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pp˜pK1L reaction in an effective Lagrangian model
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Saha Institute of Nuclear Physics, Calcutta 700064, India

~Received 15 January 1999; revised manuscript received 16 July 1999; published 20 October 1999!

We investigate thepp→pK1L reaction within an effective Lagrangian model where the contributions to
the amplitudes are taken into account within the tree level. The initial interaction between the two nucleons is
modeled by the exchange ofp, r, v, ands mesons, and theLK1 production proceeds via the excitation of
the N* (1650), N* (1710), andN* (1720) baryonic resonances. The parameters of the model at the nucleon-
nucleon-meson vertices are determined by fitting the elastic nucleon-nucleon scattering with an effective
interaction based on the exchange of these four mesons, while those at the resonance vertices are calculated
from the known decay widths of the resonances as well as the vector meson dominance model. Available
experimental data is described well by this approach. The one-pion-exchange diagram dominates the produc-
tion process at both higher and lower beam energies. Ther andv meson exchanges make negligible contri-
butions. However, thes-exchange processes contribute substantially to the total cross sections at lower beam
energies. The excitation of theN* (1710) andN* (1650) resonances dominate this reaction at beam momenta
above and below 3 GeV/c, respectively. The interference among the amplitudes of various resonance excita-
tion processes is significant. For beam energies very close to theK1 production threshold the hyperon-proton
final state interaction effects are quite important. The data is selective about the model used to describe the
low-energy scattering of the two final state baryons.@S0556-2813~99!02211-6#

PACS number~s!: 25.40.Ve, 11.80.2m, 13.75.Cs, 13.75.Ev
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I. INTRODUCTION

In recent years there has been a considerable amou
interest in the study of the associated production reactiop
1p→p1K11L. This is expected to provide informatio
on the manifestation of quantum chromodynamics~QCD! in
the nonperturbative regime of energies larger than thos
the low-energy pion physics where the low-energy theor
and partial conservation of axial current~PCAC! constraints
provide a useful insight into the relevant physics@1#. The
strangeness quantum number introduced by this reac
leads to new degrees of freedom into this domain which

expected to probe the admixture ofs̄s quark pairs in the
nucleon wave function@2# and also the hyperon-nucleon an
hyperon-strange-meson interactions@3,4#.

The elementary nucleon-nucleon-strange-meson pro
tion cross sections are the most important ingredients in
transport model studies of theK1-meson production in the
nucleus-nucleus collisions, which provide information on n
only the initial collision dynamics but also the nuclear equ
tion of state at high density@5–12#. Furthermore, the en
hancement in the strangeness production has been prop
as a signature for the formation of the quark-gluon plasm
high-energy nucleus-nucleus collisions@13,14#.

The experimental data on thepp→pK1L reaction is very
scarce. The measurements performed in late 1960’s
1970’s provide total cross sections for this reaction at be
momenta larger than 2.80 GeV/c ~see, e.g.,@15#!. With the
advent of the high-duty proton-synchrotron, cooler synch
tron ~COSY! at the Forschungszentrum, Ju¨lich, it has be-
come possible to perform systematic studies of the ass
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ated strangeness production at beam momenta very clo
the reaction threshold (2.340 GeV/c). The first round of ex-
periments at COSY have already added@16# 12 new data
points to the data base. At near-threshold beam energies
final state interaction effects among the outgoing partic
are significant. Therefore, the new set of data are expecte
also probe the hyperon-nucleon and hyperon-strange m
interactions, along with the mechanism of the strangen
production in proton-proton collisions.

The existing theoretical studies of this reaction are ba
either on a single boson (p or K meson! exchange mecha
nism @17–20# or a resonance model@21–24#. In the first
method, theK1 production is assumed to take place ess
tially through the exchange of one intermediate pion
K-meson; the excitation of any intermediate nucleon re
nance is not considered. TheK-meson exchange amplitude
were found to dominate@17,20# the production cross sec
tions. However, the relative sign of the pion andK-meson
exchange amplitudes was not fixed in this approach@20#.
Furthermore, it has been argued that the existing high ene
data can be well reproduced considering only the sin
pion-exchange process@18,19# since the contribution of the
K-meson exchange amplitude can be compensated by
ous parameters of the model.

In the resonance model@21# of the strangeness productio
in pp collisions, thep-, h-, and r-meson exchanges ar
included and theK1-meson production proceeds via the e
citation of theN* (1650), N* (1710), andN* (1720) reso-
nances@22,24#. However, the terms in the total amplitud
involving the interference of various resonance contributio
are neglected in these calculations. Moreover, the parame
of the NNp and NNr vertices were taken from the Bon
nucleon-nucleon potential which may not be adequate
higher beam energies as these have been determined b
©1999 The American Physical Society13-1
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R. SHYAM PHYSICAL REVIEW C 60 055213
ting the NN scattering data below theNNp production
threshold. At the same time, the finite lifetime of ther me-
son has not been taken into account while calculating
relevant coupling constants from the experimental branch
ratios.

In this paper, we investigate the associatedK1 production
in the proton-proton collisions in the framework of an effe
tive Lagrangian approach@25–29#, following and extending
our previous study@30,31# on p0 andp1 production. Initial
interaction between two incoming nucleons is modeled by
effective Lagrangian which is based on the exchange of
p, r, v, and s mesons. The coupling constants at t
nucleon-nucleon-meson vertices are determined by dire
fitting theT matrices of the nucleon-nucleon (NN) scattering
in the relevant energy region@33#. The effective-Lagrangian
uses the pseudovector~PV! coupling for the nucleon-
nucleon-pion vertex~unlike the resonance model@22#!, and
thus incorporates the low-energy theorems@34# of current
algebra and the hypothesis of partially conserved ax
vector current~PCAC!. TheK1 production proceeds via ex
citation of theN* (1650), N* (1710), andN* (1720) inter-
mediate baryonic resonance states which have apprec
branching ratios for the decay into theK1L channel. The
interference terms between various intermediate reson
states are included which marks a major difference betw
our work and the resonance model@22#. To describe the
recent near threshold data, the final state interaction betw
the outgoing particles is included within the framework
the Watson-Migdal theory@31#.

