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Near-threshold v and f meson productions inpp collisions
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Using a relativistic effective Lagrangian at the hadronic level, near-thresholdv- andf-meson productions
in proton-proton (pp) collisions, pp→ppv/f, are studied within the distorted wave Born approximation.
Both initial and final statepp interactions are included. In addition to total cross section data, bothv andf
angular distribution data are used to constrain further the model parameters. For thepp→ppv reaction, we
consider two different possibilities: with and without the inclusion of nucleon resonances. The nucleon reso-
nances are included in a way to be consistent with thep2p→vn reaction. It is shown that the inclusion of
nucleon resonances can describe the data better overall than without their inclusion. However, the SATURNE
data in the range of excess energiesQ,31 MeV are still underestimated by about a factor of 2. As for the
pp→ppf reaction, it is found that the presently limited available data from DISTO can be reproduced by four
sets of values for the vector and tensorfNN coupling constants. Further measurements of the energy depen-
dence of the total cross section near threshold energies should help to constrain better thefNN coupling
constant.
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I. INTRODUCTION

Heavy meson production in nucleon-nucleon (NN) colli-
sions can, in principle, provide important information abo
the short-range part of theNN interaction@1#. For example,
theNN→NNv/f reactions at their threshold energies pro
distances between the two colliding nucleons of about 0.2
@2#. The distance corresponds to the ‘‘overlapping region’’
the two interacting nucleons, in contrast to the distance
about 0.5 fm probed by much lighter pion production@3#.
Therefore, investigation of such heavy meson production
actions should ultimately provide relevant information f
testing QCD-basedNN interactions.

Recently, there has been considerable interest in the
tor mesonsv andf, in connection with the Okubo-Zweig
Iizuka ~OZI! rule @4# violation, and in the strangeness co
tent of the nucleon wave function@5–7#. For example, the
Crystal Barrel experiments at LEAR~CERN! @8# found a
strong violation of the OZI rule in thef/v production rate in
antiproton-proton (p̄p) annihilation. Furthermore, it was als
found that thef to v production ratio in thepp→pp v/f
reactions was enhanced by about an order of magnitude
tive to the OZI prediction after correcting for the availab
phase space volume@9#. These findings may be interpreted
a considerable admixture of thess̄ configuration in the
nucleon wave function.

Another item of interest inv-meson production processe
is the so-called ‘‘missing resonances’’ problem, where c
stituent quark models predict more states than have b
observed experimentally@10,11#. This has been attributed t
the possibility that many such missing resonances cou
either weakly or not at all to thepN channel, but may couple
more strongly or exclusively to thevN channel. Indeed
some theoretical studies ofv photoproduction were mad
@12,13# inspired by this possibility.

Although, so far, no baryon resonances have been
0556-2813/2003/68~3!/034612~16!/$20.00 68 0346
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served to decay into thevN channel, some theoretical effort
have been made to estimate the coupling strengths ofv to
the experimentally observed resonances@14–16#. One of the
motivations for such a study is the possibility to account
the observed enhancement of the low-mass dilepton pair
duction in heavy ion collisions@17#. Alternatively, the down-
ward shift of ther- andv-meson masses~but a smaller shift
for the f-meson mass! in the nuclear medium@18–22# is
also considered as a possible source of the observed
hancement. Indeed if the downward shift is large enoughv
meson is expected to form meson-nucleus bound states@23–
25#. In any case, a better understanding of the vector me
production mechanism in free space is a prerequisite to s
such in-medium effects, and also to study the possible c
plings of thev meson to~missing! resonances. However, i
spite of the pronounced interest in the vector mesonsr, v,
andf, so far there exist only a limited number of theoretic
studies of the near-thresholdpp→ppv @26–30# and pp
→ppf @26,31,32# reactions. This situation also holds for th
near-thresholdpn→dv/f @33,34# andpd→3 Hev @35# re-
actions.

From the experimental side, apart from the old data
high excess energies@36#, only the total cross section dat
from SATURNE @37# were available until recently forpp
→ppv in the near-threshold region with excess energies
low Q531 MeV, where the excess energyQ is defined as
Q5As2(FmF with As and mF being the total center-of-
mass energy and masses of the particles in the final s
respectively. There are also total cross section and ang
distribution data at excess energyQ5319 MeV from the
DISTO Collaboration@9#. Recently the COSY-TOF Collabo
ration has measured the total cross section forpp→ppv at
two excess energies,Q592 and 173 MeV@38#. These fill in
partly the energy gap between the SATURNE and DIS
data, and are critical in studying the energy dependenc
the total cross section in the extended near-threshold reg
In addition to the total cross sections, the COSY-TOF C
©2003 The American Physical Society12-1
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laboration has also measured the angular distribution of
v meson produced atQ5173 MeV. As has been pointed ou
in Ref. @27#, the angular distribution plays a major role
disentangling different reaction mechanisms. These new
from the COSY-TOF Collaboration, together with earli
data @37#, offer the opportunity to investigate thepp
→ppv reaction more in detail than has been done pre
ously. Thus, in the present study we focus on the ne
thresholdpp→ppv reaction in free space. We study th
reaction by considering two different possibilities: with a
without the inclusion of nucleon resonances@30#. The possi-
bility of a large, off-shellS11(1535) resonance contributio
has been considered recently by the Tu¨bingen group@29#.

In the present work, we also consider thepp→ppf re-
action. The only data available for this reaction ne
threshold energies are the reanalyzed total cross section
angular distribution from the DISTO Collaboration atQ
583 MeV @9#. These data are not sufficient to provide str
gent constraints on theoretical models. In studying thepp
→ppf reaction we do not consider the possibility
nucleon resonances, because not enough data exist to e
draw any meaningful conclusions about their role, or to
new parameters associated with the resonances.~Also note
that no baryon resonances have been observed decaying
the fN channel.!

To study thepp→ppv/f reactions, we use a relativisti
effective Lagrangian at the hadronic level, where the reac
amplitude is calculated within the distorted wave Born a
proximation, including both the initial and final statepp in-
teractions~denoted by ISI and FSI, respectively!. The ISI is
implemented in the on-shell approximation@2,30,39,40#,
while the FSI is generated using the BonnNN potential
model @41#. The finite width of thev, which is very impor-
tant near threshold energies, is also included. Thevp FSI is
included only via the pole diagrams (s-channel processes!.
Many of the cutoff parameters and coupling constants n
essary for the present study have already been fixed f
other reactions in previous studies@2,27,31,39#. It turns out
that the pp→ppv reaction is apparently described bett
with the inclusion of nucleon resonances. However, in or
to draw a definite conclusion we need more data for exc
sive observables in the energy region above, but close tQ
530 MeV. This is because there is no established metho
remove the multipion background associated with
v-meson width from the raw data in order to extract t
cross sections. The finitev width is very important for en-
ergiesQ,30 MeV and can possibly make the extracted d
strongly dependent on the model used in the analysis@37#.
As for thepp→ppf reaction, we definitely need more da
to constrain the model parameters.

This paper is organized as follows. In Sec. II, the gene
structure of the reaction amplitude in the present approac
explained. In Sec. III, we discuss thepp→ppv reaction
without the inclusion of nucleon resonances; in Sec. IV,
discuss the reaction with the inclusion of nucleon re
nances. Section V treats thepp→ppf reaction. The results
are discussed and summarized in Sec. VI.
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II. STRUCTURE OF REACTION AMPLITUDE

In this section, we describe the structure of the react
amplitude for theNN→NNV (V5v,f) reaction following
Ref. @39#, to make this paper self-contained.

In Fig. 1, we show a decomposition of the reaction a
plitude for theNN→NNV (V5v,f) reaction. The reaction
amplitude is calculated in the distorted wave Born appro
mation using a relativistic meson-exchange model. We be
by considering the meson-nucleon (MN) and NN interac-
tions as the building blocks. Then, we consider all possi
combinations of these building blocks in a topologically d
tinct way, with two nucleons in the initial state, and tw
nucleons plus a meson in the final state. Here diagrams l
ing to double counting, e.g., those contributing to mass
vertex renormalizations must be excluded, since we use
physical masses and coupling constants. The ellipsis in Fi
indicates those diagrams that are more involved, or hig
orders, which are not included in this work. In particular, w
neglect theMN FSI, which otherwise would be generated b
solving the three-body Faddeev equation.

