP̃H8 is the derivative of the meson mass operator.
order to clarify the physical meaning of this condition, w
note thatZH

1/2 is also interpreted as the matrix element b
tween a physical particle state and the corresponding b
state. ForZH50 it then follows that the physical state doe
not contain the bare one and is described as a bound s
The interaction Lagrangian in Eq.~1! and the corresponding
free Lagrangian describe both the constituents~quarks! and
the physical particles~hadrons! which are bound states of th
quarks. As a result of the interaction, the physical particle
dressed, i.e., its mass and wave function have to be re
malized. The conditionZH50 also effectively excludes the
constituent degrees of freedom from the physical space
thereby guarantees that a double counting of physical
servables is avoided. The constituent quarks exist in virt
states only. One of the corollaries of the compositeness c
dition is the absence of a direct interaction of the dres
charged particle with the electromagnetic field. Taking in
account both the tree-level diagram and the diagrams w
the self-energy insertions into the external legs yields a co
mon factorZH which is equal to zero. We refer the interest
reader to our previous papers@21,24,25# where these points
are discussed in more detail.

We briefly discuss the introduction of the electromagne
field into the nonlocal Lagrangian in Eq.~1! in a gauge in-
variant manner. This can be accomplished by using the p
exponential@26#

Lint
Str1em~x!5gHH~x!E dx1E dx2FH~x,x1 ,x2!

3q̄2~x2!eieq2
I (x2 ,x,P)GHlHe2 ieq1

I (x1 ,x,P)q1~x1!,

~4!

where

I ~xi ,x,P!5E
x

xi
dzmAm~z! ~5!

and wherezm is a coordinate point on the pathP. At first
sight it appears that the results depend on the pathP which
connects the end pointsx andx1 in the path integral in Eq.
5-2
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~5!. However, we need to know only derivatives of su
integrals for the perturbative calculations here. Therefore,
use a formalism@26# which is based on the path-independe
definition of the derivative ofI (x,y,P):

lim
dxm→0

dxm
]

]xm
I ~x,y,P!5 lim

dxm→0

@ I ~x1dx,y,P8!

2I ~x,y,P!#, ~6!

where the pathP8 is obtained fromP by shifting the end
point x by dx. The use of the definition in Eq.~6! leads to the
key rule

]

]xm
I ~x,y,P!5Am~x!, ~7!

which in turn states that the derivative of the path integ
I (x,y,P) does not depend on the pathP originally used in
the definition. This allows one to construct the perturbat
theory in a consistent way and guarantees the impleme
tion of charge conservation and the Ward identities.

As an example, we consider the transitionJ/c→g which
is now described by two diagrams in Fig. 1:~a! the standard
‘‘bubble’’ and ~b! the ‘‘tadpole’’ ones. The total matrix ele
ment has a manifestly gauge invariant form

MJ/c
mn ~p!5~gmnp22pmpn!MJ/c~p2!, ~8!

where

MJ/c~p2!5ec

3gJ/c

4p2

1

p2E0

`

dt
t

~11t !2E0

1

da$yaF̃J/c~za!

2ybF̃J/c~zb!%,

ya5S 11
t

2Dmc
21

p2

4

113t/222t3a~12a!

~11t !2
,

za5t@mc
22a~12a!p2#2

t

11t S 1

2
2a D 2

p2,

FIG. 1. The diagrams corresponding to theJ/c→g transition:
~a! the usual one and~b! the ‘‘tadpole.’’
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4 G ,

zb5tmc
22S 12

a

11t D ap2

4
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For the pseudoscalar and vector mesons treated in
paper the derivatives of the mass operators are written a

P̃P8 ~p2!5
1

2p2
pa

d

dpaE d4k

4p2i
F̃P

2 ~2k2!

3tr@g5S1~k”1c12
1 p” !g5S2~k”2c12

2 p” !#,

P̃V8 ~p2!5
1

3 Fgmn2
pmpn

p2 G 1

2p2
pa

d

dpaE d4k

4p2i
F̃V

2~2k2!

3tr@gnS1~k”1c21
1 p” !gmS2~k”2c12

2 p” !#. ~9!

The leptonic decay constantsf P and f V are

FIG. 2. The strong triangle and box diagrams.
5-3



n from
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TABLE I. The physical quantities used in least-squares fitting our parameters. The values are take
the Particle Data Group@28# or from lattice simulations@29#. The value off Bc

is our average of QCD sum
rules calculations@30#. All numbers are given in MeV except forgp0gg .

This model Expt. or lattice This model Expt. or lattice

f p 130.7 130.760.160.36 gp0gg 0.272 GeV21 0.273 GeV21

f K 159.8 159.861.460.44 f J/c 405 405617

f D 211
203614

226615
f B 182

173623

198630

f Ds
244

230614

250630
f Bs

209
200620

230630
f Bc

360 360 f Y 710 710637
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3gP

4p2E d4k

4p2i
F̃P~2k2!tr@gmg5S1~k”1c12

1 p” !g5S2~k”2c12
2 p” !#

5 f Ppm,

3gV

4p2E d4k

4p2i
F̃V~2k2!tr@gmS1~k”1c12

1 p” !g•eVS2~k”2c12
2 p” !#

5mVf VeV
m .

We use free fermion propagators for the valence quarks

Si~k” !5
1

mi2k”
~10!

with an effective constituent quark massmi . As discussed in
@21,24# we assume for the meson massMH that

MH,m11m2 ~11!

in order to avoid the appearance of imaginary parts in
physical amplitudes. This holds true for the light pseud
scalar mesons but is no longer true for the light vector m
sons. We shall therefore employ identical masses for
pseudoscalar mesons and the vector mesons in our m
element calculations but use physical masses in the p
space calculation. This is quite a reliable approximation
the heavy vector mesons, e.g.,D* andB* , where the hyper-
fine splitting between theD* and D and theB* and B,
respectively, is quite small.