The remainder of this paper is organized in the followi
way. Section II contains details of our theoretical approa
Section III comprises the results of our analysis and th
critical discussion. The summary and conclusions of
work are presented in Sec. IV.

II. FORMALISM

We consider the tree-level structure~Fig. 1! of the ampli-
tudes for the associatedK1L production in proton-proton
collisions, which proceeds via the excitation of th

N* (1650) (1
2

2), N* (1710) (1
2

1), and N* (1720) (3
2

1) in-
termediate resonances. To evaluate these amplitudes w
the effective Lagrangian approach, one needs to know
effective Lagrangians~and the coupling constants appeari

FIG. 1. Feynman diagrams forK1L production in pp colli-
sions. The diagram on the left shows the direct process, while
on the right shows the exchange one.
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therein! at ~i! nucleon-nucleon-meson,~ii ! resonance-
nucleon-meson, and~iii ! resonance-K1-hyperon vertices.
These are discussed in the following subsections.

A. Nucleon-nucleon-meson vertex

The parameters forNN vertices are determined by fittin
the NN elastic scatteringT matrix with an effectiveNN in-
teraction based on thep, r, v, ands meson exchanges. Th
effective meson-NN Lagrangians are

LNNp52
gNNp

2mN
C̄Ng5gmt•~]mFp!CN , ~1!

LNNr52gNNrC̄NS gm1
kr

2mN
smn]nD t•rmCN , ~2!

LNNv52gNNvC̄NS gm1
kv

2mN
smn]nDvmCN , ~3!

LNNs5gNNsC̄NsCN . ~4!

In Eqs.~2! and ~3! smn is defined as

smn5
i

2
~gmgn2gngm!. ~5!

We have used the notations and conventions of Bjorken
Drell @32#. In Eq. ~1! mN denotes the nucleon mass. It shou
be noted that we have used a PV coupling for theNNp
vertex. Since we use these Lagrangians to directly model
T matrix, we have also included a nucleon-nucleon-ax
vector-isovector vertex, with the effective Lagrangian giv
by

LNNA5gNNAC̄g5gmtC•Am, ~6!

whereA represents the axial-vector meson field. This term
introduced because in the limit of large axial meson m
(mA) it cures the unphysical behavior in the angular dis
bution of NN scattering caused by the contact term in t
one-pion exchange amplitude@33#, if gNNA is chosen to be

gNNA5
1

A3
mAS f p

mp
D , ~7!

with very large (@mN) mA . f p appearing in Eq.~7! is re-
lated togNNp as f p5(gNNp/2mN)mp .

It should be mentioned here that the contact term of
coordinate space potential, corresponding to one pion
change term, is effectively switched off by the repulsive ha
core of the nucleon-nucleon interaction. However, in the
fective Lagrangian description, this term has to be explic
subtracted in order to avoid the unphysical behavior of
elastic cross section. This is achieved by the inclusion o
term corresponding to the exchange of a axial-vect
isovector meson as described above.

We introduce, at each interaction vertex, the form fact

at
3-2
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Fi
NN5S l i

22mi
2

l i
22qi

2 D , i 5p,r,s,v, ~8!

whereqi andmi are the four momentum and mass of thei th
exchanged meson, respectively. The form factors supp
the contributions of high momenta and the parameterl i ,
which governs the range of suppression, can be related to
hadron size. SinceNN elastic scattering cross sections d
crease gradually with the beam energy~beyond certain
value!, we take energy dependent meson-nucleon coup
constants of the following form:

g~As!5g0 exp~2 lAs!, ~9!

in order to reproduce these data in the entire range of b
energies. The parametersg0 , l, and l were determined by
fitting to the elastic proton-proton and proton-neutron sc
tering data at the beam energies in the range of 400 Me
4.0 GeV @30,33#. It may be noted that this procedure al
fixes the sign of the effective Lagrangians@Eqs.~1!–~4!, ~6!#.
The values of various parameters are shown in Table I@the
signs of all the coupling constants (g) are positive#, which
are the same as those used in the calculations of the
production in proton-proton collisions@30,31#. Thus we en-
sure that theNN elastic scattering channel remains the sa
in the description of various inelastic channels within th
approach, as it should be.

B. Resonance-nucleon-meson vertex

As the L hyperon has zero isospin, only isospin-1
nucleon resonances are allowed. Below 2 GeV cente
mass ~c.m.! energy, only three resonances,N* (1650),
N* (1710), andN* (1720), have significant decay branchin
ratios~3–11 %, 5–25 %, and 1–15 %, respectively@35#! into
the K1L channel. In this work only these three resonan
have been considered. TheN* (1700) resonance having ver
small ~and uncertain! branching ratio for the decay to thi
channel has been excluded.

Since all of the three resonances can couple to the me
nucleon channel considered in the previous section, we
quire the effective Lagrangians for all of the four resonan
nucleon-meson vertices corresponding to all of the inclu
resonances. For the coupling of the spin-1/2 resonance
pion we again have the choice of pseudoscalar~PS! or PV

TABLE I. Coupling constants for theNN-meson vertices used
in the calculations.

Meson g2/4p l l mass
~GeV! ~GeV!

p 12.562 0.1133 1.005 0.138
s 2.340 0.1070 1.952 0.550
v 46.035 0.0985 0.984 0.783
r 0.317 0.1800 1.607 0.770

kr56.033,kv50.0
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couplings. The corresponding effective Lagrangians can
written as@29,36,37#

L N
1/2* Np

PV
52

gN
1/2* Np

M
C̄N* Gmt•~]mFp!CN1H.c., ~10!

