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We investigate thegp— pK™ A 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 af, p, w, ando mesons, and thAK* 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.pTaed @ meson exchanges make negligible contri-
butions. However, ther-exchange processes contribute substantially to the total cross sections at lower beam
energies. The excitation of tié* (1710) andN* (1650) resonances dominate this reaction at beam momenta
above and below 3 Ge¥/ respectively. The interference among the amplitudes of various resonance excita-
tion processes is significant. For beam energies very close t¢ theroduction 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 barydi#0556-281®9)02211-§

PACS numbgs): 25.40.Ve, 11.80-m, 13.75.Cs, 13.75.Ev

[. INTRODUCTION ated strangeness production at beam momenta very close to
the reaction threshold (2.340 Gedy/ The first round of ex-

In recent years there has been a considerable amount périments at COSY have already addd®| 12 new data
interest in the study of the associated production reagiion points to the data base. At near-threshold beam energies the
+p—p+K*+A. This is expected to provide information final state interaction effects among the outgoing particles
on the manifestation of quantum chromodynam{i@€D) in are significant. Therefore, the new set of data are expected to
the nonperturbative regime of energies larger than those aflso probe the hyperon-nucleon and hyperon-strange meson
the low-energy pion physics where the low-energy theoreninteractions, along with the mechanism of the strangeness
and partial conservation of axial currefCAC) constraints  production in proton-proton collisions.
provide a useful insight into the relevant phys[dd. The The existing theoretical studies of this reaction are based
strangeness quantum number introduced by this reactiogither on a single bosonm{ or K meson exchange mecha-
leads to new degrees of freedom into this domain which ar@ism [17-20 or a resonance mod¢R1-24. In the first

expected to probe the admixture s§ quark pairs in the method, theK™ production is assumed to take place essen-
nucleon wave functio2] and also the hyperon-nucleon and tially through the exchange of one intermediate pion or
hyperon-strange-meson interactidiss4]. K-meson; the excitation of any intermediate nucleon reso-

The elementary nucleon-nucleon-strange-meson produdlance is not considered. Themeson exchange amplitudes
tion cross sections are the most important ingredients in thwere found to dominat¢17,20 the production cross sec-
transport model studies of thé*-meson production in the tions. However, the relative sign of the pion akemeson
nucleus-nucleus collisions, which provide information on notexchange amplitudes was not fixed in this approf2fi.
only the initial collision dynamics but also the nuclear equa-Furthermore, it has been argued that the existing high energy
tion of state at high density5—12. Furthermore, the en- data can be well reproduced considering only the single
hancement in the strangeness production has been proposgidn-exchange proce$48,19 since the contribution of the
as a signature for the formation of the quark-gluon plasma iK-meson exchange amplitude can be compensated by vari-
high-energy nucleus-nucleus collisiofis3,14]. ous parameters of the model.

The experimental data on tipgp— pK™ A reaction is very In the resonance modg21] of the strangeness production
scarce. The measurements performed in late 1960’'s and pp collisions, thew-, »-, and p-meson exchanges are
1970's provide total cross sections for this reaction at beanmcluded and thé *-meson production proceeds via the ex-
momenta larger than 2.80 Ged/(see, e.g.[15]). With the  citation of theN* (1650), N*(1710), andN*(1720) reso-
advent of the high-duty proton-synchrotron, cooler synchronances[22,24]. However, the terms in the total amplitude
tron (COSY) at the Forschungszentrum;li¢h, it has be- involving the interference of various resonance contributions
come possible to perform systematic studies of the assocare neglected in these calculations. Moreover, the parameters

of the NN7 and NNp vertices were taken from the Bonn
nucleon-nucleon potential which may not be adequate at
*Electronic address: shyam@tnp.saha.ernet.in higher beam energies as these have been determined by fit-
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Koa p therein at (i) nucleon-nucleon-meson(ii) resonance-
nucleon-meson, andiii) resonancé<*-hyperon vertices.
N = These are discussed in the following subsections.
N g
; oo A. Nucleon-nucleon-meson vertex
The parameters fdlN vertices are determined by fitting
the NN elastic scattering matrix with an effectiveNN in-
teraction based on the, p, », ando meson exchanges. The
P P effective mesorNN Lagrangians are

FIG. 1. Feynman diagrams fdf* A production inpp colli- ONNT—
sions. The diagram on the left shows the direct process, while that LNg= — H‘I’N%‘}’MT' (D)W, (1)
on the right shows the exchange one. N

ting the NN scattering data below th&N# production Lnny=~9InnpUn y,ﬁ%awa”) p*Vy, (2

threshold. At the same time, the finite lifetime of theme- N

son has not been taken into account while calculating the K

?th?(;/sént coupling constants from the experimental branching Lane= _gNqu,N( VwLﬁ%v‘?V) WPy, (3)
In this paper, we investigate the associgtedproduction o

in the proton-proton collisions in the framework of an effec- Lane=Inne Y noW - (4)

tive Lagrangian approadi25-29, following and extending

our previous study30,31 on 7% and 7" production. Initial  In Egs.(2) and(3) o, is defined as

interaction between two incoming nucleons is modeled by an

effective Lagrangian which is based on the exchange of the I

T, p, w, and o mesons. The coupling constants at the UWZE(W%’_ Yo Vu)- ®)
nucleon-nucleon-meson vertices are determined by directly