The shape of the vertex functions and the quark propa
tors can in principle be found from an analysis of the Bet
Salpeter and Dyson-Schwinger equations as was done,
in @23,27#. In this paper, however, we choose a phenome
logical approach where the vertex functions are modeled
a Gaussian form, the size parameter of which is determi
by a fit to the leptonic and radiative decays of the lowe
lying light, charm, and bottom mesons~see Table I!. Our
previous studies of phenomena involving the low-lying ha
rons have shown that this approximation is successful
reliable @21,24#. We employ a Gaussian for the vertex fun
tion of the formF̃H(kE

2)8exp(2kE
2/LH

2 ), wherekE is a Eu-
clidean momentum. The size parametersLH

2 are determined
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by a fit to experimental data, when available, or to latt
results for the leptonic decay constantsf P and f V whereP
5p,D,B andV5J/c,Y. Here we improve the fit by using
the MINUIT code in a least-squares fit. The values of the
parameters are displayed in Table II. The quality of the
may be assessed from the entries in Table I.

III. STRONG TRIANGLE AND BOX DIAGRAMS

Transition matrix elements involving composite hadro
are specified in the model by the appropriate quark diagr
Here, we give explicit expressions for the integrals cor
sponding to the strong triangle and box diagrams shown
Fig. 2.

First, we will make the transformations which are com
mon for all one-loop diagrams with local propagators a
Gaussian vertex functions. The Feynman integral co
sponding to a one-loop diagram withn propagators and, re
spectively,n-vertex functions may be written in Minkowski
space as

I n~p1 , . . . ,pn!5E d4k

4p2i
trF)

i 51

n

F̃ i~2~k1v i 1n!2!

3G iSi~k”1v” i !G ~12!

where the vectorsv i are linear combinations of the extern
momentapi to be specified later on,k is the loop momentum,
andG i are Dirac matrices for thei meson@cf. Eq. ~1!#. The
external momenta are all chosen as ingoing such that one
( i 51

n pi50.
The propagators can be written as

TABLE II. The fitted values of the model parameters.

Quark Energy LH Energy LH Energy
masses ~GeV! ~GeV! ~GeV!

mu5md 0.223 Lp 1.074 LBc
1.959

ms 0.356 LK 1.514 LJ/c 2.622
mc 1.707 LD5LDs

1.844 LY 3.965
mb 5.121 LB5LBs

1.887
5-4
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TABLE III. The matrix ai j 5(v i2v j )
2 for the triangle diagram. Here,v150, v252p2 , v35p1 , v45c13

1 p1 , v552c12
1 p2 , v65p1

1c23
3 p3.

a125p2
2 a135p1

2 a235p3
2

a145(c13
1 )2p1

2 a155(c12
1 )2p2

2 a165c23
2 p1

22c23
2 c23

3 p3
21c23

3 p2
2

a245c13
3 p2

22c13
1 c13

3 p1
21c13

1 p3
2 a255(c12

2 )2p2
2 a265(c23

2 )2p3
2

a345(c13
3 )2p1

2 a355c12
2 p1

22c12
1 c12

2 p2
21c12

1 p3
2 a365(c23

3 )2p3
2

a455c13
1 (c13

1 2c12
1 )p1

2 a465c13
3 (c13

3 2c23
3 )p1

2 a565c12
2 (c12

2 2c23
2 )p2

2

1c12
1 (c12

1 2c13
1 )p2

21c12
1 c13

1 p3
2 1c23

3 (c23
3 2c13

3 )p2
21c13

3 c23
3 p3

2 1c23
2 (c23

2 2c12
2 )p3

21c12
2 c23

2 p1
2

-

r-
o
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n

-
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V,
Si~k”1v” i !5~mi1k”1v” i !•E
0

`

db ie
2b i [mi

2
2(k1v i )

2] . ~13!

For the vertex functions one writes

F̃ i~2~k1v i 1n!2!5eb i 1n•(k1v i 1n)2
, i 51, . . . ,n,

~14!

where the parametersb i 1n5si51/L i
2 are the size param

eters. One can then easily perform the integration overk:

E d4k

p2i
expH (

i 51

2n

b i~k1v i !
2J

5
1

b2
expH 1

b (
1< i , j <2n

b ib j~v i2v j !
2J . ~15!

Here, b5( i 51
2n b i . The numeratormi1k”1v” i can be re-

placed by a differential operator in the following manner:

E d4k

p2i
)
i 51

n

G i~mi1k”1v” i !e
bk212kr

5)
i 51

n

G i S mi1v” i1
1

2
]” r D • 1

b2
e2r 2/b

5
1

b2
e2r 2/b)

i 51

n

G i S mi1v” i2
1

b
r”1

1

2
]” r D .

~16!

We thus have

I n~p1 , . . . ,pn!5)
i 51

n E
0

` db i

b2
expH 2(

i 51

n

b imi
2

1
1

b (
1< i , j <2n

b ib j~v i2v j !
2J

3
1

4
trF)

i 51

n

G i S mi1v” i2
1

b
r”1

1

2
]” r D G ,

~17!

wherer 5( i 51
2n b iv i . Finally, we effect some further transfo

mations on the integration variables to get the integral int
form suitable for numerical evaluation. We use the formu
01400
a

)
i 51

E
0

`

db i f ~b1 , . . . ,bn!

5E
0

`

dttn21)
i 51

n E
0

`

da idS 12(
i 51

n

a i D f ~ ta1 , . . . ,tan!;

and we scale thet variable by t→wt with w5( i 51
n b i 1n

5( i 51
n si and introduce the new variableb̃ i5b i /w( i 5n

11, . . . ,2n).
We have

I n~p1 , . . . ,pn!