L N
1/2* Np

PS
52gN

1/2* NpC̄N* iGt FpCN1H.c., ~11!

whereM5(mN* 6mN), with the upper sign for even parity
and lower sign for odd parity resonance. The operatorsG,
Gm are given by

G5g5 , Gm5g5gm , ~12!

G51, Gm5gm , ~13!

for resonances of even and odd parities, respectively.
have performed calculations with both of these couplin
The effective Lagrangians for the coupling of resonances
other mesons are similar to those given by Eqs.~2!–~4!,

LN
1/2* Nr52gN

1/2* NrC̄N*
1

2mN
Gmn]nt•rmCN 1H.c.,

~14!

LN
1/2* Nv52gN

1/2* NvC̄N*
1

2mN
Gmn]nvmCN 1H.c., ~15!

LN
1/2* Ns5gN

1/2* NsC̄N* G8sCN1H.c. ~16!

The operatorsG8 andGmn are

G851, Gmn5smn , ~17!

G85g5 , Gmn5g5smn ~18!

for resonances of even and odd parities, respectively.
The even parity isospin-1/2N* (1720) resonance is a

spin-3/2 nucleon excited state. We have used the follow
effective Lagrangians for vertices involving this resonan
@29,36,37#:

LN* Np5
gN

3/2* Np

mp
C̄mt•]mFpCN1H.c., ~19!

LN* Nr5 i
gN

3/2* Nr

mN* 1mN

C̄mt~]nrm2]mrn!gng5CN1H.c.,

~20!

LN* Nv5 i
gN

3/2* Nv

mN* 1mN

C̄mt~]nvm2]mvn!gng5CN1H.c.,

~21!

LN* Ns5
gN

3/2* Ns

ms
C̄mt•~]ms!CN1H.c., ~22!
3-3
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R. SHYAM PHYSICAL REVIEW C 60 055213
Here C̄m is the N* (1720) vector spinor. It should be re
marked here that an operatorQam(z)5gan2 1

2 (1
12z)gagm has also been included in the vector spinor v
tex in Refs.@29,36,37#. This operator describes the off-she
admixture of the spin-1/2 fields@38#. The choice of the off-
shell parameterz is arbitrary and it is treated as a free p
rameter to be determined by fitting to the data. This opera
can be easily introduced in Eqs.~19!–~22! which will intro-
duce four additional free parameters in our calculations.
however, work with the Lagrangians as given in Eqs.~19!–
~22!, which are identical to those given in@29,36,37# for z
50.5.

C. Resonance-hyperon-strange-meson vertex

For vertices involving spin-1/2 resonances, there is ag
the PS and PV coupling option. In principle, one can sele
linear combination of both and fit the PS/PV ratio to the da
However, to minimize the number of parameters we cho
either PS or PV coupling at a time. The effectiv
Lagrangians for theN* LK1 vertex is written in the follow-
ing way @36,37#.

For spin-1/2 resonance,

L N
1/2* LK1

PV
52

gN
1/2* LK1

M 8
C̄N* Gmt•~]mFK1!CN1H.c.,

~23!

L N
1/2* LK1

PS
52gN

1/2* LK1C̄N* iGt FK1CN1H.c., ~24!

whereM 85mN* 6mL , with the upper sign for even parit
and lower sign for odd parity resonance.
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For spin-3/2 resonance,

LN
3/2* LK15

gN
3/2* LK1

mK1

C̄mt•]mFK1CN1H.c. ~25!

D. Coupling constants for resonances

The resonance couplings are determined from the exp
mentally observed quantities, such as the branching ratios
the decay of the resonances to the corresponding chan
The partial width for the decay of a resonance~in its rest
frame! of massMN* into a meson of massmm and energy
Em , and a nucleon is written in terms of the Lorenz invaria
matrix elementM as

dG5
~2p!4

2MN*
uMu2d4~PN* 2pm2pN!

d3pm

~2p!32Em

mN

EN

d3pN

~2p!3
.

~26!

In the case of the meson~in the decay channel! having a
finite lifetime for the decay to another channel~e.g., r
→pp), an integration over the phasespace for this de
must be included@39–41#.

1. N*Np vertex

For the spin-1/2 resonance, theN* Np decay width, with
the PS coupling, is given by

GN
1/2* Np5

3

4p
gN

1/2* Np
2 EN6mN

mN*
pp

cm , ~27!

while that with the corresponding PV coupling is
GN
1/2* Np5

3

4p
S gN

1/2* Np

M
D 2F2Ep@ENEp1~pp

cm!2#2mp
2 ~EN6mN!

mN*
Gpp

cm , ~28!
d

cay
where

pp
cm5

@mN*
2

2~mN1mp!2#@mN*
2

2~mN2mp!2#

4mN*
2 , ~29!

EN5A~pp
cm!21mN

2 , ~30!

Ep5A~pp
cm!21mp

2 . ~31!

For spin-3/2 resonance, theN* Np decay width is

GN
3/2* Np5

1

12p
S gN

3/2* Np

mp
D 2

EN6mN

mN*
~pp

cm!3. ~32!
The plus and minus sign in Eqs.~27! corresponds to odd an
even parity resonances, respectively, while in Eqs.~28! and
~32!, the reverse is the case.

2. N* Nr vertex

The partial decay width of each resonance for the de
into nucleon and two pions via ther meson is given by

G~mN* !52E
2mp

mN* 2mN
dm mG* ~m!S~m!. ~33!

In this equation the spectral functionS(m) is defined as

S~m!52
1

p
ImDr~m!, ~34!

where
3-4
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Dr~m!5
1

m22mr
21 imGr→pp

, ~35!

with

Gr→pp5Gr→pp
0

mr
2

m2 F prpp~m!

prpp~mr!G
3

. ~36!