fitting the T matrices of the nucleon-nucleoN ) scattering We have used the notations and conventions of Bjorken and
in the relevant energy regidi33]. The effective-Lagrangian Drell [32]. In Eg.(1) my denotes the nucleon mass. It should
uses the pseudovectoiPV) coupling for the nucleon- be noted that we have used a PV coupling for M
nucleon-pion vertexXunlike the resonance modg22]), and  vertex. Since we use these Lagrangians to directly model the
thus incorporates the low-energy theorefd] of current T matrix, we have also included a nucleon-nucleon-axial-
algebra and the hypothesis of partially conserved axialvector-isovector vertex, with the effective Lagrangian given
vector curren{PCAC). TheK™ production proceeds via ex- by

citation of theN* (1650), N* (1710), andN*(1720) inter-

medlatg barypnlc resonance stgtes which have appreciable Lana=InnaY v57, 78 - A%, (6)
branching ratios for the decay into th&" A channel. The

interference terms between various intermediate resonangghereA represents the axial-vector meson field. This term is
states are included which marks a major difference betweeimtroduced because in the limit of large axial meson mass
our work and the resonance mode2]. To describe the (m,) it cures the unphysical behavior in the angular distri-
recent near threshold data, the final state interaction betweésution of NN scattering caused by the contact term in the

the outgoing particles is included within the framework of one-pion exchange amplitud®3], if gyna is chosen to be
the Watson-Migdal theor{31].

The remainder of this paper is organized in the following 1 f
way. Section Il contains details of our theoretical approach. ONNA= —=Ma| — ], (7)
Section Il comprises the results of our analysis and their V3 Mar
critical discussion. The summary and conclusions of our . o )
work are presented in Sec. IV. with very large &my) m,. T, appearing in Eq(7) is re-

lated tognn, asf = (Onna/2My) M .
It should be mentioned here that the contact term of the
Il. FORMALISM coordinate space potential, corresponding to one pion ex-
i i i change term, is effectively switched off by the repulsive hard
We consider the t_ree-lcivel structuéig. 1) of the ampli- ;16 of the nucleon-nucleon interaction. However, in the ef-
tudes for the associateld” A production in proton-proton  fective Lagrangian description, this term has to be explicitly
collisions, which proceeds via the excitation of the gphiracted in order to avoid the unphysical behavior of the
N*(1650) (z7), N*(1710) (;*), andN*(1720) G*) in-  elastic cross section. This is achieved by the inclusion of a
termediate resonances. To evaluate these amplitudes withiarm corresponding to the exchange of a axial-vector-
the effective Lagrangian approach, one needs to know thisovector meson as described above.
effective Lagrangiangand the coupling constants appearing We introduce, at each interaction vertex, the form factor
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TABLE I. Coupling constants for th&lN-meson vertices used couplings. The corresponding effective Lagrangians can be

in the calculations. written as[29,36,37
Meson 9%l4m I A mass oy ONE N7
(GeV) (Ge\/) 'CN*/ Nﬂ': - \PN*F T ((?'uq) )\PN+ H. C., (10)
1/2
T 12.562 0.1133 1.005 0.138
o 2340 01070  1.952  0.550 = ~Onr NV D@, Wyt He, (1)
® 46.035 0.0985 0984  0.783 vz
p 0317 0.1800  1.607  0.770  \yhereM = (my«=m,), with the upper sign for even parity
k,=6.033,k,=0.0 and lower sign for odd parity resonance. The operalars
I', are given by
A2—m? '=ys, T'u=vs5%u, (12)
F-NNZ( : ;) i=1m,p,0,0, (8) g g
di r=1, T',=vy,, (13)

whereq; andm; are the four momentum and mass of thle  for resonances of even and odd parities, respectively. We
exchanged meson, respectively. The form factors suppresgve performed calculations with both of these couplings.
the contributions of high momenta and the parameater  The effective Lagrangians for the coupling of resonances to
which governs the range of suppression, can be related to trther mesons are similar to those given by E@%-(4),

hadron size. Sinc&N elastic scattering cross sections de- .
crease gradually with the beam ener@yeyond certain Y

value, we take energy dependent meson-nucleon coupling N3 No =~ INg 2_mNFW’? TPy tHC,
constants of the following form: (14)

Np\I} N*

9(Vs)=goexp~1\s), ©) Cng o=~ Ing i Ve 5 ! g D@ Wy TH.C., (19
in order to reproduce these data in the entire range of beam _

energies. The parametegg, A, and| were determined by EN’I/zN‘T ngl«/ZNU‘I’N*F’a‘IwaL H.c. (16
fitting to the elastic proton-proton and proton-neutron scat-

tering data at the beam energies in the range of 400 MeVhe operatorg™’ andT,,

4.0 GeV[30,33. It may be noted that this procedure also

fixes the sign of the effective Lagrangiditgs.(1)—(4), (6)]. =1, r,,=o,,, (17
The values of various parameters are shown in Talptbd
signs of all the coupling constantg)( are positive, which I'=vys, I',,=v50,, (18

are the same as those used in the calculations of the pion

production in proton-proton collision$80,31. Thus we en- for resonances of even and odd parities, respectively.

sure that theNN elastic scattering channel remains the same The even parity isospin-1/AN*(1720) resonance is a

in the description of various inelastic channels within thisspin-3/2 nucleon excited state. We have used the following

approach, as it should be. effective Lagrangians for vertices involving this resonance
[29,36,37:

B. Resonance-nucleon-meson vertex
gN N

W, 0D, Wy+H.c., (19)

As the A hyperon has zero isospin, only isospin-1/2 LnxNg=
nucleon resonances are allowed. Below 2 GeV center of g
mass (c.m) energy, only three resonancebl* (1650),
N*(1710), and\N*(1720), have significant decay branching CONE N
ratios(3—11 %, 5—-25 %, and 1-15 %, respectividp]) into Lyenp=1 ——V pT 3Pt = 3"p")y, ys¥nt+H.C,

N _ My + My

the K™ A channel. In this work only these three resonances (20)
have been considered. Th& (1700) resonance having very
small (and uncertaipn branching ratio for the decay to this g
channel has been excluded. I Ne — Y

Since all of the three resonances can couple to the meson- Lnxno =1 Myge + qu’uﬁé’ o= ")y, ys Wyt H.C.,
nucleon channel considered in the previous section, we re- (22)
quire the effective Lagrangians for all of the four resonance-
nucleon-meson vertices corresponding to all of the included ONg N
resonances. For the coupling of the spin-1/2 resonances to Lying= —— P, 7 (00) Wy +H.C., (22)
pion we again have the choice of pseudoscéR® or PV
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Here ‘?M is the N* (1720) vector spinor. It should be re-
marked here that an operator@a#(z)=gw—%(1

+22)y,v, has also been included in the vector spinor ver-

tex in Refs.[29,36,37. This operator describes the off-shell
admixture of the spin-1/2 fields88]. The choice of the off-
shell parameter is arbitrary and it is treated as a free pa-

PHYSICAL REVIEW C60 055213

For spin-3/2 resonance,

ONx AK*
3/2A \I,/_LT‘ (9’“‘I)K+’\IIN+ HC

LNgleK+ = (25)

mK+

D. Coupling constants for resonances

rameter to be determined by fitting to the data. This operator
can be easily introduced in Eqd.9)—(22) which will intro- The resonance couplings are determined from the experi-
duce four additional free parameters in our calculations. Wenentally observed quantities, such as the branching ratios for
however, work with the Lagrangians as given in EG®)—  the decay of the resonances to the corresponding channels.

(22), which are identical to those given [29,36,37 for z
=0.5.

C. Resonance-hyperon-strange-meson vertex

For vertices involving spin-1/2 resonances, there is again (2m)
the PS and PV coupling option. In principle, one can select &I’ =
linear combination of both and fit the PS/PV ratio to the data.
However, to minimize the number of parameters we choose

either PS or PV coupling at a time. The effective
Lagrangians for th&* AK* vertex is written in the follow-
ing way[36,37.

For spin-1/2 resonance,

AR &
Ml

PV

c =-
NTAKT

N*F/LT. (&“(I)K+)‘I’N+ H.C.,

The partial width for the decay of a resonan@e its rest
frame of massMy+ into a meson of masm,,, and energy
E., and a nucleon is written in terms of the Lorenz invariant
matrix elementM as

4 d*p my dpy
M|?84(Prx —Pm— = — :
2MN*| 76" Py =P pN)(Zﬂ-)?’ZEm En (2m)3
(26)

In the case of the mesofin the decay channghaving a
finite lifetime for the decay to another channg@l.g., p
—rqr), an integration over the phasespace for this decay
must be included39-41].

1. N*Na vertex

For the spin-1/2 resonance, th& N7 decay width, with

(23)  the PS coupling, is given by
PS _ = .
ENT/ZAK+_ _gNIIZAK+\I,N*|rT(DK+\I,N+ HC, (24) 1“ . _ igz ENi mN cm (27)
NYNT™ A INF N7 My '
whereM'=my«x=m, , with the upper sign for even parity
and lower sign for odd parity resonance. while that with the corresponding PV coupling is
|
3 [Nz ) Y 2B [ENE,+ (M2~ m2(Ey=my)|
= 27| " - n 8

where

pcm:[mﬁ* ~ (M) — (Mm%

™ 2 1

Amp«

En= (P +my, (30)
E,=\(py")+m7. (3D

For spin-3/2 resonance, th¢ N« decay width is

1 [ ONpng ZENi My s

FN;‘IZNW—E m_ . (p7)°. (32

The plus and minus sign in EqR7) corresponds to odd and
even parity resonances, respectively, while in E88) and
(32), the reverse is the case.

2. N*Np vertex

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

my* —m,

r(mN*)=2f “dm Tt (m)S(m). (33

2m,.

In this equation the spectral functi@®{m) is defined as
1
S(m)=—;ImDp(m), (34

where
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D,(m)= , 35
() m?—m2+iml, .. 39
with
2 3
M, | Ppra(M)
r 4>7T7T:F0 _"{L} 36
P p~>ﬂ”rrm2 pp‘lTW(mp) ( )

The value of[')_ _is taken to be 150 MeV. Thp— 77

decay four-momenta, . are
[m?—4mZ ][m?]

4m?