In order to make use of the available potential models
NN scattering, we perform the calculation within a thre
dimensional formulation which is obtained from the Beth
Salpeter equation by maintaining the relativistic unitarity a
Lorentz covariance of the resulting amplitude. We follow t
procedure of Blankenbecler and Sugar@42# as adopted in the
BonnNN potential model@41#. The vector meson productio
amplitudeM may be written as

M5~11Tf
(2)†iG f

(2)* !~e* J!~11 iGi
(1)Ti

(1)!, ~1!

whereT( i , f ) stands for theNN Tmatrix in the initial (i )/final
~f! state,G( i , f ) is the three-dimensional Blankenbecler-Sug
~BBS! propagator, ande* is the polarization vector of the
vector meson produced. The superscript6 in T( i , f ) and
G( i , f ) indicates the boundary conditions, (2) for incoming

MNM

FSI

1 21 2

ISI

1 2

ISI

1 2

FSI

(1<--->2)

TMN

TMN TMN

T

FIG. 1. Decomposition of the reaction amplitude for theNN
→NNV (V5v,f) reaction in the present work.TMN denotes the
meson-nucleonT matrix. ISI and FSI stand for the initial and fina
stateNN interactions, respectively.
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and (1) for outgoing waves. The production currentJm,
which is theMN T matrix with one of the meson legs a
tached to a nucleon~first diagram on the right hand side i
Fig. 1!, is defined by

Jm5(
M8

@T(MN←M8N)#1iPM8@GM8NN
m

#21~1↔2!, ~2!

whereT(MN←M8N) stands for theMN T matrix describing the
transition M 8N→MN, and GM8NN

m and PM8 are, respec-
tively, the M 8NN vertex and the corresponding mes
propagator. The subscripts 1 and 2 denote the two interac
nucleons 1 and 2. The summation is over the intermed
mesonsM 8. We note that if the four-dimensional full two
nucleon propagator is used, the reaction amplitude given
Eq. ~1! would have an additional term to avoid the doub
counting arising from the term involvingiGi

(1)Ti
1 and/or

iG f
(1)Tf

1 and the currentJm, sinceJm also contains meson
exchangeNN interactions. This additional term vanishe
when we use the reduced three-dimensional propagatorG( i / f )
which restricts the energy of the propagating two nucleon
be on their respective mass shells.

In the near-threshold energy region, the two-nucleon
ergy in the final statef is very low and hence theNN FSI
amplitude,Tf

(2)† in Eq. ~1!, can be calculated from a numbe
of realisticNN potential models. In the present work, we u
the BonnNN potential model@41#. This model is defined by
a reduced three-dimensional BBS version of the Bet
Salpeter equation,

T5V1ViGT, ~3!

whereG denotes the BBS two-nucleon propagator, cons
tent with those appearing in Eq.~1!. ~Note that the factor
2 i difference in the definitions ofV andT from those in Ref.
@41#.!

For the NN→NNv/f reactions theNN ISI amplitude,
Ti

(1) in Eq. ~1!, must be calculated at incident kinetic bea
energies above 1.89 and 2.59 GeV, respectively. There e
no accurateNN interaction model with which one can pe
form calculations reliably at such high incident beam en
gies. In the present work we follow Ref.@40#, and make the
on-shell approximation to evaluate the ISI contributio
which was also applied in the study of theNN→NNh reac-
tion @39#. This amounts to keeping only thed-function part
of the Green functionGi in evaluating the loop integral in
volving iGi

(1)Ti
(1) in Eq. ~1!. The required on-shellNN ISI

amplitude is calculated from Ref.@43#. As discussed in Ref
@40#, this is a reasonable approximation to the fullNN ISI. In
this approximation, the basic effect of theNN ISI is to re-
duce the magnitude of the meson production cross sec
@39,44#. In fact, it is easy to see that the angle-integra
production cross section in each partial wave statej is re-
duced by a factorl j @40#:
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l j5u 1
2 @h j~p!ei2d j (p)11#u2

5h j~p!cos2@d j~p!#1 1
4 @12h j~p!#2

< 1
4 @11h j~p!#2, ~4!

whered j (p) andh j (p) denote, respectively, the phase sh
and corresponding inelasticity, andp is the relative momen-
tum of the two nucleons in the initial state. TheNN ISI has
been considered fully by Batinic´ et al. @44# in the study of
the pp→pph reaction, whose threshold corresponds to
incident energy of about 1.25 GeV. Their results support
on-shell approximation used in the present work. Quite
cently, Baruet al. @45# have also investigated the effects
the NN ISI in the NN→NNh reaction. Although there are
obviously~off-shell! effects which are absent in the on-she
approximation, the results of Ref.@45# also show that the
bulk of the NN ISI effect is accounted for in the on-she
approximation. In particular, we do not expect the off-sh
effects of the ISI to change the conclusion of the pres
work.

Next, we consider the production currentJm defined by
Eq. ~2! based on meson-exchange models. Following R
@31,39,46#, we split theMN T matrix in Fig. 1 into the pole
(TMN

P ) and nonpole (TMN
NP ) parts and calculate the nonpo

part in the Born approximation. Then, theMN T matrix can
be written as@47#

TMN5TMN
P 1TMN

NP , ~5!

where

TMN
P 5(

B
f MNB

† igBf MNB , ~6!

with f MNB and gB denoting the dressed meson-nucleo
baryon (MNB) vertex and baryon propagator, respective
The summation is over the relevant baryonsB. The nonpole
part of theT matrix is given by

TMN
NP 5VMN

NP 1VMN
NP iGTMN

NP , ~7!

whereVMN
NP [VMN2VMN

P , with VMN
P denoting the pole par

of the full MN potentialVMN . VMN
P is given by an equation

analogous to Eq.~6! with the dressed vertices and propag
tors replaced by the corresponding bare vertices and pr
gators. We neglect the second term of Eq.~7! and hence the
full MN T matrix in Eq.~2! is approximated asTMN>TMN

P

1VMN
NP .

With the approximation described above, the result
currentJm consists of baryonic and mesonic (Jmec

m ) currents.
The baryonic current is further divided into the nucleon
(Jnuc

m ) and nucleon resonance (Jres
m ) currents, so that the to

tal current is written as

Jm5Jnuc
m 1Jres

m 1Jmec
m . ~8!

The vector meson production currents are illustrated d
grammatically in Fig. 2, whereV stands for thev or f
meson. Note that they are all Feynman diagrams and
2-3
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such, they include both the positive- and negative-ene
propagation of the intermediate state particles. The nucle
current is constructed consistently with theNN potential in
Eq. ~3!. For the mesonic current, it turns out that we m
consider only theVrp (V5v,f) exchange-current contri
bution for both thepp→ppv/f reactions. The nucleon
resonance currentJres

m , included only in thepp→ppv reac-
tion, is explained in Sec. IV.

Here, some general remarks on the meson production
rents are in order@39#. As a consequence of using a thre
dimensional reduction of Bethe-Salpeter equation, the d
nition of the energy~time component! for the intermediate
state particles in the production currents becomes amb
ous. In order to be consistent with theNN interaction used in
the present work, we follow the BBS three-dimensional
duction prescription:~1! The energy of a virtual meson at th
MNN vertex is taken to beq05«(p)2«(p8), where
«(p)@«(p8)# is the energy of the nucleon before~after! the
emission of the virtual meson, with«(p)[Ap21mN

2 . ~2!
The energy of the intermediate state baryon B in the nu
onic and resonance currents is taken to bep05v(k)
1«(p8) at the B→M1N vertex, while at theN→M1B
vertex it is taken to bep05«(p8)2v(k), wherev(k) is the
energy of the meson produced in the final state. The B
reduction prevents three-particle cuts which occur in a m
exact calculation.

III. pp\ppv WITHOUT RESONANCE

In this section, we consider thepp→ppv reaction with-
out the inclusion of nucleon resonances. Then, the t
v-meson production currentJm may be given by the sum o
the nucleonic andvrp meson-exchange currents,Jm5Jnuc

m

1Jmec
m , as shown in Fig. 2 (V5v).
The nucleonic currentJnuc

m is defined by

Jnuc
m 5 (

j 51,2
~G j

miSjU1UiSjG j
m!, ~9!

with G j
m denoting thevNN vertex andSj the nucleon~Feyn-

man! propagator for the nucleonj. The summation is ove
the two interacting nucleons, 1 and 2.U stands for the
meson-exchangeNN potential which is, in principle, identi-
cal to the driving potentialV used in the construction of th
NN interaction@Eq. ~3!#, except that here meson retardati
effects are retained following the Feynman prescription.