The value ofGr→pp
0 is taken to be 150 MeV. Ther→pp

decay four-momentaprpp are

prpp~m!5
@m224mp

2 #@m2#

4m2
. ~37!

In Eq. ~33!, G* (m) is defined in the following way.
For spin-1/2 even parity resonance,

G* ~m!5
1

4p
S gN

1/2* Nr

2mN
D 2

3F4~EN* 1Em!~pm
cm!213~EN* 2mN!m2

mN*
Gpm

cm ,

~38!

EN* 5A~pm
cm!21mN

2 , ~39!

Em5A~pm
cm!21m2, ~40!

where pm
cm is given in the same way as Eq.~29! with mp

replaced bym.
For spin-1/2 odd parity resonance,

G* ~m!5
1

4p
S gN

1/2* Nr

2mN
D 2

3F24~EN* 1Em!~pm
cm!223~EN* 1mN!m2

mN*
Gpm

cm .

~41!

For spin-3/2 even parity resonance,

G* ~m!5
1

12p
S gN

3/2* Nr

mN* 1mN
D 2

3F2~2EN* 1Em!~pm
cm!213~EN* 2mN!m2

mN*
Gpm

cm .

~42!

3. N* Nv vertex

Since the resonances considered in this study have
known branching ratios for the decay into theNv channel,
we determine the coupling constants for theN* Nv vertices
by the strict vector meson dominance~VMD ! hypothesis
05521
no

@42#, which is based essentially on the assumption that
coupling of photons on hadrons takes place through a ve
meson.

The N* Ng partial widths are given as the following.
For spin-1/2 even parity resonance,

GN* Ng5
1

p

mN

mN*
~mN* !2~qf

3!. ~43!

For spin-1/2 odd parity resonance,

GN* Ng5
3

2

mN

mN*
~mN* !2S mN

2 1
2

3
qf

2Dqf . ~44!

For spin-3/2 even parity resonance,

GN* Ng5
1

p

mN

mN*
~mN* !2~qf

3!. ~45!

In these equations,qf5@(mN*
2

2mN
2 )/2mN* #. The value of

mN* is determined by fitting to theNg partial width of each
resonance, which is given in terms of the helicity amplitud
A1/2 andA3/2 by @35#

Gg5
qf

2

p

2mN

~2J11!mN*
@ uA1/2u21uA3/2u2#, ~46!

whereJ is the resonance spin.mN* is written as the ratio of
the couplings atN* v andvg vertices as

mN* 5e
gN* v

gvg
. ~47!

Using the above equations together with the experime
helicity amplitudes, the values of the coupling constants
the N* Nv vertices can be determined. We have usedgvg
517 in our calculations.

4. N* Ns vertex

As the sigma meson is, most of the time, a resonance
two pions@43# in the S state, the coupling constants for th
N* Ns vertices are determined from the branching ratios
the decay of the resonances intoN(pp) l 50. We, however,
reduce the experimental values of these ratios by 2/3 to
count for the fact that this correlated state provides o
about 2/3 of the total 2p exchange. The expressions for th
partial widths are similar to those given by Eqs.~27!–~32!.

5. N* LK1 vertex

The coupling constants for theN* LK1 vertices are de-
termined from the experimental branching ratios for theN*
→LK1 decay. The expressions for the decay widths
similar to those given by Eqs.~27!–~32!.

We assume that the off-shell dependence of theNN* ver-
tices are determined solely by multiplying the vertex co
stants by the form factors, which have the dipole fo
@30,44#
3-5
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Fi
NN* 5S ~l i

N* !22mi
2

~l i
N* !22qi

2 D 2

, i 5p,r,s,v. ~48!

The resonance properties used in the calculations of
decay widths are given in Table II, where the resulting co
pling constants and the adopted values of the cutoff par
eters (l i

N* ) are also given. It may be noted that we ha
fixed the latter to one value in order to minimize the numb
of free parameters.

It should, however, be stressed that the branching ra
determine only the square of the corresponding coup
constants; thus their signs remain uncertain in this meth
Predictions from independent calculations~e.g., the quark
model! can, however, be used to constrain these signs.
magnitude, as well signs of the coupling constants for
N* Np, N* LK, N* Nr, andN* N(pp)s-wave vertices were
determined by Feuster and Mosel@37#, and Manley and
Saleski@45# in their analysis of the pion-nucleon data invol
ing the final statespN, ppN, hN, andKL. Predictions for
some of these quantities are also given in the constitu
quark model calculations of Capstick and Roberts@46#.
Guided by the results of these studies, we have chosen
positive sign for the coupling constants for these vertic
Unfortunately, quark model calculations for theN* Nv ver-
tices are still sparse and an unambiguous prediction for
signs of the corresponding coupling constants may not
possible at this stage@47#. Nevertheless, we have chosen
positive sign for the coupling constants for these vertices
well.

E. Propagators

We require the propagators for various mesons
nucleon resonances in the calculation of the amplitudes.
propagators for pion,r-meson, and axial-vector mesons a
given by

TABLE II. Coupling constants and cutoff parameters for t
N* N-meson andN* -hyperon-meson vertices used in the calcu
tions.

Resonance
Width
~GeV!

Decay
channel

Adopted value
of the

branching ratio g2/4p
lN*

~GeV!

N* (1710) 0.100 Np 0.150 0.0863 0.850
Nr 0.150 1.3653 0.850
Nv 0.1189 0.850
Ns 0.170 0.0361 0.850
LK 0.150 2.9761 0.850

N* (1720) 0.150 Np 0.100 0.0023 0.850
Nr 0.700 90.637 0.850
Nv 22.810 0.850
Ns 0.120 0.1926 0.850
LK 0.080 0.0817 0.850

N* (1650) 0.150 Np 0.700 0.0521 0.850
Nr 0.08 0.5447 0.850
Nv 0.2582 0.850
Ns 0.025 0.2882 0.850
LK 0.070 0.0485 0.850
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Gp~q!5
i

~q22mp
2 !