5E
0

`

dt
tn21

~11t !2)i 51

n E
0

`

da idS 12(
i 51

n

a i D •e2wz

3
w2

4
trF)

i 51

n

G i S mi1v” i2
1

11t
r”̃1

1

2w
]” r̃ D G ,

~18!

where

r̃ 5t(
i 51

n

a iv i1 (
i 5n11

2n

b̃ iv i .

The z form in the exponential function is written as

z5tzloc2
t

11t
z12

1

11t
z2 , ~19!

zloc5(
i 51

n

a imi
22 (

1< i , j <n
a ia jai j ,

z15(
i 51

n

a i (
j 5n11

2n

b̃ jai j 2 (
1< i , j <n

a ia jai j ,

z25 (
n11< i , j <2n

b̃ i b̃ jai j .

The matrix ai j 5(v i2v j )
2 depends on the invariant kine

matical variables. Explicit expressions for this matrix for t
triangle and box diagrams are given in Tables III and I
respectively. We will introduce the variablev5t/(11t)(0
<v<1) in Eq. ~18! in what follows.
5-5
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TABLE IV. The matrix ai j 5(v i2v j )
2 for the box diagram. Here,v150, v252p2 , v352p22p3 , v45p1 , v55c14

1 p1 , v6

52c12
1 p2 , v752p22c23

2 p3 , v85p11c34
4 p4.

a125p2
2 a135(p21p3)2 a145p1

2

a235p3
2 a245(p11p2)2 a345p4

2

a155(c14
1 )2p1

2 a165(c12
1 )2p2

2 a175c23
3 p2

22c23
2 c23

3 p3
2

1c23
2 (p21p3)2

a185c34
3 p1

22c34
3 c34

4 p4
2 a255c14

4 p2
22c14

1 c14
4 p1

2 a265(c12
2 )2p2

2

1c34
4 (p11p4)2 1c14

1 (p11p2)2

a275(c23
2 )2p3

2 a285c34
4 p3

22c34
3 c34

4 p4
2 a355c14

1 p4
22c14

1 c14
4 p1

2

1c34
3 (p31p4)2 1c14

4 (p11p4)2

a365c12
1 p3

22c12
1 c12

2 p2
21c12

2 (p21p3)2 a375(c23
3 )2p3

2 a385(c34
3 )2p4

2

a455(c14
4 )2p1

2 a465c12
2 p1

22c12
1 c12

2 p2
2 a475c23

2 p4
22c23

2 c23
3 p3

2

1c12
1 (p11p2)2 1c23

3 (p31p4)2

a485(c34
4 )2p4

2

th
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Some further remarks are appropriate. One can see
the existence of the loop integral Eq.~18! is defined by the
local a form zloc . Even if we apply the constraints Eq.~11!
it does not guarantee that this form is always positive.
instance, in the simplest triangle diagram withp1

25p2
25p3

2

[p2 and m15m25m35m the form zloc50 if p253m2.
Such singularities in the Feynman diagrams with lo
propagators are called anomalous thresholds~see the discus
sion in Ref.@31# and other references therein!. The situation
is much more complicated in the case of the box diagra
Obviously, we cannot consider the annihilation proces
when the energy is large enough to go beyond the nor
thresholds corresponding to quark production. However
the case of the dissociation processes considered here
local form zloc is always positive, and we are able to ma
self-consistent and reliable predictions for physical obse
ables.

IV. THE JÕc DISSOCIATION AMPLITUDES
AND CROSS SECTIONS

In our approach the dissociation processesJ/c1p1

→D1D0, D* 11D0, andD* 11D* 0 are described by the
diagrams in Fig. 3.

Our momentum labeling is defined by

J/c~p1!1p1~p2!→D3
1~q1!1D4

0~q2!, ~20!

where D3
15D1 or D* 1, D4

05D0 or D* 0, p1
25mH1

2

[mJ/c
2 , p2

25mH2
2 [mp

2 , q1
25mH3

2 [mD1
2 (mD* 1

2 ), q2
25mH4

2

[m
2
D0(m

2
D* 0).

The Mandelstam variables are defined in the stand
form

s5~p11p2!25~q11q2!2,

t5~p12q1!25~p22q2!2,

u5~p12q2!25~p22q1!2,

wheres1t1u5mH1
2 1mH2

2 1mH3
2 1mH4

2 .
01400
at

r

l

s.
s
al
n
the

-

rd

Cross sections are calculated by using the formula

s~s!5
1

192ps

1

p1,cm
2 E

t2

t1

dtuM ~s,t !u2, ~21!

whereM (s,t) is an invariant amplitude and

t65~E1,cm2E3,cm!22~p1,cm7q1,cm!2,

E1,cm5
s1mH1

2 2mH2
2

2As
, E3,cm5

s1mH3
2 2mH4

2

2As
,

FIG. 3. The Feynman diagrams describing the charm disso
tion processesJ/c1p1→D11D0, D* 11D0, D* 11D* 0.
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p1,cm5
l1/2~s,mH1

2 ,mH2
2 !

2As
,

q1,cm5
l1/2~s,mH3

2 ,mH4
2 !

2As
.

The reaction threshold is equal tos05(mH31mH4)2. Note
that Eq.~21! contains the statistical factor 1/3 which com
from averaging over the initial stateJ/c polarizations.

The dissociation processes are described by both the
and the resonance diagrams as shown in Fig. 3. The r
nance diagrams depend explicitly only on thet or u variables
whereas the box diagrams are functions ofs and t.

In the following three subsections we write explicitly th
amplitudes for the processesJ/c1p1→D11D0, D* 1

1D0, D* 11D* 0 in terms of form factors; all the analytica
expressions for them are reported.

A. The channelJÕc¿p¿\D¿¿D0

The invariant matrix element is written as1

M ~VPPP!5M h~VPPP!1M res~VPPP!, ~22!

where

M h~VPPP!5em1
~p1!•«m1p1p2q2FVPPP~s,t !, ~23!