π

V

ρ

1 2

V

xxxxxxxxx

1 2

J
µ

V

21

(1     2)

1 2

V

xxxxxxxxx

M

M

a) b)

FIG. 2. Vector meson (v or f) production currents,Jm, in-
cluded in the present study:~a! nucleonic and resonance curren
~b! mesonic current.V5v or f and M5p,h,r,v,s,a0(5d). In
the intermediate states of diagram~a!, negative-energy propagation
for nucleon and resonances are included.
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The v production vertexvNN,G j
m in Eq. ~9!, is obtained

from the Lagrangian density,

L~x!52c̄N~x!S gvNNFgm2
kv

2mN
smn]nGvm~x! DcN~x!,

~10!

wheremN , cN(x), andvm(x) stand for the nucleon mass
nucleon andv-meson fields, respectively.gvNN denotes the
vector coupling constant andkv[ f vNN /gvNN (gvNNÞ0),
with f vNN the tensor coupling constant.Jnuc

m defined by Eq.
~9! is illustrated in Fig. 2~a!.

As in most meson-exchange models of hadronic inter
tions, each hadronic vertex is accompanied by a form fac
in order to account for the composite or finite-size nature
the hadrons involved. Thus, thevNN vertex obtained from
the above Lagrangian is multiplied by a form factor@31,39#,

FvNN~p2!5
LN

4

LN
4 1~p22mN

2 !2
, ~11!

wherep2 is the four-momentum squared of either the inco
ing or outgoing off-shell nucleon. It is normalized to uni
when the nucleon is on its mass shell,p25mN

2 . Following
Ref. @31#, we adoptgvNN59.0 in Eq. ~10!. The vector to
tensor coupling constant ratiokv is not well established; in
fact, the values quoted in literature are relatively small a
vary in a range,20.1660.01<kv<10.1460.20 @27#.
Therefore, we considerkv and LN , respectively, in Eqs.
~10! and ~11!, as free parameters in the present work.

Thevrp vertex forv production in the meson-exchang
current,Jmec

m @Fig. 2~b!#, is derived from the Lagrangian den
sity,

Lvrp~x!5
gvrp

Amvmr

«abnm]arW b~x!•]npW ~x!vm~x!,
~12!

where«abnm is the totally antisymmetric Levi-Civita tenso
with «0123521. Thevrp vertex obtained from the abov
Lagrangian is multiplied by a form factor,

Fvrp~qr
2 ,qp

2 ![Fr~qr
2!Fp~qp

2 !5S Lr
2

Lr
22qr

2D S Lp
2 2mp

2

Lp
2 2qp

2 D ,

~13!

where Lv[Lr5Lp is assumed@31#. It is normalized to
unity at qr

250 andqp
2 5mp

2 , consistent with the kinematic
at which the coupling constantgvrp is extracted.

The meson-exchange current is given by

Jmec
m 5@GrNN

a ~qr!#1iD ab~qr!Gvrp
bm ~qr ,qp ,kv!iD~qp!

3@GpNN~qp!#21~1↔2!, ~14!

where Dab(qr) and D(qp) stand for ther- and p-meson
~Feynman! propagators, respectively. The verticesG in-
volved are self-explanatory. The coupling constant,gvrp

510.0 in Eq.~12!, has been fixed from a systematic study
2-4
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TABLE I. Model parameters fixed for thepp→ppv reaction without the inclusion of nucleon resonances. Below, ‘‘Bonn’’ indicates
the same value in the BonnNN potentialB ~Table A.1! @41# is used.

Vertex Coupling constant Cutoff~MeV!

Nucleonic current: (f vNN5kvgvNN)
vNN (v production! gvNN59.0 LN51190 @see Eq.~11!#

(kv522.0)
MNN @M5p,h,r,v,s,a0(5d)# Bonn Bonn
Mesonic current:
vrp (v production! gvrp510.0 Lv[Lr5Lp51000 @see Eq.~13!#

rNN Bonn Bonn
pNN ~pv coupling! Bonn 1300
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pseudoscalar and vector meson radiative decays comb
with the vector meson dominance assumption@31,48#. Its
sign is fixed from a study of pion photoproduction in the
GeV energy region@49#. TherNN andpNN vertices in Eq.
~14! are consistent with those in the Bonn-B NN potential
@41#, except that here we use the pseudovector coupl
which is consistent with the chiral constraints in the low
order@50#, instead of the pseudoscalar coupling for thepNN
vertex. In addition, the cutoff parameterLpNN51300 MeV
is adopted at thepNN vertex. ~One could use the pseudo
scalar coupling, or even the admixture of the pseudosc
and the pseudovector couplings@51#. Note that these two
couplings entail different orders in chiral counting@50#. A
test calculation by the use of the pseudoscalar coupling w
the same model parameters turned out to give an enha
ment of the total cross section by about a factor of 10 n
the threshold, and the enhancement became far larger a
excess energyQ increases.! We are, then, left with the cutof
parameterLr5Lp in Eq. ~13! which will be treated as a free
parameter in the present work.

Next, we explain how the model parameterskv , LN , and
Lr5Lp are determined in the present approach. In R
@27#, it was pointed out that the angular distribution of t
emittedv mesons is a sensitive quantity for determining t
absolute amountof nucleonic as well as mesonic curre
contributions in addition to the relative sign of the two am
plitudes. This was also demonstrated in Refs.@30,52#. ~The
value quoted in Ref.@52# should readgvNN519.0.! Further-
more, the shape of thev angular distribution is particularly
sensitive to the value ofkv , the tensor to vector-coupling
ratio @30,52#. Thus, we can make use of both thev angular
distribution and total cross section data from COSY-TO
@38# at Q5173 MeV to fix these three parameters. We obt
a reasonable fit to the data with the valuesLr5Lp

51000 MeV, LN51190 MeV, and kv.22.0. Table I
summarizes all the parameter values within the approac
this section. Here, it should be mentioned that, atQ
5173 MeV, the energy involved in the finalpp subsystem
extends beyond the pion threshold. TheNN FSI used in the
present work has been developed to fit the phase shifts
up to the pion production threshold. Therefore, strictly,
are beyond the applicability of this interaction. However, t
final pp energy involved is not large enough to introduce a
significant deviation.
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The kv dependence of thev angular distribution is illus-
trated in Fig. 3. Here, since the mesonic current contribut
gives a flat angular distribution, and because we are in
ested in thekv dependence of the shape, we have kept
mesonic current contribution unchanged (Lr5Lp

51000 MeV) and varied bothkv andLN . The latter param-
eter has to be varied in order to keep the total cross sec
fixed. The results show that indeed the shape is sensitiv
the value ofkv . Note in particular that the values ofkv

.21 are clearly unable to reproduce the data. We note h
that the value of the tensor coupling,f vNN50, in the Bonn

FIG. 3. kv dependence of thev angular distribution at exces
energyQ5173 MeV, without the inclusion of nucleon resonance
The dashed, dot-dashed, and solid lines show the mesonic, n
onic, and total contributions, respectively. The dots denote d
from COSY-TOF@38#. The cutoff parameterLN in the form factor
at thev production vertexvNN is fitted to the total cross section o
30.8mb at excess energyQ5173 MeV @38# for each panel.
2-5
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NN potential used in the FSI in the present work, is qu
different from the value of f vNN5kvgvNN.22.039
5218 used to reproduce the angular distribution data. Ho
ever, the exchangedv meson in the BonnNN potential
model is associated with the virtualv meson and represen
the isoscalar-vector quantum numbers exchanged, and i
necessarily related to the physicalv meson.

