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Di-V „VV…JpÄ0¿ production cross section calculation
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Cross sections of baryon1baryon→(VV)Jp5011X are studied using an effective Hamiltonian method. For
low energy region, theg production process dominates; its cross sections are of order of 0.3–1.6mb for
pV5100–400 MeV. There are also some strong interaction processes for forming di-V such asV1V
→(VV)011h(h8,f) and V1J→(VV)011K(K!). But these processes only make contributions in the
high momentum region, because their threshold energies are around~or greater than! 1 GeV. The cross sections
for the pseudoscalar meson production processes are about 2.0–4.5mb, and for the vector meson production
processes the cross sections are one order larger than those of the pseudoscalar meson production cases.
Besides the above processes, a two-step process is also discussed, in which the first step isV1N
→(NV)Jp5211p ~or g) and the second step isV1(NV)21→(VV)011N. The result shows that the cross
sections are quite large for both steps. It seems that some two-step processes might also be important.
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I. INTRODUCTION

For more than two decades, the search for dibaryons
remained one of the most exciting topics in hadron phys
and many works, both theoretical and experimental, h
been devoted to this field@1–4#. It seems now that mos
physicists hold the opinion that probably such objects, if th
exist, will be seen in the strange sector because of the c
paratively long lifetime, which is due to the stability wit
respect to strong decay. This means the strange quarks
be included in addition to theu andd quarks. Therefore, one
needs a method to calculate a six-quark system containinu,
d, ands. Recently we have analyzed the symmetry proper
of the two-baryon systems by projecting them onto a s
quark system and found that among all 280 two-bary
physical states, only six states have the highest orbital s
metry. They are (DD)ST503, (DD)ST530, (DS!)ST50(5/2) ,
(DS!)ST53(1/2) , (J!V)ST50(1/2) , and (VV)ST500. It is
more remarkable that (VV)00 is the only one which is stable
with respect to strong decay. This has stimulated us to tr
carry out a dynamical calculation for a six-s-quark system
based on the chiral SU~3! quark model, which was extende
by us in Refs.@5,6# from the well-known chiral quark mode
@7,8#. This approach enables us to treat thes quarks on the
same footing as theu and d quarks. In the calculation, th
system is described as two clusters, each of them consis
of three s quarks. Then by employing a resonating gro
method~RGM! calculation, the binding energy for (VV)01

is found to be from several tens to 100 MeV, which is mu
larger than the binding energy of the deuteron; the me
squared distance between the twoV ’s is about 0.84 fm,
which is much smaller than the distance between the nu
ons in deuterium@9–11#. These peculiar features hav
aroused enormous interest among experimentalists. At
0556-2813/2002/66~1!/015205~9!/$20.00 66 0152
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same time, a natural and important question one has to
swer is how to produce the di-V system experimentally in
sufficient quantity.

For formation of a system with baryon number equal to
and strangeness equal to26, a straightforward way is to
have V beams colliding with each other. Since that is n
feasible in the near future, our attention is focused on hea
ion collisions. The reasons for that are the following: First
recent experiment at the SPS observed@12# a strong en-
hancement in the production of multistrange hadrons
nucleus-nucleus collisions. Such an enhancement incre
with the strangeness content of the particle, up to a facto

for V1V̄. Although the mechanism of the enhancement
not quite clear, the very fact encourages us to consider
search for di-V dibaryon (VV)01 in heavy-ion collision ex-
periments. Second, in heavy-ion collisions a substantial fr
tion of nucleons from both the target and projectile parti
pate in the reaction. As a result, a ‘‘fireball’’ with high baryo
number could be formed. The fireball could be a hadro
gas in thermodynamic equilibrium or the long-sought qua
gluon plasma. In the former case, the density effect favo
subsequent collision between the already formedV ’s, the
production of which has already been observed experim
tally. As for the quark-gluon plasma, the hadronization
very complicated and not understood; we therefore do
think any reliable estimates for the di-V production cross-
section can be made. However, if the formation of the diV
occurs in a baryon-rich hadronic gas, then some sim
baryon-baryon fusion processes should lead to the prod
tion of (VV)01. In this paper, as a first approach, we ha
calculated the cross sections of these fusion reactions. T
areV1V→(VV)011g, V1V→(VV)011h(h8,f), and
V1J→(VV)011K(K!). Moreover, there is a very inter
©2002 The American Physical Society05-1



u
a

s

it

io
i

h

,
on
h
te
iv
f

n
n

te
ca

al

ta

h

ma-
-
-

d
f

n
-
ti-

s

he
er
ing

YU, WANG, ZHANG, CHING, HO, AND CHU PHYSICAL REVIEW C66, 015205 ~2002!
esting two-step process:V1N→(NV)Jp5211p ~or g),
followed by V1(NV)21→(VV)011N, which is distin-
guished by its very large cross section. Taking into acco
the possible density effect, this process might become
important mechanism for di-V production.