(37

Ppmr(m)=

In Eg. (33), I'*(m) is defined in the following way.
For spin-1/2 even parity resonance,

2
1 ( gNI/zNP)

* - —
A(EL+ En) (M2 + 3(ES —mgm?]
X em,
M=
(38)
Ex=\(pm)?+mg, (39
Em=V(pm)?+m?, (40)

where pi" is given in the same way as E(R9) with m
replaced bym.
For spin-1/2 odd parity resonance,

2
1 ( gNI/zNP

* -
=27 2my

cm
m -

—4(EX+Ep) (P2 —3(EX +my)m?
X

My
(41)
For spin-3/2 even parity resonance,
1 gNg/sz
* - —==
F (m) 127T(mN*+mN
| 22BN En) (PR H B(ER —mom?|
M= m
(42)

3. N*Nw vertex

PHYSICAL REVIEW C 60 055213

[42], which is based essentially on the assumption that the
coupling of photons on hadrons takes place through a vector
meson.

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

1 m
FN*Ny:;

N () 2(q). (43)

my
For spin-1/2 odd parity resonance,

3 my
Creny= 5 p— (ppw)?

2 2 2
my+ §qf s - (449
For spin-3/2 even parity resonance,

1 my
FN*N’}/: -

() 2(93). (45)

Mpyg*

In these equationsqf=[(m§*—mﬁ)/ZmN*]. The value of
un+ 1S determined by fitting to thdly partial width of each
resonance, which is given in terms of the helicity amplitudes
A1z andAg, by [35]

sz 2my

YT (23+ 1)mpe (46)

[ AL ?+ Az,

whereJ is the resonance spimy« iS written as the ratio of
the couplings aN* w and wy vertices as

OIN*
Joy

(47)

MNx =€

Using the above equations together with the experimental
helicity amplitudes, the values of the coupling constants for
the N*Nw vertices can be determined. We have usgg
=17 in our calculations.

4. N*N o vertex

As the sigma meson is, most of the time, a resonance of
two pions[43] in the S state, the coupling constants for the
N*No vertices are determined from the branching ratios of
the decay of the resonances iMig=m)'=°. We, however,
reduce the experimental values of these ratios by 2/3 to ac-
count for the fact that this correlated state provides only
about 2/3 of the total 2 exchange. The expressions for the
partial widths are similar to those given by E¢27)—(32).

5. N*AK* vertex

The coupling constants for thid* AK™ vertices are de-
termined from the experimental branching ratios for e
—AK™ decay. The expressions for the decay widths are
similar to those given by Eq$27)—(32).

Since the resonances considered in this study have no We assume that the off-shell dependence ofNIN ver-

known branching ratios for the decay into tNev channel,
we determine the coupling constants for tiéNw vertices
by the strict vector meson dominan€¢MD) hypothesis

tices are determined solely by multiplying the vertex con-
stants by the form factors, which have the dipole form
[30,44
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TABLE Il. Coupling constants and cutoff parameters for the i

N*N-meson and\*-hyperon-meson vertices used in the calcula- G ()=, (49
tions. (q°—m2)
Adopted value [ 9" —a*q"lo?
. pied val v G ) =i Ty (50
Width  Decay of the N P qz_mz
Resonance (GeV) channel branching ratio g%4w (GeV) P
N*(1710) 0.100 N 0.150 0.0863 0.850 Y . gt
Gr(@)=—i|l ——=| (51
Np 0.150 1.3653 0.850 A qz_mz
No 0.1189 0.850 A
No 0.170 0.0361 0.850 In Eq. (51), the mass of the axial meson is taken to be very
AK 0.150 2.9761 0.850 large(188 Ge\}, since the corresponding amplitude is that of
N*(1720) 0.150 N 0.100 0.0023 0.850 the contact term. The propagators ferand o mesons are
Np 0.700 90.637 0.850 similar to those given by Eq$50) and(49), respectively.
N 22.810 0.850 The propagators for spin-1/2 and spin-3/2 resonances are
No 0.120 0.1926 0.850 .
AK 0.080 0.0817 0.850 G . Pyy My, 52
N*(1650) 0.150 N 0.700 0.0521 0.850 N3P = pZ—[myx —i(Tpx 12)]%]" (52
Np 0.08 0.5447  0.850 v vz
Nw 0.2582 0.850 .
+
No 0.025 0.2882 0.850 G (p)=— H(p/ M) gor— L s
AK 0.070 0.0485 0.850 N3 2_ —i 2 3
82 p [mNgl2 I (FN’S*/Z/Z)]
* 2 2 1
()\|N )Z_rni2 _ KV 4+ ( KAV __ AV /,L)
F-NN*Z(—* , i=m,p,0,0. (48) 3m? PP 3m? PrYy =Py -
I ()\iN )2_qi2 N3 N3
The resonance properties used in the calculations of the (53

decay widths are given in Table II, where the resulting cou- : ,
pling constants and the adopted values of the cutoff paranlphl_zqhs'_(S_z) an((jj(53)c; l_ﬂN*h'S tge tota.l width of th2e reszonance,
eters Q\i’\‘*) are also given. It may be noted that we have " 'eN 1S introduced in the denominator terp(-mj) to

fixed the latter to one value in order to minimize the numbe2¢cOUNt for the fact th?‘t. the_ resonances are not the St"%b'e
of free parameters. particles; they have a finite lifetime for the decay into vari-