Next, in order to see how the shape of thev angular
distribution is sensitive to the value ofgvNN , we keep the
valuekv522.0 fixed, which reproduces thev angular dis-
tribution very well, and calculate thev angular distribution
for different values ofgvNN . Here again the mesonic curre
contribution has been kept fixed. We show in Fig. 4~the right
panel! the result obtained using the value (gvNN)2/4p
5(17.37)2/4p524, approximately the value used in th
Bonn NN potential, together with one of the reasonable
~the left panel! obtained withgvNN59.0. Recall that the tota
cross section is normalized in both calculations. The re
obtained with (gvNN)2/4p524 also gives a good fit to th
data, where the change in the coupling constantgvNN , 9.0
→17.37, is compensated by the change in the cutoff par
eter LN , 1190→1020 MeV. This implies that, for a given
mesonic current contribution, the shape of thev angular dis-
tribution is not sensitive to the value ofgvNN , but is sensi-
tive to the value ofkv . This implies that the different mo
mentum dependence introduced via the tensor couplin
the nucleonic current plays an important role to the shap
the v angular distribution.

With all the parameters fixed, we next study the ene
dependence of the total cross section. In Fig. 5, we show
predicted energy dependence of the total cross section
various effects:~1! effects of the finitev width denoted by
‘‘width,’’ ~2! the initial and final statepp interactions de-
noted by ‘‘ISI’’ and ‘‘FSI,’’ respectively, and~3! using a con-
stant matrix element denoted by ‘‘phase space,’’ wh
‘‘( e* J)5const’’ is used in Eq.~1!. The results with ‘‘ISI
1FSI1width’’ in Fig. 5 ~the bottom-right panel! include all
the effects considered in the present section, and shoul
compared with the data. Recall that the present parame

FIG. 4. gvNN dependence of thev angular distribution at exces
energyQ5173 MeV. The left panel is one of the reasonable fi
achieved withgvNN59.0, while the right panel is the result ob
tained with the valuegvNN517.37, which is approximately the
value used in the BonnNN potential model@41#. Both calculations
use the valuekv522.0. Also, see the caption of Fig. 3.
03461
-

not

s

lt

-

to
of

y
he
ith

e

be
rs

are adjusted so as to reproduce both the total cross sectio
30.8mb and thev angular distribution atQ5173 MeV. In
Fig. 5, we also show the result of Ref.@37# denoted by ‘‘Hi-
bou et al.’’ used in the analysis of the SATURNE data. Ob
viously, the present result underestimates the SATURNE d
@37# to a large extent in the range of excess energiesQ
,31 MeV. The reason for this discrepancy can be attribu
to an overestimate of the mesonic current contribution
fixed atQ5173 MeV. This results in a substantial reductio
of the cross section close to threshold, due to a much st
ger destructive interference between the nucleonic and
sonic current contributions as the excess energy decrease
fact, the large overestimation of the mesonic current can
verified from thep2p→vn reaction. With all the param-
eters fixed to reproduce thepp→ppv at Q5173 MeV, we
have looked at the model prediction of the energy dep
dence of thep2p→vn total cross section. It turns out tha
the model largely overestimates the data from Ref.@53# as
the center-of-mass energyW increases due to the rapidl
increasingvrp exchange-current contribution. We were u
able to reproduce both thepp→ppv data atQ5173 MeV
and the energy dependence of thep2p→vn total cross sec-
tion within our approach which considers only the nucleo
and mesonic currents.

FIG. 5. Energy dependence of the total cross section for
pp→ppv reaction without the inclusion of resonances. ‘‘ISI
‘‘FSI,’’ and ‘‘width’’ stand for the pp initial state interaction,pp
final state interaction, and effects of thev width, respectively. The
result with ‘‘ISI1FSI1width’’ ~the bottom-right panel! should be
compared with the data, where those panels without any of
legends, ISI, FSI, and width, imply that the corresponding effec
switched off from the full calculation~the bottom-right panel!. Data
are from SATURNE@37# ~dots!, COSY-TOF@38# ~diamonds!, Ref.
@36# ~circles!, and DISTO@9# ~a filled square!, respectively. ‘‘Hibou
et al.’’ ~the bottom-right panel! stands for the result used in th
analysis in Ref.@37#. In the bottom-left panel indicated by ‘‘phas
space1 FSI,’’ the calculated energy dependences are normalize
the total cross section data from COSY-TOF@38# at eitherQ592 or
173 MeV, where ‘‘(e* J)5const’’ is used in Eq.~1!, and thus, ef-
fects of the FSI generated by the BonnNN potential model@41#
enter.
2-6
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In an attempt to improve the agreement in the pres
approach, we have investigated the effect of different fo
factors for the vector and tensor couplings at thev produc-
tion vertex in the nucleonic current. Different momentu
dependences of the vector (F1) and the tensor (F2) strong
form factors at thevNN meson production vertex are qui
possible. In particular, recent experimental results from
Jefferson Lab@54# for the ratio of the proton electric an
magnetic form factors,mpGEp(Q

2)/GMp(Q2) (mp : proton
magnetic moment!, show a linear decrease as the fou
momentum transfer squared (Q2) increases, namely, the vec
tor (F1) to the tensor (F2) electromagnetic ratio is
F2(Q2)/F1(Q2);1/Q @55#, which shows thatF1 and F2

have different momentum dependences.~The perturbative
QCD predictsF2(Q2)/F1(Q2);1/Q2 @56#.! Using different
cutoff values for the vector and tensor form factors, resp
tively, LNv51300 MeV andLNt51600 MeV, and using the
same functional form of Eq.~11!, we have recalculated th
energy dependence of the total cross section. Note that t
parameters together with other parameters,Lr5Lp

51450 MeV andkv520.5, can reproduce thev angular
distribution data atQ5173 MeV reasonably well. However
the predicted cross section is enhanced by only (10–20)%
near-threshold energies, and still underestimates substan
all the SATURNE data points@37#. We have also considere
a possible contribution of thevss mesonic current by as
signing a reasonable range of values for the coupling c
stants and cutoff parameters associated with this current.
this also gives only a small contribution. Thus, within t
approach of considering only the contributions from t
nucleonic and mesonic currents, it seems unlikely to be a
to reproduce the measured energy dependence of the
cross section in the range of excess energies,Q
<173 MeV. Of course, we could fix the model paramet
by fitting the total cross section at a lower excess ene
point. However, the model would then overestimate the to
cross sections nearQ5173 MeV substantially, and also
would be difficult to reproduce thev angular distribution at
Q5173 MeV.

Apart from the difficulties mentioned above, we also no
that the rather large~negative! value of kv522.0 required
to reproduce thev angular distribution is not easily recon
ciled with other nuclear processes. For example, such a l
value of kv leads to a rather strongNN ~isoscalar! tensor
force. This will affect theNN tensor force, given primarily
by the p- and r-meson exchanges, in such a way that
becomes extremely difficult to describeNN scattering and
deuteron properties. In fact, a rough calculation@57# shows
that it is nearly impossible to describe theNN phase-shift
data with such a strong tensor coupling (f vNN5kvgvNN
.218).

Thus, although there is currently no definite experimen
evidence for thev meson to couple to any nucleon res
nance, it would be natural to expect that some resona
currents give contributions, since high nucleon incident
ergies are involved in the near-thresholdv production inpp
collisions. The reduction of the mesonic current at high
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cess energies may then be compensated by the nucleon
nance current contributions. We study such a possibility
Sec. IV.

IV. pp\ppv WITH RESONANCE

In order to limit the number of resonances considered
thereby avoid the introduction of an excessive number
new parameters, we restricted the resonances to those~1! that
appreciably decay to theN1g channel so that the vecto
meson dominance~VMD ! assumption may be used to pro
duce v, ~2! whose mass distributions confined aroundmN
1mv and therefore contribute maximally at near-thresh
energies,~3! that can describe consistently thep2p→vn
reaction. In addition, to see if a dominantS11(1535) reso-
nance contribution as reported in Ref.@29# is possible, and
since many parameters associated withS11(1535) are under
better control than those for other higher resonances, we
include this resonance in the present study. As a result,
consider contributions from the following four nucleo

resonances, S(1535)(1
2

2)****, P(1710)(1
2

1)***,

D(1700)(3
2

2)***, and P(1720)(3
2

1)****, where we list
the spin, parity, and status of the corresponding resona
explicitly @58#. The construction of the resonance current a
the associated details are given in Ref.@39#.

The resonance currentJres
m contribution to thepp→ppv

reaction arises from the spin-1/2 (J1/2res
m ) and spin-3/2

(J3/2res
m ) resonance currents in the present approach:

Jres
m 5J1/2res

m 1J3/2res
m . ~15!