The paper is organized as follows: In Sec. II A we fir
discuss the electromagnetic processV1V→(VV)LSJ1g.
The calculation of strong interaction fusion processes w
the emission ofh, h8, K, f, and K* respectively is pre-
sented in Sec. II B. Section II C is devoted to the calculat
of the two-step process we have just mentioned. Finally
Sec. III our calculations are summarized and discussed.

II. CALCULATION METHOD

As we have already mentioned in the Introduction, t
most direct and simple process for the di-V formation is
through the fusion of twoV ’s. This may happen in colliding
beams ofV or, more realistically, in heavy-ion collisions
where a baryon-rich fireball might be formed. In this secti
we are going to calculate these fusion processes. In w
follows theV ’s and all other baryons and mesons are trea
as hadrons, but the wave function of the internal relat
motion between twoV ’s as well as the binding energy o
(VV)01 is taken from the results of the chiral SU~3! quark
model calculations.

A. Electromagnetic interaction process

V1V→(VV)LSJ1g is a electromagnetic interactio
process; hereL denotes the relative motion angular mome
tum between the twoV ’s, S is the spin andJ is the total
angular momentum of the di-V system. As is well known,
the electromagnetic vertex of particle with spin 3/2, af
neglecting terms of higher order in momentum transfer,
be written down as

Hem5 i êE C̄V~x!gmCV~x!Am~x!dx, ~1!

whereCV is the wave function ofV with spin S5 3
2 , satis-

fying the Rarita-Schwinger equation andAm(x) is the photon
field. TheS-matrix element from the initial state to the fin
state can be simplified by nonrelativistic decomposition:

^kWl,pW 8m8uHemupW m&5^cm8uĤem
p ucm&, ~2!

wherepW , m, andpW 8, m8 represent, respectively, the momen
and the spin components of theV in the initial and final
states andkW is theg ’s momentum.cm is the Pauli spinor of
spin S5 3

2 particle with momentumpW 50. Ĥem
p is the opera-

tor in momentum space:

Ĥem
p 5 i ~2p!4d~p2p82k!F 1

~2p!3/2G 3
ê

2MV

1

A2vk

3S pW 1pW 81 i
1

3
kW3sW VD •«W l~kW !, ~3!
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where «W l(kW ) is the polarization vector of the photon wit
momentumkW andsW V the spin operator ofS5 3

2 . For the sake
of convenience we have transformed Eq.~3! into coordinate
space, and included the contribution arisen from the ano
lous magnetic moment ofV by adjusting by hand the coef
ficient of the third term on the right-hand side of the follow
ing equation:

Ĥem
r 5 i ~2p!4d~E2E82vk!F 1

~2p!3/2G 3
ê

2MV

1

A2vk

3F2 i¹Wr 8d~rW2rW8!e2 ikW•rW81 i¹Wrd~rW2rW8!e2 ikW•rW

1 i
1

3
~kW3sW V!d~rW2rW8!e2 ikW•rWG•«W l~kW !. ~4!

For the processV1V→(VV)LSJ1g, the initial state is a
plane wave of two freeV ’s and the wave function is denote
by FVVm1m2

, wherem1 andm2 are the spin components o

the two V ’s respectively. The final state consists of a di-V
(VV)LSJ and a photon. The wave function of the di-V
(VV)LSJ is taken to be

FLSJ~rW1 ,rW2!5
1

~2p!3/2
eiPW •RW

„wL~rW !xs~1,2!…JM . ~5!