M res~VPPP!5em1
~p1!•$2MDa

a ~PVP!DD*
ab

~p22q2!

3MDa
m1b

~VVP!2MDb
a ~PPV!DD*

ab
~p22q1!

3MD,b
m1b

~VPV!%,

MDa
a ~PVP!5p2

aFPVP
(1a)~ t !,

MDa
m1b

~VVP!5«m1bp1(p22q2)FVVP
(a) ~ t !,

MDb
a ~PPV!5p2

aFPPV
(1b)~u!,

MDb
m1b

~VPV!5«m1bp1(p22q1)FVPV
(b) ~u!.

The common minus sign is due to the extra quark loop in
resonance diagrams as compared to the box diagram.
extra sign is very important, as will be seen later on, sin
the extra sign leads to a constructive interference of re
nance and box graph contributions. The loop momenta di
tions come from explicit calculation of theS-matrix elements
and are shown in Fig. 3. The vector (D* ) and pseudoscala
~D! meson propagators are given by

1Note that the symbol«abpq[«abmnpmqn , where«abmn is the
Levi-Cività tensor. Moreover, the order of indices V and P of t
form factors should be read looking at the Fig. 3 and following
arrows backward in the loops.
01400
ox
o-

e
his
e
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c-

DD*
ab

~p!5
2gab1papb/mD*

2

mD*
2

2p2
, i 2DD~p!5

21

mD
2 2p2

.

For the form factors one obtains

FVPPP~s,t !5gJ/cgD
2 gpE dsh•exp@2w•zh~s,t !#

•w2@mc~11d2!2mqd2#,

FPVP
(1a)~ t !5gpgD* gDE dsD•exp@2wzD~ t !#

•$w@2mqmc2mq
2b11mp

2 b1
2~b11b221!

2mD
2 b1

2b21tb2~b1b21b1
2211b2!#

2~12v !~113b1!%,

FVVP
(a) ~ t !5gJ/cgD* gDE dsD•exp@2wzD~ t !#

•$w@mc~b221!2mqb2#%,

FPPV
(1b)~u!5gpgD* gDE dsD•exp@2wzD~u!#

•$w@mqmc1mq
2~12b12b2!

1mp
2 ~22b1b21b1b2

21b112b1
2b222b1

2

1b1
3!1mD

2 ~22b1b212b1b2
21b1

2b21b2

22b2
21b2

3!1u~2b1b22b1b2
22b1

2b2!#

1413b1v23b113b2v23b224v%,

FVPV
(b) ~u!5gJ/cgDgD* E dsD•exp@2wzD~u!#

•$w@2mc1b2~mc2mq!#%.

The integration measures are defined by

E dsh5
3

4p2E0

1

dvS v
12v D 3E d4adS 12(

i 51

4

a i D ,

E dsD5
3

4p2E0

1

dvS v
12v D 2E d3adS 12(

i 51

3

a i D .

~24!

The coefficientsbi ~triangle diagrams! anddi ~box diagrams!
are given by

b15va31~12v !~ s̃1c13
1 1 s̃3c23

2 !,

b25va21~12v !~ s̃2c12
1 1 s̃3c23

3 !,

d15va41~12v !~ s̃1c14
1 1 s̃4c34

3 !,

d252v~a21a3!2~12v !~ s̃2c12
1 1 s̃31 s̃4c34

4 !,
5-7
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d352va32~12v !~ s̃3c23
2 1 s̃31 s̃4c34

4 !.

The values ofzD , zh , and w are defined by the relevan
diagrams~size parameters and quark and hadron masses!.

B. The channelJÕc¿p¿\D* ¿¿D0

The invariant matrix element can be written as

M ~VPPV!5M h~VPPV!1M res~VPPV!, ~25!

with

M h~VPPV!5em1
~p1!em2

~q1!•@p2
m1p1

m2FVPPV
(1) ~s,t !

1q2
m1p1

m2FVPPV
(2) ~s,t !1p2

m1p2
m2FVPPV

(3) ~s,t !

1q2
m1p2

m2FVPPV
(4) ~s,t !1gm1m2FVPPV

(5) ~s,t !#,

M res~VPPV!5em1
~p1!em2

~q1!@2MDa
a ~PVP!DD*

ab

3~p22q2!MDa
m1bm2~VVV !

2MDb
am2~PVV!DD*

ab
~p22q1!MD,b

m1b
~VPV!

1MDc
m2~PVP!DD~p22q1!MD,c

m1 ~VPP!#.

FIG. 4. Dependence ofFpD* D
(1a) (t) ~solid line! and FJ/cD* D

(a) (t)
~dashed line! on the invariant variablet, which is theD* momen-
tum squared.
01400
The expressions for the form factors are given in the App
dix.

C. The channelJÕc¿p¿\D* ¿¿D* 0

The amplitude for the processJ/c1p1→D* 11D* 0

can be written as

M ~VVPV!5M h~VVPV!1M res~VVPV!, ~26!

where

FIG. 5. Comparison of our~solid line! form factorsFDJ/cD
(1a) (t)

andFJ/cD* D
(a) (t) with those~dashed line! obtained in@35#.
M h~VVPV!5em1
~p1!em2

~q2!em3
~q1!@gm2m3«p1p2q2m1FVVPV

(1) ~s,t !1gm1m3«p1p2q2m2FVVPV
(2) ~s,t !

1gm1m2«p1p2q2m3FVVPV
(3) ~s,t !1p1

m3«p1p2m1m2FVVPV
(4) ~s,t !1p1

m2«p1p2m1m3FVVPV
(5) ~s,t !

1p2
m3«p1p2m1m2FVVPV

(6) ~s,t !1p2
m2«p1p2m1m3FVVPV

(7) ~s,t !1p2
m1«p1p2m2m3FVVPV

(8) ~s,t !1q2
m1«p1p2m2m3FVVPV

(9) ~s,t !