The spin-1/2 resonance current, in analogy to the nucleo
current, is defined by

J1/2res
m 5 (

j 51,2
(
N*

~Gv jN*
m iSN* UN* 1ŨN* iSN* Gv jN*

m
!.

~16!

Here Gv jN*
m stands for thevNN* vertex involving the

nucleonj. SN* (p)5(p”1mN* )/(p22mN*
2

1 imN* GN* ) is the
N* resonance propagator, withmN* and GN* denoting the
mass and width of the resonance, respectively. The sum
tion is over the two interacting nucleons,j 51 and 2, and
also over the spin-1/2 resonances,N* 5S11(1535) and
P11(1710). In Eq. ~16!, UN* (ŨN* ) stands for theNN
→NN* (NN* →NN) meson-exchange transition potentia
and is given by

UN* 5 (
M5p,h for S11(1535)

M5p,h,s for P11(1710)

GMNN* ~q!iDM~q2!GMNN~q!

1 (
M5r,v

GMNN*
m

~q!iD mn(M )~q!GMNN
n ~q!, ~17!

whereDM(q2) and Dmn(M )(q) are the~Feynman! propaga-
tors of the exchanged pseudoscalar~scalar! and vector me-
sons, respectively.GMNN(q) andGMNN

m (q) denote the pseu
2-7
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doscalar ~scalar! and vector MNN vertices, respectively
These vertices are taken consistently with theNN potentialV
appearing in Eq.~3!, except for the type of coupling at th
pNN vertex and thevNN coupling constant.~Recall that we
use the pseudovector coupling instead of the pseudos
coupling at thepNN vertex.! The exception also applies t
the spin-3/2 resonance current,J3/2res

m . An analogous expres

sion to Eq.~17! also holds forŨN* . In Eq. ~17!, we have an
u

th
on

th
n
ia

-3

03461
lar

extras-meson exchange in theNP11(1710)↔NN transition
potential, since theP11(1710)→Npp decay branch is rela
tively large @58#. Thus, we simulate these two pions conv
niently by as meson.

Following Refs. @14,39,59,60#, the transition vertices
GMNN* andGMNN*

m in Eqs. ~16! and ~17! for spin-1/2 reso-
nances are obtained from the interaction Lagrangian de
ties,
L hNN*
(6)

~x!57ghNN* c̄N* ~x!H F ilG (6)1S 12l

mN* 6mN
D Gm

(6)]mGh~x!J cN~x!1H.c., ~18a!

L pNN*
(6)

~x!57gpNN* c̄N* ~x!H F ilG (6)1S 12l

mN* 6mN
D Gm

(6)]mGtW•pW ~x!J cN~x!1H.c., ~18b!

LsNP11
~x!5gsNP11

c̄P11
~x!scN~x!1H.c., ~18c!

L vNN*
(6)

~x!5S gvNN*

mN* 1mN
D c̄N* ~x!H F Gm

(7)]2

mN* 1mN

1G (7)~2 i ]m1kvsmn]n!Gvm~x!J cN~x!1H.c., ~18d!

L rNN*
(6)

~x!5S grNN*

mN* 1mN
D c̄N* ~x!H F Gm

(7)]2

mN* 1mN

1G (7)~2 i ]m1krsmn]n!GtW•rW m~x!J cN~x!1H.c., ~18e!
tion

l,

r
x-

-
-

wherepW (x), vm(x), rW m(x), andcN* (x) denote thep, v, r,
and spin-1/2 nucleon resonance fields, respectively. The
per and lower signs refer to the even(1) and odd(2) parity
resonances, respectively. The operatorsG (6) and Gm

(6) in
Eqs.~18a!–~18e! are defined by

~G (1),G (2),Gm
(1) ,Gm

(2)!5~g5 ,1,g5gm ,gm!. ~19!

The parameterl in Eqs.~18a! and~18b! controls the admix-
ture of the two types of couplings: pseudoscalar~ps cou-
pling: l51) and pseudovector~pv coupling:l50) for an
even parity resonance, and scalar (l51) and vector (l
50) for an odd parity resonance, where both choices of
parameterl give equivalent results when baryons are
their mass shells. In this work we takel50. Note that, in
principle, we should not allow only the pureGm

(7) coupling in
Eqs. ~18d! and ~18e!, because unlike theVNN vertex (V
denotes the vector meson!, this coupling alone at theVNN*
vertex prevents us from estimating its strength using
VMD, since it violates gauge invariance. In the prese
work, we use a more general gauge invariant Lagrang
density as used in Ref.@60# based on Ref.@14#.

Similar to the case of spin-1/2 resonances, the spin
resonance current is defined by

J3/2res
m 5 (

j 51,2
(
N*

~Gv jN*
ma iSab(N* )UN*

b

1ŨN*
a iSab(N* )Gv jN*

bm
!. ~20!
p-

e

e
t
n

/2

HereGv jN*
bm stands for thevNN* vertex function involving

the nucleonj.

Sab(N* )~p!5~p”1mN* !$2gab1gagb/3

1~gapb2pagb!/3mN* 12papb/3mN*
2 %/

3~p22mN*
2

1 imN* GN* !

is the spin-3/2 Rarita-Schwinger propagator. The summa
is over the two interacting nucleons,j 51 and 2, and also
over the spin-3/2 resonances,N* 5D13(1700) and
P13(1720). In Eq. ~20!, UN*

a (ŨN*
a ) stands for theNN

→NN* (NN* →NN) meson-exchange transition potentia
and is given by

UN*
a

5 (
M5p,h

GMNN*
a

~q!iDM~q2!GMNN~q!

1 (
M5r,v

GMNN*
al

~q!iD ln(M )~q!GMNN
n ~q!, ~21!

where GMNN*
a (q) and GMNN*

al (q) denote the pseudoscala
and vectorMNN* vertices, respectively. An analogous e
pression to Eq.~21! also holds forŨN*

a .
The MNN* vertices involving spin-3/2 nucleon reso

nances in Eqs.~20! and~21! are obtained from the Lagrang
ian densities@39,59#,
2-8
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NEAR-THRESHOLDv AND f MESON PRODUCTIONS INpp COLLISIONS PHYSICAL REVIEW C68, 034612 ~2003!
L hNN*
(6)

~x!5S ghNN*
mh

D c̄N*
m

~x!Qmn~z!G (7)cN~x!]nh~x!

1H.c., ~22a!

L pNN*
(6)

~x!5S gpNN*
mp

D c̄N*
m

~x!Qmn~z!G (7)tWcN~x!•]npW ~x!

1H.c., ~22b!

L vNN*
(6)

~x!57 i S gvNN*
(1)

2mN
D c̄N*

m
~x!Qmn~z!Gl

(6)cN~x!vln~x!

2S gvNN*
(2)

4mN
2 D

3@]lc̄N*
m

~x!Qmn~z!G (6)cN~x!#vln~x!1H.c.,

~22c!

L rNN*
(6)

~x!57 i S grNN*
(1)

2mN
D c̄N*

m
~x!Qmn~z!Gl

(6)tWcN~x!•rW ln~x!

2S grNN*
(2)

4mN
2 D

3@]lc̄N*
m

~x!Qmn~z!G (6)tWcN~x!#•rW ln~x!

1H.c., ~22d!

where Qmn(z)[gmn2(z11/2)gmgn , and vln(x)
[]lvn(x)2]nvl(x) and rW ln(x)[]lrW n(x)2]nrW l(x). In
order to reduce the number of parameters, we takz
521/2 in the present work.

Following Ref.@39#, the relevant coupling constants ass
ciated with the resonance currents are calculated utilizing
data of Particle Data Group@58# whenever available; they
are determined from the centroid values of the extracted
tial decay widths~and masses! of the resonances. Those co
plings involving vector mesons, are estimated from the c
responding measured radiative decay width in conjunc
with the VMD, although uncertainties in the data are lar
In order to reduce the number of free parameters, the rati
the VNN* (V5r,v) coupling constants for the spin-3/
resonances,D13(1700) andP13(1720), have been fixed to b
gVNN*

(1) /gVNN*
(2)

522.1, the same ratio as that fo
ggNP33(1232)

(1) /ggNP33(1232)
(2) 522.1, extracted from the ratio o

E2/M1>22.5% determined from pion photoproductio
measurements@61#.