It should, however, be stressed that the branching ratio8US channelsl'y« is a function of the center-of-mass mo-
determine only the square of the corresponding couplingneéntum of the dgcay channel, and it is taken to be the sum of
constants; thus their signs remain uncertain in this methodhe widths for pion and rho decdshe other decay channels
Predictions from independent calculatiofesg., the quark are considered only implicitly by adding their branching ra-
mode) can, however, be used to constrain these signs. Th#os to that of the pion channel
magnitude, as well signs of the coupling constants for the
N*N7, N*AK, N*Np, andN* N(77) s yaye Vertices were s =L onet Tine g - (54)
determined by Feuster and Mosg87], and Manley and . . .
Saleski[45] in their analysis of the pion-nucleon data involv- 1 n*—n, 1S calculated according to EG33). I'nx 7 iS
ing the final statesrN, 77N, 7N, andKA. Predictions for taken to be

p(;,rg) 21+1

some of these quantities are also given in the constituent
qguark model calculations of Capstick and Robeds$].

cm
w

(59

Guided by the results of these studies, we have chosen the Fsna=To

positive sign for the coupling constants for these vertices.

Unfortunately, quark model calculations for th¢ Nw ver-  \yherel is the orbital angular momentum of the resonance.

tices are still sparse and an unambiguous prediction for thgem o o5 defined in Eq29) andpS™ is given by the same
signs of the corresponding coupling constants may not bg” ‘ R

possible at this stagel7]. Nevertheless, we have chosen a quation withmy« replaced byp of Egs. (52) and(53). I'o is

positive sign for the coupling constants for these vertices ag:lken to be the_total Qn-shell width of the resonance minus
well e corresponding width for the nuclepnmeson decay

channel.

E. Propagators

We require the propagators for various mesons and F. Amplitudes and cross sections

nucleon resonances in the calculation of the amplitudes. The After having established the effective Lagrangians, cou-
propagators for pionp-meson, and axial-vector mesons arepling constants, and form of the propagators, we can now
given by proceed to calculate the amplitudes for various diagrams as-
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sociated with thepp—pAK™ reaction. These amplitudes space, a condition fulfilled rather well in near-threshold re-
can be written by following the well-known Feynman rules actions involving heavy mesons. This allows us to express
[48] and calculated numerically by following, e.g., the tech-the amplitudes; in terms of the inverse of the Jost function,
niques discussed if30]. The isospin part is treated sepa- J|i(qi) [53,31. In the analysis presented in this paper we
rately. This gives rise to a constant factor for each graphassuyme; =0, for all of the three pairg-k and use the modi-
which is unity for the reaction under study. It should befied Cini-Fubini-Stanghellini formuld54] for the effective

stressed here that signs of various amplitudes are fixed yynge expansion of the phase shidk) of the relevant pair
those of the effective Lagrangians, coupling constants, and

the propagators as described above. These signs are not al-  C3q; cot 8y +2q; 7h(7) = (1/a) + (1/1riq”  (59)
lowed to change anywhere in the calculations.
The general formula for the invariant cross section of theto calculate the corresponding Jost function. It may be noted
p+p—p+A+KT reaction is written as that in the case of the pair-k involving uncharged par-
ticle(s), the second term on the left-hand side of EBQ)

m,%,mA 1 d®p, vanishes and:é goes to unity. In this equationg; anda; are
E,’

7 2\[(papa)2—miy] (2m)°

the effective range and scattering length parameters, respec-
tively, for the j-k interacting pair.» is the corresponding
(56)
Coulomb parameter and

3
54(Pf_Pi)|Afi|2al:[1

whereA;; represents the total amplitud®, andP;, the sum 5 o 5
i init 1 i a
of all the momenta in the initial and flna_\l states, res.pectlvely, c2= Y . h(p)=> Y —0.5772-In( 7).
andp,, the momenta of the three particles in the final state. e?m—1 n=1 n(n%+ %)
The corresponding cross sections in the laboratory or center- (60)
of-mass systems can be written from this equation by impos-
ing the relevant conditions. In this case we have
: : . B (q2+ ad)r/2
G. Final state interaction tiO(Qi):[Jo(Qi)] 1_ ! I ! ' (61)

2 .
For describing the data for thep—pAK™, reaction at Vai+(rgi/2)a7 —iq;

beam energies very close to the threshold, consideration c\)/F/here is aiven b
the final state interactioiFSIl) among the three outgoing @159 y

particles is important. As there exists no theory of the FSI _ c C 10\l

effects in the presence of three strongly interacting particles, a=(Urg)[1+(1+2rg/a) ™ 62
we follow an approximate scheme in line exactly with the anga® andr¢, are defined as

Watson-Migdal theory of FSJ49]. In this approach the en- ' '

ergy dependence of the cross section due to FSI is separated 1 1

from that of the primary production amplitude. This method == E—quh(n)}, (63
has been applied earlier to study the low-momentum behav- i Coldi

ior of the » meson[50] and pion spectr§51,31,52 mea-

sured in proton-proton collisions. We write for the total am- ¢ Toi

plitude Ehres (64)

— +
Ari=Myi(pp—pAK ™) Tey, GD -y may be noted that for largg;, the amplitudet; goes to

unity, which is to be expected. The extrapolation of the scat-

! . . tering amplitude for the off-shell effects can be achieved b
tude as discussed above, whilg describes the rescattering meags ofg monopole form factf20]. For a detailed discus- y

among the final particles, which goes to unity in the limit of sion of the off-shell effects we refer {&5].