, ~49!

Gr
mn~q!52 i S gmn2qmqn/q2

q22mr
2 D , ~50!

GA
mn~q!52 i S gmn

q22mA
2 D . ~51!

In Eq. ~51!, the mass of the axial meson is taken to be ve
large~188 GeV!, since the corresponding amplitude is that
the contact term. The propagators forv and s mesons are
similar to those given by Eqs.~50! and ~49!, respectively.

The propagators for spin-1/2 and spin-3/2 resonances

GN
1/2* ~p!5 i S phgh1mN

1/2*

p22@mN
1/2* 2 i ~GN

1/2* /2!#2D , ~52!

GN
3/2*

mn
~p!52

i ~p/1mN
3/2* !

p22@mN
3/2* 2 i ~GN

3/2* /2!#2 F gmn2
1

3
gmgn

2
2

3mN
3/2*

2 pmpn1
1

3mN
3/2*

2 ~pmgn2pngm!G .

~53!

In Eqs.~52! and~53!, GN* is the total width of the resonance
which is introduced in the denominator term (p22mN*

2 ) to
account for the fact that the resonances are not the st
particles; they have a finite lifetime for the decay into va
ous channels.GN* is a function of the center-of-mass mo
mentum of the decay channel, and it is taken to be the sum
the widths for pion and rho decay~the other decay channel
are considered only implicitly by adding their branching r
tios to that of the pion channel!:

GN* 5GN* →Np1GN* →Nr . ~54!

GN* →Nr is calculated according to Eq.~33!. GN* →Np is
taken to be

GN* →Np5G0S ppR
cm

pp
cmD 2l 11

, ~55!

where l is the orbital angular momentum of the resonan
pp

cm is as defined in Eq.~29! and ppR
cm is given by the same

equation withmN* replaced byp of Eqs.~52! and~53!. G0 is
taken to be the total on-shell width of the resonance mi
the corresponding width for the nucleon-r meson decay
channel.

F. Amplitudes and cross sections

After having established the effective Lagrangians, co
pling constants, and form of the propagators, we can n
proceed to calculate the amplitudes for various diagrams

-

3-6
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sociated with thepp→pLK1 reaction. These amplitude
can be written by following the well-known Feynman rul
@48# and calculated numerically by following, e.g., the tec
niques discussed in@30#. The isospin part is treated sep
rately. This gives rise to a constant factor for each gra
which is unity for the reaction under study. It should
stressed here that signs of various amplitudes are fixed
those of the effective Lagrangians, coupling constants,
the propagators as described above. These signs are n
lowed to change anywhere in the calculations.

The general formula for the invariant cross section of
p1p→p1L1K1 reaction is written as

ds5
mN

3 mL

2A@~p1p2!22mN
4 #

1

~2p!5
d4~Pf2Pi !uAf i u2)

a51

3
d3pa

Ea
,

~56!

whereAf i represents the total amplitude,Pi andPf , the sum
of all the momenta in the initial and final states, respective
andpa , the momenta of the three particles in the final sta
The corresponding cross sections in the laboratory or cen
of-mass systems can be written from this equation by imp
ing the relevant conditions.

G. Final state interaction

For describing the data for thepp→pLK1, reaction at
beam energies very close to the threshold, consideratio
the final state interaction~FSI! among the three outgoin
particles is important. As there exists no theory of the F
effects in the presence of three strongly interacting partic
we follow an approximate scheme in line exactly with t
Watson-Migdal theory of FSI@49#. In this approach the en
ergy dependence of the cross section due to FSI is sepa
from that of the primary production amplitude. This meth
has been applied earlier to study the low-momentum beh
ior of the h meson@50# and pion spectra@51,31,52# mea-
sured in proton-proton collisions. We write for the total am
plitude

Af i5M f i~pp→pLK1!Tf f , ~57!

where M f i(pp→pLK1) is the primary production ampli
tude as discussed above, whileTf f describes the rescatterin
among the final particles, which goes to unity in the limit
no FSI. The latter is taken to be the coherent sum of
two-body on-mass-shell elastic scattering amplitudes of
particles involved in the final channel:

Tf f5(
i 51

3

t i
l i~qi !, ~58!

where t i represents the two-body on-shell elastic scatter
amplitude~of the interacting particles pairj -k) in the three-
body space with thei th particle being the spectator.l i andqi
denote the partial wave and relative momentum of thej -k
particle pair, respectively.

An assumption inherent in the approximation given
Eq. ~57! is that the reaction takes place over a small region
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space, a condition fulfilled rather well in near-threshold
actions involving heavy mesons. This allows us to expr
the amplitudest i in terms of the inverse of the Jost functio
Jl i

(qi) @53,31#. In the analysis presented in this paper w

assumel i50, for all of the three pairsj -k and use the modi-
fied Cini-Fubini-Stanghellini formula@54# for the effective
range expansion of the phase shift (d0i) of the relevant pair

C0
2qi cotd0i12qihh~h!5~1/ai !1~1/2!r 0iqi

2 ~59!

to calculate the corresponding Jost function. It may be no
that in the case of the pairj -k involving uncharged par-
ticle~s!, the second term on the left-hand side of Eq.~59!
vanishes andC0

2 goes to unity. In this equation,r 0i andai are
the effective range and scattering length parameters, res
tively, for the j -k interacting pair.h is the corresponding
Coulomb parameter and

C0
25

2ph

e2ph21
, h~h!5 (

n51

`
h2

n~n21h2!
20.57722 ln~h!.

~60!