Following Refs.@39,46#, and in complete analogy to th
nucleonic current, we introduce the off-shell form factors
each vertex involved in resonance currents. We adopt
same form factor as given by Eq.~11!, with mN replaced by
mN* at the MNN* vertex, in order to account for theN*
resonance being off shell. TheMNN* vertex, where the ex-
changed meson is also off shell, is multiplied by an ex
form factorFM(q2) in order to account for the meson bein
off shell @see Eqs.~17! and ~21!#. The corresponding full
03461
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n
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form factor is, therefore, given by the produ
FN(p2)FM(q2), whereM stands for the exchanged meso
between the two interacting nucleons. The form fac
FM(q2) is taken consistently with theNN potentialV in Eq.
~3!; the only two differences are the normalization point
Fr,v(q2) and the cutoff parameter value ofFp(q2). Here,
the form factor for vector mesonsFr,v(q2) is normalized to
unity at q250 in accordance with the kinematics at whic
the coupling constantgr,vNN* was extracted, i.e.,Fr,v(q2)
5@Lr,v

2 /(Lr,v
2 2q2)#2. For the pion form factorFp(q2), we

use the cutoff valueLp5900 MeV. To be consistent in this
section, this value~rather thanLp51300 MeV) is also used
in the form factor at thepNN vertex appearing in the me
sonic current constructed.

Since we now include the resonance current, the free
rameters in the nucleonic and mesonic currents in the
ceding section have to be readjusted. In addition, we w
consider thesNN* coupling for N* 5P11(1710) as a free
parameter in the present work. In order to fix these free
rameters in this section, we use thep2p→vn total cross
section data from Ref.@53# ~see Ref.@15# for a discussion
about the data!, in addition to thepp→ppv total cross sec-
tion and angular distribution data from the COSY-TOF C
laboration @38#. We note that at the excess energy ofQ
5173 MeV for thepp→ppv reaction, the center-of-mas
energyW of the subsystemp2p→vn appearing as a build
ing block in the description of thepp→ppv reaction will
reach a maximum value ofW.1.9 GeV. Thus, we fix the
parameters so as to reproduce the measured energy d
dence of thep2p→vn total cross section data up toW
.1.9 GeV.

We show in Fig. 6 the calculated energy dependence
the total cross section obtained with a selected parameter
At lower energiesW, D13(1700) andP13(1720) contribu-

1.70 1.75 1.80 1.85 1.90 1.95 2.00 2.05
W (GeV)

0

2

4

6

8

10

σ 
(m

b)

Nucleonic
Mesonic
Nuc+Mec
N*11 sum
N*13 sum
Resonance sum
Total

π  + p → ω + n

ΛΝ=1100 MeV, Λρ=850 MeV, nρ=2

FIG. 6. Energy dependence of the total cross section for
p21p→vn reaction obtained with the preferred model parame
set. Data are from Ref.@53#. Note that at an excess energy ofQ
5173 MeV in the pp→ppv reaction, the maximum center-of
mass energyW for this reaction reaches.1.9 GeV.
2-9
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tions are dominant, but neitherS11(1535) nor P11(1710)
give appreciable contributions for thep2p→vn total cross
section. Furthermore, many trial calculations show that w
out including the resonances it is very difficult to reprodu
the near-threshold behavior of thep2p→vn total cross sec-
tion up to energiesW.1.9 GeV using a reasonable set
parameters. However, with the inclusion of the resonan
we need a softer~stronger! form factor for thevrp vertex to
fit the overall energy dependence exhibited by the data
particular, the part of the form factor which accounts for t
off-shell behavior of the exchangedr meson requires a di
pole form,

Fvrp~qr
2 ,qp

2 ![Fr~qr
2!Fp~qp

2 !5S Lr
2

Lr
22qr

2D nrS Lp
2 2mp

2

Lp
2 2qp

2 D ,

~23!

with nr52, Lr5850 MeV, andLp51450 MeV. A cutoff
parameter value ofLN51100 MeV has been also dete
mined at thevNN meson production vertex. A differen
form factor, exp(bqr

2)exp(2aW2), was introduced at the
vrp vertex in Ref.@62# to overcome the difficulties in re
producing the data using the monopole form factorFr(qr

2) in
Eq. ~23!.

Next, using thev angular distribution data from COSY
TOF @38#, we further fix parameters associated with t
P11(1710) resonance, namely, the coupling constantgsNP11

associated with thes exchange introduced effectively t
simulate the observed decay channel,P11(1710)→N12p.
The value for the coupling constantgsNP11

is adjusted to

reproduce thepp→ppv total cross section of 30.8mb at
Q5173 MeV. Thus, in this procedure, the value obtain
for gsNP11

is not strictly related to the branching ratio for th

N12p channel; instead, the contribution fromP11(1710)
should be regarded as also taking into account the other
sible resonance contributions not included explicitly in o
model.

We show in Fig. 7 thev angular distribution calculated
by fitting the coupling constantgsNP11

to the total cross sec

tion of 30.8mb, together with a more reasonable value
kv520.5. Recall that with the value ofkv.22.0 obtained
in Sec. III, it would be very difficult to describe theNN
scattering data consistently@57#. Two values forgsNP11

are
found to be able to reproduce the total cross section
30.8mb at Q5173 MeV. The results for thev angular dis-
tribution are shown in Fig. 7, for those obtained wi
gsNP11

524.3 ~the upper panel! and gsNP11
514.8 ~the

lower panel!. Although the valuegsNP11
514.8 reproduces

the v angular distribution data from COSY-TOF@38# better,
the result for the energy dependence of the total cross se
is worse than that withgsNP11

524.3. Thus, we will show

only the results obtained withgsNP11
524.3. We summarize

in Table II all the parameters fixed in the present approa
i.e., with the inclusion of the nucleon resonances.

Next, in Fig. 8 we show the energy dependence of
pp→ppv total cross section calculated using the fixed p
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rameters in Table II. The result is greatly improved compa
to that without the inclusion of any nucleon resonances st
ied in Sec. III.~See Fig. 5.! However, it still underestimates
the SATURNE data@37#, which are in the range of exces
energiesQ,31 MeV, by about a factor of 2. Thus, furthe
investigation is needed to understand better the n
thresholdpp→ppv reaction. As already mentioned, we als
need more data for exclusive observables in the energy
gion above but close toQ530 MeV, because there is n
established method for removing the multipion backgrou
associated with thev-meson width from the raw data t
extract the cross sections. The effect of the width is v
important in the energy region,Q,30 MeV, and the extrac-

 

 

FIG. 7. Calculatedv angular distribution for thepp→ppv re-
action at excess energyQ5173 MeV. The cutoff parameterLN in
thevNN form factor,FN(p2)5LN

4 /@LN
4 1(p22mN

2 )# @Eq. ~11!#, is
adjusted to thep2p→vn reactionLN51100 MeV ~Fig. 6!, and
the coupling constantgsNP11

is fitted to reproduce the total cros
section of 30.8mb at Q5173 MeV. The cutoff parameters andnr

indicated in each panel enter at thevrp vertex form factor:
Fprv(qp

2 ,qr
2)[Fr(qp

2 )Fp(qr
2)5@Lr

2/(Lr
22qr

2)#nr@(Lp
2 2mp

2 )/(Lp
2

2qp
2 )# @Eq. ~23!#, with nr52, Lr5850 MeV, and Lp

51450 MeV, respectively. Also, see the caption of Fig. 3.
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TABLE II. Model parameters fixed for thepp→ppv reaction with the inclusion of nucleon resonances. Below, ‘‘Bonn’’ indicates
the same value in the BonnNN potentialB ~Table A.1! @41# is used.

Vertex Coupling constant Cutoff~MeV!