1p2
m2«p1q2m1m3FVVPV

(10) ~s,t !1p2
m3«p1q2m1m2FVVPV

(11) ~s,t !1p1
m3«p2q2m1m2FVVPV

(12) ~s,t !1p1
m2«p2q2m1m3FVVPV

(13) ~s,t !

1p2
m1«p2q2m2m3FVVPV

(14) ~s,t !1q2
m1«p2q2m2m3FVVPV

(15) ~s,t !1«p1m1m2m3FVVPV
(16) ~s,t !1«p2m1m2m3FVVPV

(17) ~s,t !#.
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FIG. 6. Dependence of the form factorFJ/cD̄pD(s,t) on t for different values ofAs.
ws
n

li-
to
th

on

n

When taking into account parity invariance one kno
from helicity counting that there are only 14 independe
amplitudes in the~VVPV! case. The above set of 17 amp
tudes are in fact not independent. They can be reduced
set of 14 independent amplitudes by making use of
Schouten identity~see, e.g.,@32#!

gmm1«m2m3m4m51cycl~m1 ,m2 ,m3 ,m4 ,m5!50.

We have made use of the Schouten identity as an additi
check on our numerical calculations.

Moreover, the resonance termM res(VVPV) and all the
structures involved are reported in the following expressio
01400
t

a
e

al

s:

M res~VVPV!5em1
~p1!em2

~q2!em3
~q1!@2MDa

am2~PVV!

3DD*
ab

~p22q2!MDa
m1bm3~VVV !

2MDb
am3~PVV!DD*

ab
~p22q1!

3MD,b
m1bm2~VVV !1MDc

m2~PPV!

3DD~p22q2!MD,c
m1m3~VPV!

1MD,d
m3 ~PVP!DD~p22q1!MD,d

m1m2~VVP!#,

MDa
am2~PVV!5«p2(p22q2)m2aFPVV

(a) ~ t !,
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MDa
m1bm3~VVV !5~p22q2!m1p1

bp1
m3FVVV

(1a) ~ t !

1~p22q2!m1~p22q2!bp1
m3FVVV

(2a) ~ t !

1gm1m3p1
bFVVV

(3a) ~ t !1gm1m3

3~p22q2!bFVVV
(4a) ~ t !1gm1bp1

m3FVVV
(5a) ~ t !

1gm3b~p22q2!m1FVVV
(6a) ~ t !,

MDb
am3~PVV!5«p2(p22q1)m3aFPVV

(b) ~u!,

FIG. 7. Dependence of the form factorFJ/cD̄pD(s,t) on s at
t50.
01400
MDb
m1bm2~VVV !5~p22q1!m1p1

bp1
m2FVVV

(1b) ~u!

1~p22q1!m1~p22q1!bp1
m2FVVV

(2b) ~u!

1gm1m2p1
bFVVV

(3b) ~u!1gm1m2~p22q1!b

3FVVV
(4b) ~u!1gm1bp1

m2FVVV
(5b) ~u!

1gm2b~p22q1!m1FVVV
(6b) ~u!,

MDc
m2~PPV!5p2

m2FPPV
(c) ~ t !,

MD,c
m1m3~VPV!5«p1q1m1m3FVPV

(c) ~ t !,

FIG. 8. Contributions of the box~dotted curve! and resonance
~dashed curve! diagrams to total~solid curve! cross section for the
processJ/c1p1→D11D0.
FIG. 9. The cross sections of the processesJ/c1p1→D11D0, J/c1p1→D* 11D0, andJ/c1p1→D* 11D* 0. All three curves
are shown together in the last plot.
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J/c DISSOCIATION CROSS SECTIONS IN A RELATIVISTIC . . . PHYSICAL REVIEW D 70, 014005 ~2004!
MD,d
m3 ~PVP!5p2

m3FPVP
(d) ~u!,

MD,d
m1m2~VVP!5«p1q2m1m2FVVP

(d) ~u!.

All the expressions for the form factors are reported in
Appendix.

Note that theJ/c dissociation amplitudes are not equal
zero when contracted with the four-momentum of theJ/c
except in Eq.~22! which involves the Levi-Civita` tensor. In
our approach we consider theJ/c and other vector meson
as bound states of constituent quarks and not as gauge fi

V. NUMERICAL RESULTS AND DISCUSSION

Some comments about and comparisons of thet depen-
dence of the form factors are in order. The behavior
FPVP

(1a)(t)5FpD* D
(1a) (t) ~in the literature, for t5mD*

2 , it is
called gD* Dp) and FVVP

(a) (t)5FJ/cD* D
(a) (t) in the kinematical

region is shown in Figs. 4 and 5. In order to be able
compare with other calculations we quote the value
FpD* D

(1a) (mD*
2 )([gD* Dp), which is equal to 22. This value i

about 2s larger than the recent experimental results fro
CLEO, gD* Dp517.960.361.9 @33#. A very small value for
gD* Dp was predicted by the light cone QCD sum rul
approach@34#.

For theFJ/cD* p
(a) (t) form factor, we cannot go on the mas

shell due to the presence of an anomalous threshold.
The dependence ofFJ/cDp̄D(s,t) on t for different values

of As is shown in Fig. 6. One can see that thet behavior is
rather flat. Moreover, the dependence ofFJ/cDp̄D(s,t) on As
at t50 is shown in Fig. 7.

In Fig. 8 we separately plot the contributions coming fro
the box and resonance diagrams for the processJ/c1p1

→D11D0. We display the dependence of the cross secti
on the variableAs for each channel in Fig. 9. The total cro
section is a sum over all channels,
01400
e

lds.

f

f

s

s tot~s!5sD1D0~s!1sD* 1D0~s!1sD1D* 0~s!