In this case we have

t i
0~qi !5@J0~qi !#

215
~qi

21a i
2!r 0i

c /2

1/ai
c1~r 0i

c /2!qi
22 iqi

, ~61!

wherea is given by

a5~1/r 0i
c !@11~112r 0i

c /ai
c!1/2# ~62!

andai
c and r 0i

c are defined as

1

ai
c

5
1

C0
2 F 1

ai
22qihh~h!G , ~63!

r 0i
c 5

r 0i

C0
2

. ~64!

It may be noted that for largeqi , the amplitudet i goes to
unity, which is to be expected. The extrapolation of the sc
tering amplitude for the off-shell effects can be achieved
means of a monopole form factor@20#. For a detailed discus
sion of the off-shell effects we refer to@55#.

The factorization of the total amplitude into those of t
FSI and primary production@Eq. ~57!#, enables one to pursu
the diagrammatic approach for the latter within an effect
Lagrangian model and investigate the role of various me
exchanges and resonances in describing the reaction. M
over, in this way the FSI among all of the three outgoi
particles can be included. Although the meson-baryon in
actions are weak, they can still be influential through int
ference.

The parametersa and r 0 are very poorly known for the
K1-nucleon andK1-hyperon systems, since the correspon
ing scattering data are scarce at low energies. On the o
hand, for the hyperon-nucleon system, several sets of va
for these parameters have been given by the Bonn-Ju¨lich
3-7
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R. SHYAM PHYSICAL REVIEW C 60 055213
@56# and Nijmegen@57# groups from their respectiveL2p
interaction models. There is quite some variation in the v
ues given in these sets. For theK12p andK12L systems
we have adopted the values given in a recent effective
grangian model analysis of the availableKL andKp data by
Feuster and Mosel@37#. In any case, the cross sections a
insensitive to the FSI effects in these channels. On the o
hand, these effects are very important in theL2p channel
and we have performed calculations of the correspond
FSI effects with all of the sets of these parameters given
Bonn-Jülich and Nijmegen groups~given in Table III! in
order to see if the results are sensitive to various mod
More details will be given in the next section.

III. RESULTS AND DISCUSSION

The theoretical approach presented in the previous sec
has been used to study the available data on thep1p→p
1L1K1 reaction for beam energies ranging from ju
above the production threshold to about 10 GeV. In the
sults shown below, we have used PS couplings for b
N* Np and N* LK1 vertices involving spin-1/2 resonance
of even and odd parities. However, calculations have a
been performed with the corresponding PV couplings. T
cross sections calculated with this option for the resonan
hyperon-kaon vertex deviate very little from those obtain
with the corresponding PS couplings. However, the PV c
pling for the N* Np vertex leads to noticeably different re
sults as is discussed below.

A. Cross-section data for beam energy above 2 GeV

In Fig. 2 we show the comparison of our calculations w
the experimental data for the total cross section for this
action as a function of beam momentum for incident energ
above 2 GeV. In this figure we have investigated the role
various meson exchange processes in describing the
cross section. The dotted, dashed, long-dashed, and da
dotted curves represent the contributions ofp, r, v, ands
meson exchanges, respectively. The contribution of
heavy axial meson exchange is not shown in this figure s
it is negligibly small. The coherent sum of all of the meso
exchange processes is shown by the solid line. The exp

TABLE III. Scattering length (a) and effective range (r 0) pa-

rameters for theLN scattering derived from modelsA, Ã, B, andB̃
of the Jülich-Bonn group@56# andD, F, andNSCof the Nijmegen
group @57#.

Model a~singlet! r 0~singlet! a~triplet! r 0~triplet!
~fm! ~fm! ~fm! ~fm!

A 1.56 1.43 1.59 3.16

Ã 2.04 0.64 1.33 3.91

B 0.56 7.77 1.91 2.43

B̃ 0.40 12.28 2.12 2.57

D 1.90 3.72 1.96 3.24
F 2.29 3.17 1.88 3.36

NSC 2.78 2.88 1.41 3.11
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mental points are taken from@15#. We note that the measure
cross sections are reproduced reasonably well by our ca
lations~solid line! for all of the beam energies except for th
two lowest points. The FSI effects, which are not included
these calculations, reduce the discrepancy between the
perimental data and calculations at these beam mome
This point is further discussed in the next subsection.

We note that the pion exchange graphs dominate the
duction process for all of the energies. In comparison to t
the contributions ofr and v meson exchanges are almo
insignificant. Ther-meson exchange, which is a convenie
way of taking into account theP wave part of the correlated
two-pion exchange~CTPE! process, is rather weak even
the low-energyNN scattering@43#. With increasing projec-
tile energy, its contribution decreases further. On the ot
hand, thes meson exchange, which models the CTPE in
pp S wave and provides about 2/3 of this exchange in
low-energyNN interaction, plays a relatively more importan
role. This observation has also been made in the case o
NN→NNp reaction@58–60,30,31#. Thus, thes meson ex-
change provides an efficient means of mediating the la
momentum mismatch involved in the meson production
actions in NN collisions, particularly at lower beam mo
menta.

The relative importance of the contributions of each int
mediate resonance to thepp→pLK1 reaction is studied in
Fig. 3, where the contributions ofN* (1650),N* (1710), and
N* (1720) resonances to the energy dependence of the
cross section are shown by dotted, dashed, and dashed-d
lines, respectively. Their coherent sum is depicted by
solid line. It is clear that the contributions from th
N* (1710) and N* (1650) resonances dominate the to
cross section at beam momenta above and below 3 Gec,
respectively. Moreover, the interference terms of the am
tudes corresponding to various resonances are quite im
tant. This result is in sharp contrast to the resonance mo

FIG. 2. Total cross section for thep1p→p1K11L reaction
as a function of the beam momentum. The dotted, dashed, lo
dashed, and dashed-dotted curves represent the contributionsp,
r, v, ands meson exchanges, respectively. Their coherent sum
shown by the solid line. The experimental data are from@15#.
3-8
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pp→pK1L REACTION IN AN EFFECTIVE . . . PHYSICAL REVIEW C 60 055213
calculations of Refs.@21,22,24#, where these terms were ig
nored. It must again be emphasized that we have no free
in choosing the relative signs of the interference terms.