The exponential on the right-hand side of Eq.~5! is a plane
wave for the center of mass motion andRW is the center of
mass coordinate.wL(rW) is the internal wave function of the
di-V system, which is obtained from the RGM calculatio
on the quark level@10#, and xs(1,2) represents the corre
sponding spin wave function. Taking into account the an
symmetrization between the twoV ’s, the scattering matrix
element ofV1V→(VV)LSJ1g process has the following
expression:

^kWl,~VV!LSJuHemuVVm1m2&5^FLSJuĤe f f
r uFVVm1m2

&,
~6!

whereĤe f f
r is an effective Hamiltonian operator defined a

Ĥe f f
r 5 i ~2p!4d~E2E82vk!F 1

~2p!3/2G 3
ê

2MV

1

A2vk

3(
j 51

2 F2 i¹Wr
j8
d~rW j2rW j8!e2 ikW•rW j81 i¹Wr j

d~rW j2rW j8!e2 ikW•rW j

1 i
1

3
~kW3sW V!d~rW j2rW j8!e2 ikW•rW j G•«W l~kW !, ~7!

whereE andE8 are the energies of the initial state and of t
(VV)LSJ in the final state respectively. After integrating ov
the coordinate of the center of mass, we get the follow
expression:
5-2



b

o
la

ross

er-
ible
ction

-

is
-
son

on

Di-V (VV)Jp501 PRODUCTION CROSS SECTION CALCULATION PHYSICAL REVIEW C 66, 015205 ~2002!
^kWl,~VV!LSJuHemuVVm1m2&

5~2p!4d~p2p82k!Tf i , ~8!

with

Tf i5 i
1

~2p!6

ê

2MV

1

Avk

^„wL~rW !xs~1,2!…JMu

3(
j ,l

Ôl~ j !ueipW •rWxm1
~1!xm2

~2!&, ~9!

Ô1~1!5¹Qle2 ikW•rW/2, Ô2~1!52e2 ikW•rW/2¹Wl ,

Ô3~1!5 i 1
3 lksVle2 ikW•rW/2,

Ô1~2!52¹QleikW•rW/2, Ô2~2!5eikW•rW/2¹Wl ,

Ô3~2!5 i 1
3 lk sVleikW•rW/2. ~10!

With the formulas thus derived, the the cross section can
calculated using the standard procedure:

s f i5
~2p!10

v rel

1

16

1

4p

3 (
l561

(
M

(
m1m2

E d~p2p82k!uTf i u2d3kd3p8dVp .

~11!

v rel in Eq. ~11! is the relative velocity between the twoV ’s
in the initial state,kW , pW , and pW 8 are the momentum of the
photon, that of the relative motion of initial state, and that
the di-V system in the final state, respectively. Of particu
interest is the process which leads to the formation of di-V in
its ground state:V1V→(VV)011g. The result for this
particular process is given explicitly in the following:

s f i5
p

4

ê2

MV

1

p

kE01

E011k
D, ~12!

where

D5 (
l 1 ,l 2 ,l 3

Al 1l 2
Al 3l 2

15(
l 1

Al 1
Al 1

~13!

and

Al 1l 2
5~11~21!11 l 1!@Al 1l 2

(1) 1Al 1l 2
(2) #, ~14!

Al 1l 2
(1) 5

1

A4p
i l 11 l 211

2l 111

A2l 211
C10l 10

l 20 C11l 10
l 21

3E w08~r ! j l 1S 1

2
kr D j l 1

~pr !r 2dr, ~15!
01520
e
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Al 1l 2
(2) 5

1

A4p
~21! l 1

2l 111

A2l 211
C10l 10

l 20 C11 l 10
l 21 p

3E w0~r ! j l 1S 1

2
kr D j l 2

~pr !r 2dr, ~16!

Al 1
5~11~21!11 l 1! Al 1

(3) , ~17!

Al 1
(3)5

1

A4p
~21! l 1

1

3
A2l 111k

3E w0~r ! j l 1S 1

2
kr D j l 1

~pr !r 2dr, ~18!

whereE01 is the energy of the (VV)01 system,w0(r ) is the
radial wave function of the twoV ’s relative motion, and
w08(r )5dw0(r )/dr. Both E01 andw01(r ) are obtained from
the RGM calculation using the chiral SU~3! quark model
@10#. For a given initial momentump, the valuek is fixed
based on energy-momentum conservation; the total c
section then can be calculated.

Similar calculations can also be carried out if the di-V is
in the p or d state.