Nucleonic current: (f vNN5kvgvNN)
vNN (v production! gvNN59.0 LN51100 @see Eq.~11!#

(kv520.5)
MNN @M5p,h,r,v,s,a0(5d)# Bonn Bonn
Mesonic current:
vrp (v production! gvrp510.0 Lr5850,Lp51450 @see Eq.~23!#

rNN Bonn Bonn
pNN ~pv coupling! Bonn 900
Spin-1/2 resonance current: gMNN ,gMNN*

1

mN* 1mN

(gr,vNN* , kr,vgr,vNN* ) @see Eqs.~18d! and ~18e!#

S11(1535),G5150 MeV
MNN (M5p,h,r,v) Bonn, butgvNN59.0 Bonn, butLpNN5900
@pNN ~pv coupling!#
pNS11(1535) 1.25 900
hNS11(1535) 2.02 Bonn
rNS11(1535) (0.0,24.50)(fm) Bonn
vNS11(1535) (21.04,3.82)(fm) Bonn
P11(1710),G5100 MeV
MNN (M5s,p,h,r,v) Bonn, butgvNN59.0 Bonn, butLpNN5900
@pNN ~pv coupling!#
sNP11(1710) 24.30 Bonn
pNP11(1710) 1.20 900
hNP11(1710) 4.43 Bonn
rNP11(1710) ~0.0,6.70! ~fm! Bonn
vNP11(1710) ~0.0,21.19! ~fm! Bonn
Spin-3/2 resonance current: gMNN ,gMNN*

(1)

(gr,vNN*
(1) /gr,vNN*

(2)
522.1) @see Eqs.~22c! and ~22d!#

D13(1700),G5100 MeV
MNN (M5p,r,v) Bonn, butgvNN59.0 Bonn, butLpNN5900
@pNN ~pv coupling!#
pND13(1700) 0.44 900
rND13(1700) 1.68 Bonn
vND13(1700) 3.02 Bonn
P13(1720),G5150 MeV
MNN (M5p,r,v) Bonn, butgvNN59.0 Bonn, butLpNN5900
@pNN ~pv coupling!#
pNP13(1720) 0.17 900
rNP13(1720) 23.73 Bonn
VNP13(1720) 3.94 Bonn
e
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tion of the cross section can become highly model dep
dent.

In order to explore the sensitivity of more exclusive o
servables than cross sections to the nucleon resonances
pp→ppv reaction, we have also calculated the spin cor
lation functions and analyzing power atQ592 and
173 MeV, with and without the inclusion of the nucleo
resonance currents. Here, we just mention that altho
some of the spin correlation functions exhibit some sensi
ity to the presence of nucleon resonances, judging from
currently achieved precisions for thepp→ppv data, such a
03461
n-

the
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h
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presence may not be sensitive enough to be distinguis
experimentally. A more thorough and complete study of
role of nucleon resonances in the production ofv mesons in
NN collisions, especially in a combined analysis of thepp
→ppv and pn→dv reactions, will be reported elsewher
@63#. Such an analysis will consider, not only the spin o
servables, but also the invariant mass distributions. Thepn
→dv process, for which the total cross section data ha
been reported quite recently@64#, will provide additional
constraints on the model parameters.

Considering the results shown in Fig. 8, one possibi
2-11
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K. TSUSHIMA AND K. NAKAYAMA PHYSICAL REVIEW C 68, 034612 ~2003!
for improving the agreement with the data would be to
troduce extra resonances, which enhance the total cross
tion at near-threshold energies but only moderately enha
at excess energies aroundQ5173 MeV, if such adequate
candidates exist. On the other hand, the introduction of n
resonances would introduce more ambiguities. The othe
fect to be investigated is thevN FSI, which is expected to
enhance the total cross sections at near-threshold ene
because a QCD sum rule study of the meson-nucleon s
isospin averaged scattering lengths for the vector mesonr,
v, and f suggests attractiveVN (V5r,v,f) interactions
@21#.

Next, in Fig. 9 we show a decomposition of each re
nance contribution to the energy dependence of thepp

FIG. 8. Calculated energy dependence of the total cross se
for the pp→pp v reaction with the inclusion of nucleon reso
nances,S11(1535), P11(1710), D13(1700), andP13(1720). Also,
see the caption of Fig. 5.

FIG. 9. Decomposition of resonance contributions for the
ergy dependence of thepp→ppv total cross section. Also, see th
caption of Fig. 5.
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→ppv total cross section. Close to threshold energies
dominant contribution comes fromD13(1700), while at
higher excess energies, the dominant contribution com
from P11(1710), although the contribution of this resonan
was negligible in thep2p→vn reaction. Here, again the
S11(1535) resonance contribution is very small in our mod
We should mention that we also studied the contribut
from theS11(1650) resonance in the present approach, bu
did not give an appreciable contribution. Thus, if we want
be consistent with both thep2p→vn and pp→ppv reac-
tions, it appears necessary to include at least three nuc
resonances,P11(1710), D13(1700), andP13(1720), in the
present approach.

Finally, before leaving this section, we should menti
that the treatment of thep2p→vn reaction should be im-
proved in our model. In particular, as shown by Penner a
Mosel @15#, effects of higher-order terms other than the Bo
term in the T matrix equation are important and, cons
quently, they should be taken into account in a better w
than through a form factor as has been done in the pre
work.

V. pp\ppf WITHOUT RESONANCE

The pp→ppf reaction can be treated in an analogo
way to thepp→ppv reaction in Sec. III, namely, conside
ing only the nucleonic (Jnuc

m ) and mesonic (Jmec
m ) current

contributions. However, the scarcity of data, especially in
near-threshold region, makes this study more difficult.
fact, there is only one total cross section and one ang
distribution available near threshold at an excess energ
Q583 MeV measured by the DISTO Collaboration@9#. A
theoretical study of thepp→ppf reaction in Ref.@31# was
made within a similar approach to that of the present stu
in the sense that it used a relativistic meson-exchange mo
considering contributions from the nucleonic andfrp ex-
change currents as the dominant contributions. The pre
study differs from that of Ref.@31# in that ~1! the f angular
distribution data from DISTO@9# used in this study were
reanalyzed@9# and absolute normalization of the correspon
ing total cross section was established, and~2! the pp ISI is
included explicitly.

The relative importance among the possible mes
exchange-current contributions was estimated based o
SU~3! effective Lagrangian, together with various effects d
scribed in Ref.@31#. Furthermore, the test calculations pe
formed in Ref.@31# showed that thefrp-exchange curren
was by far the dominant mesonic current. Thecombinedcon-
tribution of all other meson-exchange currents to the to
cross section is about two orders of magnitude smaller t
this. Moreover, possible contributions from meson-excha
currents involving heavy mesons, in particular, theff f 1-
and fv f 1-exchange currents were also examined using
larger values of the coupling constants calculated from
observed decay off 1→f1g. However, this contribution, as
well as theffs- and fvs-exchange currents, also turne
out to be negligible@31#. Finally, as in the case ofv produc-
tion, there are neither experimental indications of any of

on

-
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NEAR-THRESHOLDv AND f MESON PRODUCTIONS INpp COLLISIONS PHYSICAL REVIEW C68, 034612 ~2003!
known isospin-1/2N* resonances decaying into theNf
channel nor do there exist enough data for the near-thres
pp→ppf reaction to fix the relevant parameters and jud
their validities. Thus, we study thepp→ppf reaction con-
sidering the contributions only from the nucleonic andfrp
mesonic currents.

The coupling constantgfrp , associated with the meson
currentJmec

m , can be extracted from the measured branch
ratio. Specifically, the coupling constantgfrp521.64 is de-
termined directly from the measured decay width off→r
1p @58#, where the sign is inferred from SU~3! symmetry
@31#. We note that the coupling constantgfrp521.64 is
extracted at different kinematics compared to that of thev:
gfrp is determined atqr

25mr
2 andqp

2 5mp
2 , whereasgvrp is

extracted atqr
250 and qp

2 5mp
2 . Then, the correspondin

form factor @cf. Eq. ~13!# is defined by

Ffrp~qr
2 ,qp

2 ![Fr~qr
2!Fp~qp

2 !5S Lr
22mr

2

Lr
22qr

2 D S Lp
2 2mp

2

Lp
2 2qp

2 D .

~24!

In Eq. ~24!, we again assume that the cutoff parameterLf
[Lr5Lp corresponds to those in Eq.~13!.

Although we do not have to use the same parameters
thef production as those used in thepp→ppv reaction, we
use the same valueLN51190 MeV for the cutoff paramete
in the fNN meson production vertex, because t
frp-exchange current gives the dominant contribution
the total cross section, and reproducing the absolute nor
ization of the total cross section is relatively insensitive
the cutoff parameterLN in the nucleonic current compare
to the cutoff parameters in thefrp vertex form factors.
Therefore, we have three free parameters to be adjuste
reproduce thef-meson production total cross section a
angular distribution data@9#, namely,gfNN and kf in the
nucleonic current, after replacingv→f in Eq. ~10!, and
Lf[Lr5Lp in the form factor of Eq.~24! in the frp
mesonic current, after replacingv→f in Eqs.~12! and~14!.