1sD* 1D* 0~s!, ~27!

which are plotted in Fig. 9 Note thatsD1D* 05sD* 1D0 . We
plot s tot(s) as a function ofAs in Fig. 10. One can see tha
the maximum is about 2.3 mb atAs'4.1 GeV. This is close
to the result obtained in@4–6#.
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APPENDIX: EXPRESSIONS FOR FORM FACTORS

Here we report the analytical expressions for t
form factors involved in the calculation of the amplitud
J/c1p1→D* 11D0 and J/c1p1→D* 11D* 0,
respectively.

FIG. 10. The total cross section~dotted line! together with the
contributions already plotted in Fig. 9.
1. JÕc¿p¿\D* ¿¿D0

FVPPV
( i ) ~s,t !5gJ/cgDgD* gpE dsh•exp@2w•zh~s,t !#•NVPPV

( i ) ,

NVPPV
(1) 52mqmcw

21mq
2w2~2d1d322d2d32d3!1mc

2w2~211d12d2!1mJ/c
2 w2~24d1d2d322d1d2d3

222d1d222d1d2
2d3

2d1d2
222d1d32d1d3

22d114d1
2d2d312d1

2d214d1
2d312d1

2d3
212d1

222d1
3d32d1

3!1mD
2 w2~26d1d2d312d1d2d3

2

22d1d224d1d2
2d322d1d2

222d1d312d1d3
212d1

2d2d31d1
2d212d1

2d312d2d323d2d3
21d214d2

2d322d2
2d3

212d2
2

12d2
3d31d2

32d3
2!1mD

2 w2~22d1d3
31d1

2d312d1
2d3

222d2d322d2d3
212d2d3

32d2
2d322d2

2d3
22d32d3

21d3
3!

1uw2~3d1d2d312d1d212d1d2
2d31d1d2

21d1d322d1
2d2d32d1

2d222d1
2d3!1sw2~d1d2d312d1d2d3

21d1d3

1d1d3
22d1

2d322d1
2d3

2!1tw2~2d1d2d322d1d2d3
22d1d322d1d3

212d2d313d2d3
21d2

2d312d2
2d3

21d31d3
2!

1w~2328vd1d323vd118vd2d313vd215vd313v18d1d313d128d2d323d225d3!,
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NVPPV
(2) 51mq

2w2~22d1d21d212d2
2!1mJ/c

2 w2~d1d2d312d1d2
2d313d1d2

212d1d2
322d1

2d2d323d1
2d224d1

2d2
212d1

3d2!

1mD
2 w2~22d1d2d312d1d222d1d2

2d317d1d2
214d1d2

322d1
2d222d1

2d2
21d2d32d213d2

2d324d2
212d2

3d325d2
3

22d2
4!1mp

2 w2~2d1d2d312d1d2d3
222d1d222d1

2d2d313d2d32d2d3
213d2

2d322d2
2d3

212d2
3d31d3!

1uw2~2d1d223d1d2
222d1d2

312d1
2d212d1

2d2
2!1sw2~2d1d2d31d1d222d1d2

2d312d1
2d2d3!1tw2~2d1d2d3

1d1d212d1d2
2d32d2d323d2

2d322d2
3d3!1w~118vd1d212vd127vd228vd2

22v28d1d222d117d218d2
2!,

NVPPV
(3) 51mqmcw

2~2d3!1mq
2w2~22d2d312d3

2!1mc
2w2~212d2!1mJ/c

2 w2~2d1d2d32d1d222d1d2
2d32d1d2

21d1d3

14d1d3
212d1d3

32d112d1
2d2d31d1

2d222d1
2d322d1

2d3
21d1

2!1mD
2 w2~2d1d2d3

22d1d222d1d2
2d32d1d2

21d1d3

12d1d3
22d2d324d2d3

212d2d3
31d2

2d324d2
2d3

21d2
212d2

3d31d2
312d3

3!1mp
2 w2~2d1d2d322d1d2d3

212d1d3
2

12d1d3
32d2d31d2d3

214d2d3
32d2

2d322d2
2d3

21d3
222d3

4!1uw2~22d1d2d3
21d1d212d1d2

2d31d1d2
22d1d3

22d1d3
2!1sw2~d1d2d312d1d2d3

222d1d3
222d1d3

3!1tw2~d2d322d2d3
31d2

2d312d2
2d3

222d3
222d3

3!1w~21

18vd2d313vd224vd328vd3
21v28d2d323d214d318d3

2!,

NVPPV
(4) 51mqmcw

2~22d2!1mq
2w2~22d2d312d2

2!1mc
2w2~11d2!1mJ/c

2 w2~23d1d2d322d1d2d3
22d1d21d1d2

212d1d2
3

1d1d31d112d1
2d2d31d1

2d222d1
2d2

22d1
2!1mD

2 w2~22d1d2d322d1d2
2d31d1d2

212d1d2
31d2d322d2d3

215d2
2d3

22d2
2d3

22d2
214d2

3d323d2
322d2

4!1mp
2 w2~2d1d2d322d1d2d3

22d1d212d1d2
2d31d1d31d2d32d2d3

212d2d3
3

1d2
2d324d2

2d3
212d2

3d32d3
2!1uw2~2d1d2d312d1d2

2d32d1d2
222d1d2

3!1sw2~d1d2d312d1d2d3
21d1d2

22d1d2
2d32d1d3!1tw2~d2d312d2d3

22d2
2d312d2

2d3
222d2

3d3!1w~118vd2d32vd228vd2
212vd32v28d2d3

1d218d2
222d3!,

NVPPV
(5) 51mqmcmJ/c

2 w2~21/2!1mqmcmp
2 w2~21/2!1mqmcsw2~1/2!1mq

2mc
2w2~1!1mq

2mJ/c
2 w2~d1d21d1d31d12d1

2

21/2d221/2d3!1mq
2mD

2 w2~d1d21d2d321/2d22d2
2!1mq

2mp
2 w2~d1d31d2d321/2d32d3

2!1mq
2uw2~2d1d2

11/2d2!1mq
2sw2~2d1d311/2d3!1mq

2tw2~2d2d3!1mq
2w~12v !1mc

2mJ/c
2 w2~d1d21d1d313/2d12d1

2!