Looking at Table II, one might naively expect the dom
nance of theN* (1710) resonance everywhere as the c
pling constants for theN* LK1 andN* Np vertices for the
N* (1710) resonance are about an order of magnitude la
than those forN* (1720) andN* (1650) resonances. In fac
the relative importance of various resonances is determ
by the dynamics of the reaction mechanism. As the be
energy rises above theK1 production threshold, the excita
tion of the resonance lowest in energy is more probable
the beginning. However, with increasing beam energy
excitation of the higher-energy resonances starts playin
more and more important role.

As mentioned earlier, the use of the PV coupling for t
N* LK vertices~involving spin-1/2 even and odd parity res
nances! makes insignificant changes in the cross sectio
However, there is a clear preference for the PS couplin
the N* Np vertices. This is shown in Fig. 4, where the rat
of the total cross section, obtained by using the PV (sPV)
and PS (sPS) couplings for these vertices, is shown as
function of the beam momentum. It is seen thatsPV is larger
thansPS at higher beam momenta, while at lower ones
reverse is true. Clearly, PS coupling for theN* Np vertex
provides a better description of the beam energy depend
of the total cross section for thepp→pK1L reaction.

B. Cross-section data for beam energies below 2 GeV

In Fig. 5 we compare the results of our calculations~with
FSI effects included! with the recent data@16# for the pp
→pK1L reactions at beam energies very close to the k
production threshold. In this figure the total cross section
shown as a function of the excess energy (e)5As2mN

2mK12mL , whereAs is the invariant mass. The FSI e
fects were included by following the procedure outlined

FIG. 3. Contributions ofN* (1650) ~dotted line!, N* (1710)
~dashed line!, and N* (1720) ~dashed-dotted line! baryonic reso-
nances to the total cross section for thep1p→p1K11L reaction
as a function of beam momentum. Their coherent sum is show
the solid line.
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Sec. II G. We have chosen@37# a50.0651 i0.040, r 05
215.9302 i8.252, and a520.214, r 0520.331 for the
K1L and K1p systems, respectively, in all of the calcul
tions shown below. For theL2p system all of the seven set
of the parameters as shown in Table III were used.

In Fig. 5~a!, the results obtained with the parameter sets
modelsA ~dotted line!, Ã ~solid line!, B ~dashed line!, andB̃
~long-dashed-dotted line! of the Bonn-Ju¨lich group @56# are

y

FIG. 4. Ratio of the total cross section calculated w
pseudovector and pseudoscalar couplings for theN* Np vertex cor-
responding to spin-1/2~even and odd parity! resonance for the sam
reaction as in Fig. 2, as a function of beam momentum.

FIG. 5. Total cross section for thep1p→p1K11L reaction
very close to theK1 production threshold as a function of th
excess energy~defined in the text!. The FSI effects are included b
using the scattering length (a) and effective range (r 0) parameters
for the K12L and K12p systems taken from the Ref.@37# and
those for theL2p system from the sets given by Ju¨lich-Bonn @56#
and Nijmegen@57# groups. In the upper part~a!, results obtained

with theL2p parameters of modelsA ~dotted line!, Ã ~solid line!,

B ~dashed line!, and B̃ ~long-dashed line! of the former group are
shown, while in the lower part~b!, those of modelsD, F, and NSC
of the latter group are depicted. Results of the three models of
Nijmegen group are indistinguishable from each other. In the up
part ~a!, results with no FSI effects are shown by dashed-dot
line. The experimental data are taken from@15,16#.
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R. SHYAM PHYSICAL REVIEW C 60 055213
shown. It can be noted that all four models provide simi
results for the total cross sections ate;150 MeV. However,
at lower values ofe, the cross sections calculated with mo
els A and Ã are larger than those of modelsB and B̃ by a
factor of about 2–3. Moreover, there is a difference o
factor of more than 2 between the results obtained w
modelA andÃ itself with the latter providing a better overa
agreement with the data. We also show in this figure
results obtained without including the FSI effects~dashed-
dotted line!. It can be noted that the FSI effects are qu
important in order to describe the experimental data.

The results obtained with modelsD, E, andNSC of the
Nijmegen group@57# are shown in Fig. 5~b!. These three
models produce almost identical results for all values ofe.
However, while the data at the higher excess energies
reproduced by all three models quite well, they underpre
the cross sections at lowere by a factor of about 3. There
fore, while all of the models of theL2p interaction~con-
sidered in this work! provide an equally good description o
the total cross section data at higher values of the ex
energy, a difference of factors of 2–3 occurs between th
predictions at lower values ofe. Thus, the near-threshol
LK1 production data in proton-proton collisions are sen
tive to theS-waveL-nucleon interaction and may be used
distinguish between various models proposed in the litera
to describe this interaction. We note that modelÃ of the
Bonn-Jülich group provides the best overall description
the data, which has been used to account for theL2p FSI
effects in all of the calculations discussed subsequently.

The individual contributions of various nucleon res
nances to the total cross section of thepp→pLK1 reaction
near the production threshold is shown in Fig. 6 as a func
of the excess energy. In contrast to the situation at hig
beam energies (plab>3 GeV/c), the cross section is domi
nated by theN* (1650) resonance excitation. This is in lin

FIG. 6. Contributions ofN* (1650) ~dotted line!, N* (1710)
~dashed line!, and N* (1720) ~dashed-dotted line! baryonic reso-
nances to the total cross section for the same reaction as in Fig.
a function of the excess energy. Their coherent sum is shown by
solid line. The FSI effects are included witha andr 0 parameters of
the K12p andK12L systems being the same as those in Fig

and those for theL2p system being taken from modelÃ of the
Jülich-Bonn group@56#. The experimental data are from@16,15#.
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with the observations made in Refs.@23,24#. It may, how-
ever, be noted that in Ref.@24#, the FSI effects have not bee
included and no comparison with the data at near-thresh
energies is shown.