In Figs. 10 and 11, we show thekf dependence of the
calculated f angular distributions, forgfNN520.4 and
gfNN521.6, respectively. Results in Fig. 10 imply that
long as the value ofgfNN is small, the angular distribution
data can be reproduced well within the experimental e
bars, irrespective of the values ofkf up to kf.24.0. On
the other hand, results in Fig. 11 show that the larger va
gfNN521.6, makes the shape of the calculatedf angular
distribution sensitive tokf . One can notice that for a certai
value ofkf , the shape of the calculatedf angular distribu-
tion changes from convex to concave. After some test ca
lations, we find that the optimum value for this transition
roughly kf.22.0. Thus, aroundkf.22.0 we can expec
that there are a large number of possibilities for the value
gfNN andLf , which can reproduce the experimentally o
served flatf angular distribution@9#.

Next, we fix the value kf522.0 ~and LN
51190 MeV), and study thegfNN dependence of thef an-
gular distribution. Some of the calculated results are sho
in Fig. 12. Note that the top-right panel in Fig. 12 has
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contribution solely from the mesonic current (gfNN50),
which, neglecting thef-v mixing and the OZI-allowed two-
step processes@31#, may be regarded as the limiting case
no ss̄ component in the nucleon wave function, if the val
of gfNN is considered as a measure for thess̄ component.
Since we have not included quark degrees of freedom exp
itly, it is difficult to draw a definite conclusion on thess̄
component in the nucleon wave function. We summarize
Table III the four possible parameter sets forgfNN , kf , and
Lf fixed by fitting the DISTOf angular distribution data
@9#. They all reproduce the experimental data@9# reasonably
well. This suggests that one needs to study additional obs
ables, e.g., the energy dependence of thepp→ppf total
cross section, in order to constrain better the parameter
the model.

FIG. 10. kf dependence of thef angular distribution atQ
583 MeV. The dashed, dot-dashed, and solid lines show the
sonic, nucleonic, and total contributions, respectively. ThefNN
coupling constant and the cutoff parameterLN associated with the
fNN meson production vertex are fixed atgfNN520.4 andLN

51190 MeV, and the cutoff parameterLf[Lr5Lp in the frp
meson production vertex is fitted to reproduce the total cross sec
of 190 nb atQ583 MeV. The dots are the data from DISTO@9#
~a!.

         
                                            

FIG. 11. Same as Fig. 10, butgfNN521.6.
2-13
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K. TSUSHIMA AND K. NAKAYAMA PHYSICAL REVIEW C 68, 034612 ~2003!
Here, it may be interesting to compare the values ofgfNN

andkf obtained in the present work with those extracted
Ref. @65# by studying the off-shell timelike nucleon form
factors using thep(g,e1e2)p reaction. They obtained
(gfNN ,kf).(1.3,7.2). ~Note that their definition ofkf is
different from that of the present study by a factor 4mN /mf
(mN,f : masses of the nucleon andf meson!; for compari-
son, this factor is included in the value ofkf here.!

Next, using the four parameter sets given in Table III,
study the energy dependence of thepp→ppf total cross
section. We show the calculated results in Fig. 13. The
sults exhibit very similar energy dependences for the par
eter sets (gfNN ,kf)5(0.0,0.0), (20.4,20.5), and (20.4,
24.0), while that for (22.0,22.0) shows a different depen
dence especially at excess energies in the regionQ
,50 MeV. Thus, measuring the energy dependence of
total cross section forQ,50 MeV will help constrain better

FIG. 12.gfNN dependence of thef angular distribution with the
fixed valuekf522.0, andLN51190 MeV. Also, see the captio
of Fig. 10.
03461
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the model parameters, in particular, the magnitude of
coupling constantgfNN .

VI. SUMMARY AND DISCUSSION

We have studied thepp→ppv/f reactions using a rela
tivistic effective Lagrangian at the hadronic level, includin
both the initial and final statepp interactions. For both reac
tions, we have made use of the recently measuredv andf
angular distributions in addition to the total cross sect
data to fix the model parameters.

We have studied thepp→ppv reaction considering two
possibilities, i.e., thev meson is produced by~1! the nucle-
onic and mesonic current contributions, and~2! the nucle-
onic, mesonic, and nucleon resonance current contributi
The results show that the energy dependence of the

FIG. 13. Energy dependence of the total cross section for
pp→ppf reaction, calculated using the four parameter sets, wh
can reproduce thef angular distribution data@9#. A systematic error
in the data point from DISTO@9# is not included.
TABLE III. Model parameters for thepp→ppf reaction, for four possible sets by thef angular distribution, denoted by~a!–~d!. Below,
‘‘Bonn’’ indicates that the same value in the BonnNN potentialB ~Table A.1! @41# is used.

Vertex Coupling constant Cutoff~MeV!

Nucleonic current: (f fNN5kfgfNN)
fNN (f production! ~a! gfNN50.0 (kf[0) LN51190 @see Eq.~11!#

~b! gfNN520.4 (kf520.5) LN51190
~c! gfNN520.4 (kf524.0) LN51190
~d! gfNN522.0 (kf522.0) LN51190

MNN @M5p,h,r,v,s,a0(5d)# Bonn Bonn
Mesonic current: Lf[Lr5Lp

~a! frp (f production! gfrp521.64 Lf51930 @see Eq.~24!#

~b! frp (f production! gfrp521.64 Lf52100
~c! frp (f production! gfrp521.64 Lf51915
~d! frp (f production! gfrp521.64 Lf52200
rNN Bonn Bonn
pNN ~pv coupling! Bonn 1300
2-14
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NEAR-THRESHOLDv AND f MESON PRODUCTIONS INpp COLLISIONS PHYSICAL REVIEW C68, 034612 ~2003!
cross section in the range of excess energies,Q
<173 MeV, is apparently described better by the inclus
of nucleon resonances, which is implemented in a way to
consistent with thep2p→vn reaction. However, the calcu
lation still underestimates the SATURNE data by abou
factor of 2, where the data points are in the range of exc
energiesQ,31 MeV. This remains still a problem in unde
standing the reaction mechanism. In this connection,
need more data for exclusive observables in the energy
gion above, but close toQ530 MeV because there is n
established method for removing the multipion backgrou
associated with thev-meson width from the raw data. Thi
removal is necessary for extracting the cross sections in
energy region,Q,30 MeV, where the effect of the width i
very important, and the extraction can be highly model
pendent.

In connection with studying resonance contributions
thepp→ppv reaction, we plan to investigate thepv invari-
ant mass distributions for this reaction@63#. A measurement
of the invariant mass distributions for this reaction sho
give significant information as to whether contributions fro
resonances are appreciable or not. Such theoretical stu
have been made for thepp→pph @60# andpp→pLK1 @66#
reactions. Thus, the study of the invariant mass distributi
may be an alternative method for studying the poss
v-meson~andf-meson! resonance couplings both theore
cally and experimentally.

In addition to thepp→ppv reaction, we have studied th
pp→ppf reaction considering the contributions solely fro
the nucleonic and mesonic current contributions. Becaus
n
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,

s

ov

v,

03461
n
e

a
ss

e
e-

d

he

-

ies

s
e

of

the scarcity of data for this reaction in the near-thresh
energy region, we have obtained four parameter sets w
can reproduce thef angular distribution data from DISTO
@9# equally well. Predictions for the energy dependence
thepp→ppf total cross section indicate that a measurem
of the cross section close to threshold should be able to c
strain better the coupling constantgfNN (.0 or .22).

Finally, although there exists an enormous interest in v
tor meson properties in highly complicated many-nucle
environments, e.g., dilepton production in heavy ion co
sions and meson (v) nuclear bound states, the data for t
NN→NNV reaction (V: vector meson! are currently inad-
equate for understanding the production mechanism of th
mesons in free space. Thus, more measurements of ve
meson production in free space, and especially inNN colli-
sions, may be a first step towards understanding the pro
ties of vector mesons in such complicated nuclear envir
ments.
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