B. Strong interaction process

The di-V system can also be formed through strong int
action with the emission of mesons. There are five poss
processes: namely, the three pseudoscalar meson produ
processes: V1V→(VV)011h, V1V→(VV)011h8,
andV1J→(VV)011K and the two vector meson produc
tion processesV1V→(VV)011f and V1J→(VV)01

1K!. It should be noted that the emission of pions
strongly suppressed becauseV is a three-strange-quark sys
tem. The vertex functions of the baryon-pseudoscalar me
interactions can be expressed as

HVVh(h8)5 igVVh(h8)E C̄V~x!g5CV~x!fh(h8)~x!dx

~19!

and

HJVK5 i
gJVK

M P
E C̄Vm~x!S 2 i

]

]xm
fK
W ~x! D

•tWVJCJ~x!dx1H.c. ~20!

The corresponding vertex functions for the vector mes
production are

HVVf5 igVVfE C̄V~x!gmffm~x!CV~x!dx

1 i
f VVf

2M P
E C̄V~x!smn]nffm~x!CV~x!dx

~21!
5-3
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and

HJVK!5 igJVK!E C̄Vm~x!g5fW K!m~x!•tWVJCJ~x!dx

1 i
f JVK!

M P
E C̄Vm8~x!gmg5S ]

]xm8

fW K!m~x!•tWVJD
3CJ~x!dx1H.c. ~22!

In Eqs. ~19!–~22!, CJ is the wave function ofJ with
spin S5 1

2 andCV the wave function ofV with spin S5 3
2 .

Here f is the wave function of meson andM P is a scale
mass which usually can be taken as the proton’s mass.tWVJ is
a transition operator in the flavor space.gVVh(h8) , gJVK ,
gVVf , f VVf , gJVK!, andf JVK! are the corresponding cou
pling constants. Now taking the process ofh production as
an example, a brief explanation for the calculation formu
is given as follows: When terms of high order in momentu
transfer are neglected, the vertex function ofV→V1h can
be expressed as

^pW 8m8,kW uHVVhupW m&5^cm8uĤVVhucm& ~23!

and

ĤVVh5 igVVhS 1

2p D 9/2 1

6MV
~2p!4

3d~p2p82k!
1

A2v
sW V•~pW 82pW !, ~24!

where pW ,m and pW 8,m8 are, respectively, the momenta an
spin components of theV in the initial and final states andkW
is the momentum of the mesonh . Using the same metho
described in Sec. II A, the operatorĤVVh in momentum
space can be easily transformed into coordinate space.
scattering amplitudeTf i

h for the reactionV1V→(VV)01

1h can be written down as follows:

^kW ,~VV!01uHVVh~1!1HVVh~2!uVVm1m2&

5~2p!4d~Pi2Pf2k!Tf i
h , ~25!

wherePi is the four-momentum of the initial state,Pf andk
are the corresponding momenta of (VV)01 andh meson in
the final state, respectively, and

Tf i
h 5 igVVhS 1

2p D 6

~4p!2
1

6
A5

3

1

MV

1

Avk

3 (
l 1l 2l

Bl 1l 2
C3/2m1,3/2m2

1l
„Yl 1

~ p̂!Yl 2
~ k̂!…1l , ~26!

with
01520
s

he

Bl 1l 2
5A 1

4p
„12~21! l 1

…A2l 111Cl 10,10
l 20 k

3E w0~r ! j l 1S 1

2
kr D j l 1

~pr !r 2dr. ~27!

The corresponding total cross section is obtained as

s f i
h 5gVVh

2 5p

72

1

MV

kE01

p~E011vk!
(
l 1l 2

Bl 1l 2
2 . ~28!

In Eqs.~25!–~28!, uVVm1m2& is the antisymmetrized wave
function of the twoV ’s in the initial state andgVVh is the
coupling constant between theV and h, which is fixed by
using the experimental value of theNNp coupling constant
gNNp /A4p53.70 and the SU~3! quark model.pW denotes the
relative momentum between the twoV ’s of the initial state
andkW the relative momentum between the (VV)01 and the
meson of the final state .w0(r ) is the internal wave function
andE01 the energy of the (VV)01, both obtained from the
chiral SU~3! quark model calculation@10#.