no FSI. The latter is taken to be the coherent sum of the The factorization of the total amplitude into those of the
two-body on-mass-shell elastic scattering amplitudes of th?: . . P
. . . ; i Sl and primary productiofEq. (57)], enables one to pursue
particles involved in the final channel: . . e )
the diagrammatic approach for the latter within an effective
3 Lagrangian model and investigate the role of various meson
T :z ticg. 58 exchanges and resonances in describing the reaction. More-
ff—. i (ql), ( ) . . .
i=1 over, in this way the FSI among all of the three outgoing
particles can be included. Although the meson-baryon inter-
wheret; represents the two-body on-shell elastic scatteringactions are weak, they can still be influential through inter-
amplitude(of the interacting particles pajrk) in the three- ference.

where M¢;(pp—pAK™) is the primary production ampli-

body space with théth particle being the spectatdr.andq; The parametera andrg are very poorly known for the
denote the partial wave and relative momentum of jthe K™ -nucleon andK *-hyperon systems, since the correspond-
particle pair, respectively. ing scattering data are scarce at low energies. On the other

An assumption inherent in the approximation given byhand, for the hyperon-nucleon system, several sets of values
Eqg.(57) is that the reaction takes place over a small region ofor these parameters have been given by the BofiokhJu

055213-7



R. SHYAM PHYSICAL REVIEW C60 055213

TABLE Ill. Scattering length &) and effective rangerg) pa- 10° . . .
rameters for the\ N scattering derived from modefs A, B, andB p+p—op+K +A
of the Jiich-Bonn group[56] andD, F, andN SCof the Nijmegen 102 | ]
group[57].
1
Model  a(singled  ro(singled  a(triplety  roftriplet) 10" ¢
(fm) (fm) (fm) (fm) )
= 10° |
A 1.56 1.43 1.59 3.16 5
A 2.04 0.64 1.33 3.91 o L
B 0.56 7.77 1.91 2.43
B 0.40 12.28 2.12 2.57 10° L
D 1.90 3.72 1.96 3.24
F 2.29 3.17 1.88 3.36 10° ) )
NSC 2.78 2.88 1.41 3.11 2 4 6 8 10
P.. (GeV/c)
[56] and Nijmegen{57] groups from their respectiva —p FIG. 2. Total cross section for the+ p—p-+K*+ A reaction

interaction models. There is quite some variation in the valas a function of the beam momentum. The dotted, dashed, long-
ues given in these sets. For tK€ —p andK* — A systems dashed, and dashed-dotted curves represent the contributiens of
we have adopted the values given in a recent effective Lag: @ ando meson exchanges, respectively. Their coherent sum is
grangian model analysis of the availallé. andKp data by shown by the solid line. The experimental data are ffasi.

Feuster and Mosdl37]. In any case, the cross sections are

insensitive to the FSI effects in these channels. On the othehental points are taken frop5]. We note that the measured
hand, these effects are very important in the-p channel  cross sections are reproduced reasonably well by our calcu-
and we have performed calculations of the correspondingations(solid line) for all of the beam energies except for the
FSI effects with all of the sets of these parameters given byo lowest points. The FSI effects, which are not included in
Bonn-Jiich and Nijmegen groupggiven in Table I} in  these calculations, reduce the discrepancy between the ex-
order to see if the results are sensitive to various mOdelSPQrimenta| data and calculations at these beam momenta.

More details will be given in the next section. This point is further discussed in the next subsection.
We note that the pion exchange graphs dominate the pro-
Ill. RESULTS AND DISCUSSION duction process for all of the energies. In comparison to this,

otﬁe contributions ofp and @ meson exchanges are almost
; insignificant. Thep-meson exchange, which is a convenient
E‘Lai feKef' useci. to sftud):) the avallab!e data o_npthfep —P tway of taking into account thE wave part of the correlated
b th rea(ijlonf orth eaI:n Ic??ergéestriggéngv rlorr;hjus two-pion exchangéCTPE process, is rather weak even in
a l(zve h ?/vﬁrob lfcvllonw r(ra]s VO 03 gg I(ian ) r} reb "tefhe low-energyNN scattering[43]. With increasing projec-
sults sho elow, we have use coupiings for bo [?ile energy, its contribution decreases further. On the other

N*Nm andN*AK™ vertices involving spin-1/2 resonances hand, theos meson exchange, which models the CTPE in the
of even and odd parities. However, calculations have alsgm éwave and provides ab’out 2/3 of this exchange in the
been performed with the corresponding PV couplings. Th?ow-energyNN interaction, plays a relatively more important

cross sections calculated_ with this _optlon for the resonance e This observation has also been made in the case of the
hyperon-kaon vertex deviate very little from those obtaine

with the corresponding PS couplings. However, the PV couy, h':l:2N7:0:/?;;'Ogrgssfﬁgg’;o’rﬁje';zu; mizigiiso?hgxlér e
pling for the N* N7 vertex leads to noticeably different re- ge p g g

o momentum mismatch involved in the meson production re-

sults as is discussed below. : : - :
actions iNnNN collisions, particularly at lower beam mo-
menta.