1mc
2mD

2 w2~21/21d1d21d11d2d323/2d22d2
21d3!1mc

2mp
2 w2~1/21d1d311/2d11d2d311/2d22d3

2!1mc
2uw2

3~2d1d22d1!1mc
2sw2~2d1d321/2d1!1mc

2tw2~21/22d2d321/2d22d3!1mc
2w~222v !1mJ/c

2 mD
2 w2~d1d2d3

12d1d2d3
224d1d225d1d2

222d1d2
31d1d3

221/2d1111/2d1
2d214d1

2d2
213/2d1

222d1
3d22d1

321/2d2d3
21d213/2d2

2

11/2d2
321/2d3

2!1mJ/c
2 mp

2 w2~2d1d2d312d1d2
2d311/2d1d2

227/2d1d3
222d1d3

311/2d117/2d1
2d314d1

2d3
222d1

3d3

21/2d1
32d2d321/2d2

2d32d311/2d3
3!1mJ/c

2 uw2~d1d2d313/2d1d21d1d2
211/2d1d322d1

2d2d324d1
2d222d1

2d2
2

2d1
2d32d1

212d1
3d21d1

3!1mJ/c
2 sw2~d1d2d311/2d1d213/2d1d31d1d3

222d1
2d2d321/2d1

2d227/2d1
2d322d1

2d3
2

21/2d1
212d1

3d311/2d1
3!1mJ/c

2 tw2~24d1d2d322d1d2d3
221/2d1d222d1d2

2d321/2d1d2
223/2d1d32d1d3

221/2d1

12d1
2d2d311/2d1

2d21d1
2d311/2d1

21d2d311/2d2d3
211/2d2

2d311/2d311/2d3
2!1mJ/c

2 w~23/225vd1d225vd1d3

213/2vd115vd1
213/2vd213/2vd313/2v15d1d215d1d3113/2d125d1

223/2d223/2d3!1mJ/c
4 w2~2d1d2d3

2d1d221/2d1d2
22d1d321/2d1d3

212d1
2d2d313d1

2d21d1
2d2

213d1
2d31d1

2d3
213/2d1

222d1
3d222d1

3d325/2d1
31d1

4!

1mD
2 mp

2 w2~2d1d2d32d1d312d1
2d2d311/2d1

2d21d1
2d315/2d2d3

222d2d3
311/2d22d2

2d314d2
2d3

222d2
3d321/2d2

3

21/2d32d3
3!1mD

2 uw2~22d1d2d313/2d1d222d1d2
2d317/2d1d2

212d1d2
322d1

2d222d1
2d2

211/2d2d321/2d2

11/2d2
2d32d2

221/2d2
3!1mD

2 sw2~2d1d2d322d1d2d3
211/2d1d212d1d2

2d311/2d1d2
21d1d32d1d3

222d1
2d2d3
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21/2d1
2d22d1

2d321/2d2d311/2d2d3
221/2d221/2d2

2d321/2d2
211/2d3

2!1mD
2 tw2~22d1d2d321/2d1d222d1d2

2d3

21/2d1d2
211/2d2d322d2d3

215/2d2
2d322d2

2d3
211/2d2

212d2
3d311/2d2

3!1mD
2 w~2125vd1d222vd125vd2d3

14vd215vd2
222vd31v15d1d212d115d2d324d225d2

212d3!1mD
4 w2~2d1d2d32d1d212d1d2

2d323d1d2
2

22d1d2
31d1

2d21d1
2d2

22d2d31d2d3
211/2d223d2

2d31d2
2d3

213/2d2
222d2

3d312d2
31d2

4!1mp
2 uw2~2d1d2d3

2

22d1d2
2d321/2d1d2

211/2d1d31d1d3
222d1

2d2d321/2d1
2d22d1

2d311/2d2d321/2d2d3
211/2d2

2d311/2d3!1mp
2 sw2

3~2d1d2d322d1d2d3
211/2d1d313/2d1d3

212d1d3
32d1

2d322d1
2d3

211/2d2d311/2d2d3
211/2d321/2d3

3!1mp
2 tw2

3~2d1d2d322d1d2d3
221/2d1d32d1d3

221/2d2d312d2d3
32d2

2d322d2
2d3

211/2d31d3
21d3

3!1mp
2 w~21/2

25vd1d323/2vd125vd2d323/2vd215/2vd315vd3
211/2v15d1d313/2d115d2d313/2d225/2d325d3

2!

1mp
4 w2~d1d2d312d1d2d3

22d1d3
222d1d3

311/2d1
2d31d1

2d3
22d2d3

222d2d3
311/2d2

2d31d2
2d3

221/2d321/2d3
211/2d3

3

1d3
4!1usw2~2d1d2d321/2d1d221/2d1d312d1

2d2d311/2d1
2d21d1

2d3!1utw2~2d1d2d311/2d1d212d1d2
2d3

11/2d1d2
221/2d2d321/2d2

2d3!1uw~1/215vd1d212vd123/2vd221/2v25d1d222d113/2d2!

1u2w2~21/2d1d221/2d1d2
21d1

2d21d1
2d2

2!1stw2~d1d2d312d1d2d3
211/2d1d31d1d3

221/2d2d321/2d2d3
221/2d3

21/2d3
2!1sw~115vd1d313/2vd123/2vd32v25d1d323/2d113/2d3!1s2w2~21/2d1d321/2d1d3

211/2d1
2d3

1d1
2d3

2!1tw~21/215vd2d313/2vd212vd311/2v25d2d323/2d222d3!1t2w2~1/2d2d31d2d3
211/2d2

2d3

1d2
2d3

2!1326v13v2;

FPVP
(1a)~ t !5gpgD* gDE dsD•exp@2wzD~ t !#•@wmqmc~21!1wmq

2~2b1!1wmp
2 ~b1

2b22b1
21b1

3!1wt~b1b2
21b1

2b22b21b2
2!