The formula for theh8 production cross section is simila
to that for theh production with only the coupling constan
gVVh replaced bygVVh8 . For another three processes, t
formulas of their cross sections are given as follows:

s f i
f 5

p

2
MV

kE01

p~E011vk!
F 5

18S gVVf

MV
1

f VVf

M P
D 2

3(
l 1l 2

~Bl 1l 2
!21gVVf

2 (
l

Bl
2G , ~29!

for the processV1V→(VV)Jp5011f, where Bl 1l 2
is

taken from Eq.~27!, and

Bl5A 1

4p
~11~21! l !A2l 11E w0~r ! j l S 1

2
kr D j l~pr !r 2dr,

~30!

s f i
K 5gJVK

2 2p

3

mJV

M P
2

kE01

p~E011vk!
(
l 1l 2

~Bl 1l 2
K !2, ~31!

and

s f i
K!

5
p

8mJV
S gJVK!

2
1

16mJV
2

M P
2

f JVK!
2

2
32mJV

9M P
gJVK! f JVK!D kE01

p~E011vk!
(
l 1l 2

~Bl 1l 2
K !2,

~32!

for the processesV1J2,0→(VV)Jp5011K0,1(K!0,1)
with

mJV5
MVMJ

~MV1MJ!
~33!
5-4
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and

Bl 1l 2
K 5A 1

4p
A2l 111Cl 10,10

l 20 kE w0~r !

3 j l 1S MV

MV1MJ
kr D j l 1

~pr !r 2dr. ~34!

C. Two-step process

When considering the production of (VV)01 in heavy-
ion collisions, a two-step process is of particular interest.
is known in heavy-ion collisions, a fireball will be forme
immediately after the collision of two heavy-ions. The radi
of the fireball is around 10 fm. If the mean free path of t
produced particle inside the fireball is smaller than the rad
of the fireball, a secondary collision is possible. In particu
if the fireball is baryon rich, theV is first captured by a
nucleon, which is abundant in the fireball. The newly form
system (NV)LSJ5022 is a weakly bound state with bindin
energy of about 5 MeV@11#. The di-V (VV)01 could be
produced through a subsequent three-body exchange
tion: V1(NV)022→(VV)011N. To be more precise, ther
are two channels in the first step:N1V→(NV)0221g and
N1V→(NV)0221p. The corresponding interaction vert
ces are

Hem
V 5 i êE C̄V~x!gmCV~x!Am~x!dx, ~35!

Hem
N 5 i êE C̄N~x!gmCN~x!Am~x!dx, ~36!

and

HNNp5 igNNpE C̄N~x!g5CN~x!fp~x!dx. ~37!

Using the same method outlined in the previous section,
corresponding reaction amplitudes for these two proces
namely,Tf i

em andTf i
p , can be obtained:

^kWl,~NV!022muHem
V 1Hem

N uNVm1m2&

5~2p!4d~Pi2Pf2k!Tf i
em ~38!

and

^kW ,~NV!022muHNNpuNVm1m2&

5~2p!4d~Pi2Pf2k!Tf i
p . ~39!

For calculating the production cross section of t
(NV)LSJ5022, the binding energy and the internal wav
function of (NV)LSJ5022 are also taken from the result of th
chiral SU~3! quark model calculation@11#. As for the second
step reaction, one should note that there are three diffe
channels for a three-body reaction:V11(N2V3)022, N2
01520
s

s
r,

ac-

e
s,

nt

1(V1V3)000, and V31(N2V1)022. The wave functions of
these three different channels are denoted byFa , with a
51,2,3, respectively:

F15CpW~rW12RW 23!w (NV)L50
~rW23!xVm1

~1!xNV,2m23
~2,3!,

~40!

F25CpW~rW22RW 13!w (VV)L50
~rW13!xNm2

~2!xVV,0~1,3!,
~41!

and

F35CpW~rW32RW 21!w (NV)L50
~rW21!xVm3

~3!xNV,2m21
~2,1!,

~42!

where xNm (xVm) is the spin wave function of single
nucleonN (V) andxNV,2m(xVV,0) is the spin wave function
of the two-baryon systemNV (VV) with spin 2 (0). Here
rW represents the coordinate of thei th baryon,rW i j 5rW i2rW j and
RW i j is the center of mass coordinate of the two- baryon s
tem (i j ). CpW (rWk2RW i j ) is the wave function of the relative
motion between thekth baryon and the two-baryon syste
( i j ). Here w (NV)L50

(rW) and w (VV)L50
(rW) are the internal

wave functions of theNV andVV systems, respectively.
According to the AGS equation derived from the mul

channel theory of a three-body collision@13#, the reaction
amplitude for the channela to b is

Fba52~2p!2mb^FbuUbauFa&, ~43!

where mb is the reduced mass of channelb and Uba the
transition operator for channela to b:

Uba5Vab1VbgG0Vag1•••. ~44!