SinceN* (1650) is the lowest-energy baryonic resonan
having an appreciable branching ratio for the decay to
LK1 channel, its dominance in this reaction at beam en
gies near the kaon production threshold is to be expec
The contributions of the other two resonances@N* (1710)
and N* (1720)# are several orders of magnitude smalle
therefore, the resonance-resonance interference terms
also very small. Thus, near threshold energies, this reac
proceeds preferentially via excitation of theN* (1650) reso-
nance. It may be noted that in Ref.@24#, the FSI effects have
not been included in these calculations.

In Fig. 7, we show the contributions of various mes
exchanges to this reaction at near-threshold beam ener
Various curves have the same meaning as in Fig. 2. The
pion exchange graphs dominate the reaction in this ene
regime as well. On the other hand, the individual contrib
tions of ther and v meson exchange processes are ne
gible. However, those of thes meson exchange are substa
tial in this energy regime. Thus, as near-threshold p
production in proton-proton collisions, the heavy scalar m
son exchange plays an important role in this case too
should be noted, however, that the interference terms of v
ous meson exchange processes are not negligible; cont
tions of various exchange processes simply do not add u
the total cross section obtained by the coherent addition
various amplitudes.

IV. SUMMARY AND CONCLUSIONS

We investigated the associatedK1L production in the
proton-proton collisions at energies ranging from ne
threshold to about 10 GeV. This reaction is of interest sin
it provides the prospect of testing QCD in the nonpertur
tive domain at energies larger than the pion mass. In

as
he

FIG. 7. Contributions ofp ~dotted line!, r ~dashed line!, v
~long-dashed line!, ands ~dashed-dotted line! meson exchange pro
cesses to the total cross section for the same reaction as show
Fig. 6, as a function of the excess energy. Their coherent sum
shown by the solid line. The FSI effects are included in the sa
way as in Fig. 6. The experimental data are from@16,15#.
3-10
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paper our goal has been to investigate this reaction within
effective Lagrangian model, which is proven to be very s
cessful in describing the pion production inNN collisions.
Most of the parameters of this model are fixed by fitting
the elasticNN Tmatrix; this restricts the freedom of varyin
the parameters of the model to provide a fit to the data.
reaction proceeds via the excitation of theN* (1650),
N* (1710), andN* (1720) intermediate nucleon resona
states. The coupling constants at vertices involving re
nances have been determined from the experimental bra
ing ratios of their decay into various relevant channels. U
like theNNp vertex, there is no compelling reason to choo
the pseudovector~PV! form for the N* LK1 and N* Np
couplings ~involving spin-1/2 resonances of even and o
parities! and we investigated both the PV and pseudosc
~PS! couplings at these vertices. To describe the data at
near-threshold beam energies, we have included the FS
fects among the outgoing particles by following the Watso
Migdal theory, which has been used before successfully
describe theNNh andNNp reactions in the similar energ
regimes.

With the same set of parameters, the model is able
provide a good description of the data at higher, as wel
near threshold beam energies. The one-pion-exchange
cesses make the dominant contribution to the cross sectio
the entire energy regime. The individual contributions of t
r and v meson exchange diagrams are very small ev
where. Although, the interference terms of their amplitud
with those of other meson exchanges may still be noticea
On the other hand, thes exchange makes a relatively larg
contribution at lower beam energies, confirming the ear
observation that the heavy scalar meson provides a mea
mediating the large momentum transfer in near-thresh
NN-meson production processes.

While at beam momenta larger than 3 GeV/c, the reac-
tion proceeds predominantly via excitation of theN* (1710)
resonance, the process gets maximum contribution from
N* (1650) resonance at lower beam energies. A very strik
feature of our results is that the interference among vari
resonance contributions is significant. Therefore, in the
culations of this reaction, these terms should not be igno

The near-threshold data clearly favors the excitation
theN* (1650) resonance. Therefore, this reaction, in this
ergy regime, provides an ideal means of investigating
properties of this baryonic resonance.

Unlike theNNp vertex where there is a clear preferen
for the PV coupling, as seen in theNNp data, the presen
v.
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reaction does not distinguish between PS and PV coupl
at theN* LK1 vertex involving spin-1/2 even or odd parit
resonance. However, the PS coupling at theN* Np vertex is
clearly favored by the data.

The near-threshold data may be selective about the m
describing the low-energyL-nucleon scattering. Calcula
tions of the FSI effects performed with the scattering len
and effective range parameters of the Ju¨lich-Bonn group pro-
duce different results as compared to those performed w
the corresponding parameters of the Nijmegen group.
parameters of modelÃ of Ref. @56# provide the best agree
ment with the data.

An obvious extension of the present work is to calcula
the cross sections for thepp→pSK1 reaction, for which the
measurements have recently been performed at COSY@61#.
This will also lead to the inclusiveK1 cross sections in the
elementary nucleon-nucleon collisions which are the nec
sary input to the transport model calculations of the stran
ness production in the heavy ion collisions. This work
currently underway by extending the model to include t
excitation of delta isobarsD(1910) andD(1920) which are
four star and three star resonances, respectively. Since
on-shell N* (1650)→SK decay is not allowed, technique
similar to those described in Sec. II D 2 will have to be us
to calculate the coupling constant for this vertex. It wou
also be interesting to calculate the invariant mass spect
of the hyperonK1 pair which is expected to provide furthe
information about the various resonance contributions to
reaction. This will be reported in a future publication. Exte
sion of the present theory to incorporate the unitarity, p
haps on the lines of theK-matrix approximation@37#, is also
desirable.
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