1wmD
2 ~2b1

2b2!1v~113b1!2123b1#,

FPVP
(2a)~ t !5gJ/cgD* gDE dsD•exp@2wzD~ t !#•@wmq

2~12b2!1wmp
2 ~23b1b21b1b2

21b11b1
2b22b1

21b22b2
2!

1wt~2b1b21b1b2
21b222b2

21b2
3!1wmD

2 ~b1b22b1b2
22b21b2

2!1v~2213b2!1223b2#,

FPVV
(b) ~u!5gpgD*

2 E dsD•exp@2wzD~u!#•$w@mq~b221!2mcb2#%,

FVPV
(b) ~u!5gJ/cgDgD* E dsD•exp@2wzD~u!#•$w@mc~b221!2mqb2#%,

FPVP
(c) ~u!5gpgD* gDE dsD•exp@2wzD~u!#•$w@~2mcmq2mq

2b1!1mp
2 b1

2~b2211b1!1mD
2 b2~b1b21b1

2211b2!2ub1
2b2#

2~12v !~113b1!%,

FVPP
(c) ~u!5gJ/cgD

2 E dsD•exp@2wzD~u!#•$w@22mcmqb21mc
2~211b2!1mJ/c

2 b1~b2
2211b1b21b1!1mD

2 b2
2~b1211b2!

2ub1b2
2#2~12v !~113b2!%.

2. JÕc¿p¿\D* ¿¿D* 0

FVVPV
( i ) ~s,t !5gJ/cgD*

2 gpE dsh•exp@2w•zh~s,t !#•NVVPV
( i ) ,

NVVPV
(1) 52w2mqd2 ,
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NVVPV
(2) 5w2mcd1 ,

NVVPV
(3) 5w2mc~12d11d2!,

NVVPV
(4) 5w2mc~122d11d2!,

NVVPV
(5) 52w2mcd1 ,

NVVPV
(6) 5w2@mc~12d11d2!2mqd3#,

NVVPV
(7) 52w2mqd3 ,

NVVPV
(8) 5w2d3@mq~2d121!22mcd1#,

NVVPV
(9) 5w2d2@mq~122d1!12mcd1#,

NVVPV
(10) 5w2~mqd22mcd1!,

NVVPV
(11) 5w2@mqd21mc~d12d221!#,

NVVPV
(12) 52w2mcd1 ,

NVVPV
(13) 5w2mc~d12d221!,

NVVPV
(14) 52w2d3@mqd22mc~11d2!#,

NVVPV
(15) 522w2d2@mqd22mc~11d2!#,

NVVPV
(16) 5w2mcH 2mq

21mJ/c
2 d1S d12

3

2
2d22d3D1mD*

2 S 1

2
2d1d22d12d2d31

3

2
d21d2

22d3D
1mp

2 S 2
1

2
2d1d32

1

2
d12d2d32

1

2
d21d3

2D1ud1~11d2!1(p11sd1)S 1

2
1d3D

1tS 1

2
~11d2!1d3~11d2! D J 22mcw~12v !,

NVVPV
(17) 5w2mqH 2mc

21mJ/c
2 S 2d1d22d1d32d11d1

21
1

2
~d21d3! D1mD*

2 d2S d22d12d31
1

2D
1mp

2 d3S d32d12d21
1

2D1ud2S d12
1

2D1sd3S d12
1

2D1td2d3J 2w~12v !~mq1mc!;

FPVV
(a) ~ t !5gpgD*

2 E dsD•exp@2wzD~ t !#•$w@mq~b221!2mcb2#%,

FVVV
(1a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•@4wb1b2~b11b221!#,

FVVV
(2a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•@2wb2~b122b1b22113b222b2
2!#,

FVVV
(3a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•$w@2mc~mq1mcb1!1mJ/c
2 b1

2~b11b221!

1tb2~b1
21b1b21b221!2mD

2 b1
2b2#2~12v !~b111!%,
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FVVV
(4a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•$w@mc
2~d221!1mJ/c

2 ~3b1b22b1b2
22b12b1

2b21b1
22b21b2

2!

1t~b1b22b1b2
22b212b2

22b2
3!2mD

2 ~b1b21b1b2
21b22b2

2!#1~12v !~b221!%,

FVVV
(5a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•$w@mc~mq2mcb12mcb21mc!1mJ/c
2 b1~22b21b2

21112b1b222b11b1
2!

1tb2~22b112b1b21b1
21122b21b2

2!1mD
2 b1b2~22b22b1!#1~12v !~22b12b2!%,

FVVV
(6a) ~ t !5gJ/cgD*

2 E dsD•exp@2wzD~ t !#•$w@mc~2mqb22mcb21mc!1mJ/c
2 b1~2b2

2112b1b22b1!

1tb2~2b1b21b22b2
2!1mD

2 b1b2
2#1~12v !~b211!%,

FPPV
(c) ~ t !5gpgDgD* E dsD•exp@2wzD~ t !#•$w@mq~mc2mqb12mqb21mq!1mJ/c

2 b1~122b122b21b2
212b1b21b1

2!

1tb2~122b122b21b1
212b1b21b2

2!1mD
2 b1b2~22b12b2!#1~12v !~423b123b2!%,

FVPV
(c) ~ t !5gJ/cgDgD* E dsD•exp@2wzD~ t !#•$w@mc2b2~mc2mq!#%.
ev

ys

,

G

e

M

,

y

D

.

P.

t

.
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