Vab in Eq. ~44! is the interaction between the two baryonsa
andb, andG0 the Green function,G0

215E1 i e2H0. Since
we only need some qualitative information concerning
cross sections of the reaction, therefore as the lowest o
approximation, one may take simply,

Uba5Vab . ~45!

For the case interesting to us, we haveVab5V125VNV .
After antisymmetrizing the twoV ’s in the three-baryon sys
tem, the wave functions of the initial and final statesF i and
F f can be expressed as

F i5A1

2
@F12F3# ~46!

and

F f5F2 . ~47!

Then the reaction amplitudeF f i and the corresponding cros
sections are given as
5-5
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F f i52A1

2
~2p!2m f@^F2uV12uF1&2^F2uV32uF3&#

52A2~2p!2m f^F2uV12uF1&, ~48!

whereF1 , F2, andF3 are taken from Eqs.~40!–~42! and

s5
v2

v1

1

435 (
m1m2m23

E uF f i u2dVp , ~49!

wherev1 is the relative velocity betweenV and (NV)022,
v2 the relative velocity betweenN and (VV)000 in the final
state, and factors 4 and 5 are the statistical weights of
initial system. To carry out the cross section calculation,
need to know the interactionVNV between theN and V as
well as the internal wave functions for bothNV and VV

systems,w (NV)L50
(rW) and w (VV)L50

(rW). All of these are
taken from Refs.@10,11#.

Now it is appropriate to note that in parallel with th
formation of (NV)LSJ5022, the scattering betweenN andV
can also lead to the formation of (NV)LSJ5011, which de-
cays rapidly via strong interaction to (LJ)LSJ5011. There-
fore, whenever a simulation of the whole process is con
ered, this effect should be taken into consideration.

III. RESULTS AND DISCUSSIONS

We are now going to summarize the numerical calcu
tions for all fusion reactions discussed in the preceding s
tions, which can occur in the baryon-rich hot matter form
in heavy-ion collisions. In the calculations the nonrelativis
approximation was adopted.

First, let us turn to the electromagnetic processes. Fig
1 shows the cross sections of the reactionV1V
→(VV)011g. The general trend is the following: The cro
section increases with energy in the low energy region

FIG. 1. The cross sections ofV1V→(VV)011g.
01520
e
e

-

-
c-
d

re

d

reaches the maximum atp . 500 MeV in the center of
mass system. It then goes down with energy. As indicate
Fig. 1, the cross section rises froms50.3 to 1.6 mb for p
5100–400 MeV. Roughly speaking, the cross section
this reaction is of ordermb and, if compared with the corre
sponding deuteron production cross section, is about 100
times smaller for the incoming particle momentump in the
region from 100 to about 200 MeV; this is because the bi
ing energy of (VV)01 is about 50 times larger than that o
the deuteron’s. The di-V can also be produced in one of i
excited states and then disintegrates to the ground state
cascade radiation. For estimating the contributions from
excited state of di-V, we have also calculated the cross se
tions for the processesV1V→(VV)LSJ51101g and V
1V→(VV)LSJ52021g. The results have shown that th
cross sections of these two processes are even smaller
that of the direct (VV)01 production process. For instanc
the cross section ofsV1V→(VV)LSJ52021g is about 50–10

times smaller than that of the direct (VV)01 production in
the region fromp5250 to 300 MeV. That means that th
contribution of the excited states in forming the (VV)01 can
be neglected.

(VV)01 can also be produced through strong interact
with the emission of meson. The calculated cross section
V1V→(VV)011h(h8), V1J→(VV)011K ~including
K0 andK1 productions!, V1V→(VV)011f, andV1J
→(VV)011K! ~including K!0 and K!1 productions! are
plotted in Figs. 2–6. For these reactions, the threshold e
gies are all close to or greater than 1 GeV in the cente
mass system, namely, 877 MeV forh production, 1259 MeV
for h8, 1103 MeV forK, 1310 MeV forf, and 1412 MeV
for K!. Therefore, only thoseV ’s produced in the heavy-ion
collisions with very high energies can contribute to t

FIG. 2. The cross sections ofV1V→(VV)011h.
5-6
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(VV)01 production. Furthermore, from the plots one se
that the cross sections of pseudoscalar meson production
of the order of 2.0–4.5mb or about several times larger tha
that of the corresponding electromagnetic process. Thi
because the large momentum transfer associated with
huge meson mass reduces the value of the overlapping

gral containing two Bessel functions@ j l(
1
2 kr) j l(pr)# in Eq.