The relative importance of the contributions of each inter-

In Fig. 2 we show the comparison of our calculations withmediate resonance to tippp— pAK™ reaction is studied in
the experimental data for the total cross section for this reFig. 3, where the contributions &f* (1650),N*(1710), and
action as a function of beam momentum for incident energie®* (1720) resonances to the energy dependence of the total
above 2 GeV. In this figure we have investigated the role oftross section are shown by dotted, dashed, and dashed-dotted
various meson exchange processes in describing the totlihes, respectively. Their coherent sum is depicted by the
cross section. The dotted, dashed, long-dashed, and dashedlid line. It is clear that the contributions from the
dotted curves represent the contributionsmofp, w, ando N*(1710) and N*(1650) resonances dominate the total
meson exchanges, respectively. The contribution of theross section at beam momenta above and below 3 GeV/
heavy axial meson exchange is not shown in this figure sinceespectively. Moreover, the interference terms of the ampli-
it is negligibly small. The coherent sum of all of the meson-tudes corresponding to various resonances are quite impor-
exchange processes is shown by the solid line. The experiant. This result is in sharp contrast to the resonance model

The theoretical approach presented in the previous secti

A. Cross-section data for beam energy above 2 GeV
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3

10 . . . 10' . .
p+p—p+K +A p+p—op+K +A

10° F :
31 ! & 100}
= 10y <
& o

10° ¢

107 - - -
10” . . . 2 4 6 8 10
2 4 6 8 10 P, (GeV/c)

P.. (GeV/c)
FIG. 4. Ratio of the total cross section calculated with
FIG. 3. Contributions ofN*(1650) (dotted ling, N*(1710) pseudovector and pseudoscalar couplings folNhB 7 vertex cor-
(dashed ling and N*(1720) (dashed-dotted linebaryonic reso-  responding to spin-1/@ven and odd parijyresonance for the same
nances to the total cross section for fhe p—p+K ™+ A reaction  reaction as in Fig. 2, as a function of beam momentum.
as a function of beam momentum. Their coherent sum is shown by
the solid line. Sec. IIG. We have chosef87] a=0.065+i0.040, ro=
—15.930-i8.252, anda=—0.214, r,=—0.331 for the
calculations of Refs[21,22,24, where these terms were ig- K™A andK*p systems, respectively, in all of the calcula-
nored. It must again be emphasized that we have no freedotions shown below. For th& —p system all of the seven sets
in choosing the relative signs of the interference terms.  of the parameters as shown in Table Il were used.
Looking at Table I, one might naively expect the domi-  In Fig. 5a), the results obtained with the parameter sets of
nance of theN*(1710) resonance everywhere as the coumodelsA (dotted ling, A (solid line), B (dashed ling andB

pling constants for th&* AK™ andN* N vertices for the  (long-dashed-dotted lineof the Bonn-Jlich group[56] are
N*(1710) resonance are about an order of magnitude larger

than those folN* (1720) andN* (1650) resonances. In fact, 10° ' T '
the relative importance of various resonances is determined 10° ﬁ P+p—->p+K +A ]
by the dynamics of the reaction mechanism. As the beam = 103 [ 1
energy rises above thH€* production threshold, the excita- £ 182 ] j
tion of the resonance lowest in energy is more probable in b§ 10"} ]
the beginning. However, with increasing beam energy the 19.° r 1
excitation of the higher-energy resonances starts playing a 1001 ]
more and more important role. 10°

As mentioned earlier, the use of the PV coupling for the . 10:1 r 1
N* AK vertices(involving spin-1/2 even and odd parity reso- ) 18; r 1
nancey makes insignificant changes in the cross sections. "ié 10" ; j
However, there is a clear preference for the PS coupling at © o0t ]
the N* N7 vertices. This is shown in Fig. 4, where the ratio 10' | 1
of the total cross section, obtained by using the RA\f) 10'21 o 00 0 0 0
and PS ¢pg) couplings for these vertices, is shown as a EXCESS ENERGY (MeV)

function of the beam momentum. It is seen that, is larger

than opg at higher beam momenta, while at lower ones the FIG. 5. Total cross section for the+ p—p+K*+ A reaction
reverse is true. Clearly, PS coupling for th& N7 vertex  very close to theK* production threshold as a function of the
provides a better description of the beam energy dependenescess energgdefined in the teyt The FSI effects are included by

of the total cross section for thep— pK* A reaction. using the scattering lengtfa) and effective rangerg) parameters
for the K* — A and K™ —p systems taken from the Rdf37] and
B. Cross-section data for beam energies below 2 GeV those for theA — p system from the sets given bylibl-Bonn[56]

) o and Nijmegen[57] groups. In the upper path), results obtained
In Fig. 5 V_Ve Compar.e the results of our calculatigwith with the A —p parameters of models (dotted ling, A (solid line),

FSI efrfeCts mC.IUde)jWIth the rece_”t datq16] for the pp B (dashed ling andB (long-dashed lineof the former group are
—pK A reactions at beam e_nergles very close to the_ ka(_)'ghown, while in the lower pargh), those of model®, F, and NSC
production threshold. In this figure the total cross section iy the |atter group are depicted. Results of the three models of the
shown as a function of the excess energy=s—my Nijmegen group are indistinguishable from each other. In the upper
—mg+—m,, where /s is the invariant mass. The FSI ef- part (a), results with no FSI effects are shown by dashed-dotted
fects were included by following the procedure outlined inline. The experimental data are taken froh%,16.
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10° ' , ' 10° : : :
10° ¢ p+pop+K+A 1 10° | p+p—op+K +A ]
10* | ] 10° ]
10° 10° | ]
o) i~ 2
S 10"} i g 10y
5 10 5 10’
£ 10 E
10° | ] 10° }
107 | ] 107 ]
10% | ] 10% ]
= ) ) ) 107 7. . )
0o 10° 10 10° 10° " 107 10° 10 10° 10°
EXCESS ENERGY (MeV) EXCESS ENERGY (MeV)
FIG. 6. Contributions ofN*(1650) (dotted ling, N*(1710) FIG. 7. Contributions ofmr (dotted ling, p (dashed ling