~27!. As can be seen from the plots, the cross sections
vector meson production generally are about an order la

FIG. 3. The cross sections ofV1V→(VV)011h8.

FIG. 4. The cross sections ofV1J→(VV)011K.
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than those for the pseudoscalar meson productions. This
clusion is obtained for the coupling constantsgVVf , f VVf ,
and gVJK* to be fixed according to theN-N scattering ex-
perimental values ofgNNr /A4p50.59 and f NNr /A4p
54.82 ~from Nijmegen model D@14#! and the SU~3! quark
model. Since the calculations are based on the nonrelativ
approximation and there are still uncertainties as to how
determine the values of the coupling constants, so that w
one can say is that possibly reactions with vector me
emission are important in the high energy region. As it

FIG. 5. The cross sections ofV1V→(VV)011f.

FIG. 6. The cross sections ofV1J→(VV)011K!.
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known that the production rate ofJ is 4–5 times higher than
the rate ofV in the heavy-ion collision processes@12#, the
production processes with emission ofK and K* from V
1J→(VV)011K(K* ) should be more important fo
forming di-V (VV)01. Nevertheless, all the reactions w
have just mentioned suffer from too high thresholds so t
practically the contributions from these reactions to the p
duction of (VV)01 may be not so significant in the prese
experiments.

Combining the photon emission and the strong interac
processes discussed above, we can see that in the low
mentum region the production cross sections of (VV)01 are
quite small through these simple one-step processes. A
matter of fact, the di-V production rate in relativistic heavy
ion collisions was estimated by Palet al. in Ref. @15# with
only the g and h productions taken into account. The n
merical result for the (VV)01 rate is about 331027 per
event at the RIHC energy ofAs5130A GeV. But when the
momentum ofV in the heavy-ion collision processes in
creases to about 2 GeV, the production rate of (VV)01 could
be enhanced by two to three orders.

Among all processes calculated in this paper, the two-s
reaction is of particular interest not only because of the l
energy needed for this reaction but also the comparativ
large cross sections . The calculated results are depicte
Figs. 7, 8, and 9. It is noted that in the first step the prod
tion cross section of (NV)022 with radiation increases rapidl
with momentum and reaches the maximum atp
<200 MeV in the center of mass system. The value of
cross section is of the order 50mb. If compared with the
V-V to (VV)000 production cross section, the former
about several tens times larger than the latter atp
5200 MeV. If the initial momentump increases further to
about 420 MeV, thep emission process prevails. The cro
section ofsN1V→(NV)0221p can increase to 170mb for p

FIG. 7. The cross sections ofV1N→(NV)0221g.
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5500 MeV. Taking into account that in the baryon-rich fir
ball the nucleons are much more abundant than theV ’s, the
formation of (NV)022 is predominant, provided the densit
of fireball is sufficiently high. Moreover, the high densi
also favors the second step reaction to take place su
quently: V1(NV)022→(VV)0001N. The remarkable fea-
ture of this reaction is the very large cross section. As sho
in Fig. 9, when the momentum of the initial system isp
550–100 MeV, the cross section issex.50–20 mb, the
largest among all reactions we have calculated so far. Th

FIG. 8. The cross sections ofV1N→(NV)0221p.

FIG. 9. The cross sections ofV1(NV)022→(VV)011N
5-8
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fore, it is expected that the two-step reaction might be
dominant mechanism for (VV)01 production in heavy-ion
collisions. This speculation, however, depends critically
the behavior and evolution of the fireball formed in t
heavy-ion collisions. Therefore, the cross section estim
given here are an attempt towards a more detailed simula
study.

We believe the processes discussed in this paper are
most important fusion reactions for (VV)01 production in
heavy-ion collisions, especially the two-step reaction. T
J

c

l.
.

hy
.

01520
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es
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the

e

cross sections are of the order 100–10mb. That means the
search for (VV)01 in heavy-ion collisions is not an easy, bu
far from being an impossible experiment.
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