(dashed ling and N*(1720) (dashed-dotted lijebaryonic reso- ~(|ong-dashed ling ando (dashed-dotted lipemeson exchange pro-

nances to the total cross section for the same reaction as in Fig. 5, §§5S€S 10 the total cross section for the same reaction as shown in
a function of the excess energy. Their coherent sum is shown by thg!d- 6, @s a function of the excess energy. Their coherent sum is

solid line. The FSI effects are included wishandr , parameters of ~SNOWn by the solid line. The FSI effects are included in the same

the K*—p andK*— A systems being the same as those in Fig. 52 @s in Fig. 6. The experimental data are frfi,15.

and those for the\ —p system being taken from mod#l of the

Juich-Bonn group[56]. The experimental data are frorh6,15. with the observations made in Ref23,24. It may, how-

ever, be noted that in Rd24], the FSI effects have not been

shown. It can be noted that all four models provide similarincluded and no comparison with the data at near-threshold
results for the total cross sectionseat 150 MeV. However, energies is shown.

at lower values ok, the cross sections calculated with mod- ~ SinceN* (1650) is the lowest-energy baryonic resonance
els A andA are larger than those of modeisand B by a having an appreciable branching ratio for the decay to the
factor of about 2—3. Moreover, there is a difference of aAK ™ channel, its dominance in this reaction at beam ener-
factor of more than 2 between the results obtained witHdiI€S near.the. kaon production threshold is to be expected.
modelA andA itself with the latter providing a better overall The contributions of the other two resonangés’ (1710)

* ‘
agreement with the data. We also show in this figure th nd N*(1720)] are several orders of magnitude smaller,

esus otained wihout ncuding e FS1 feashed. TS e Ssonanee esonanes pietence e o
dotted ling. It can be noted that the FSI effects are quite y ) ' gles,

) . : . ds preferentially via excitation of th& (1650) reso-
important in order to describe the experimental data. procee .
The results obtained with model, E, andNSC of the nance. It may be noted that in Rg24], the FSI effects have

Nijmegen group[57] are shown in Fig. &). These three not been included in these calculations.

models produce almost identical results for all valueg .of xcl:rr]lailg.esztowtii;hrce)\;vcttigi (;ctmrfgglrj-ttlr??essr?oflgab“e?ri g]neesro?es
However, while the data at the higher excess energies al 9 gies.

reproduced by all three models quite well, they underpredict arious curves have the same meaning as in Fig. 2. The one-

the cross sections at lowerby a factor of about 3. There- pion exchange graphs dominate the reaction in this energy
fore, while all of the models of the — p interactioﬁ(con- regime as well. On the other hand, the individual contribu-

X S . S tions of thep and @ meson exchange processes are negli-
sidered in this workprovide an equally good description of ible. However, those of the meson exchange are substan-

the total cross section data at higher values of the exce%

energy, a difference of factors of 2—3 occurs between thei al in t.hls_energy regime. Thu;, as near-threshold pion
predictions at lower values of. Thus, the near-threshold production in proton-proton collisions, the heavy scalar me-

AK™ production data in proton-proton collisions are sensi-—o" exchange plays an important role in this case too. It

tive to theSwave A -nucleon interaction and mav be used to should be noted, however, that the interference terms of vari-
Y ous meson exchange processes are not negligible; contribu-

fions of various exchange processes simply do not add up to

to describe this interaction. We note that modelof the e total cross section obtained by the coherent addition of
Bonn-Jiich group provides the best overall description of \4rious amplitudes.

the data, which has been used to account forAkep FSI
effects in all of the calculations discussed subsequently.
The individual contributions of various nucleon reso-
nances to the total cross section of fhe— pAK™ reaction We investigated the associatéd” A production in the
near the production threshold is shown in Fig. 6 as a functiomproton-proton collisions at energies ranging from near
of the excess energy. In contrast to the situation at highethreshold to about 10 GeV. This reaction is of interest since
beam energiesp(,,=3 GeV/c), the cross section is domi- it provides the prospect of testing QCD in the nonperturba-
nated by theN* (1650) resonance excitation. This is in line tive domain at energies larger than the pion mass. In this

IV. SUMMARY AND CONCLUSIONS
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paper our goal has been to investigate this reaction within areaction does not distinguish between PS and PV couplings
effective Lagrangian model, which is proven to be very suc-at theN* AK* vertex involving spin-1/2 even or odd parity
cessful in describing the pion production MN collisions.  resonance. However, the PS coupling ath¥eN 7 vertex is
Most of the parameters of this model are fixed by fitting toclearly favored by the data.
the elastidNN T matrix; this restricts the freedom of varying  The near-threshold data may be selective about the model
the parameters of the model to provide a fit to the data. Thelescribing the low-energy\-nucleon scattering. Calcula-
reaction proceeds via the excitation of th¢*(1650), tions of the FSI effects performed with the scattering length
N*(1710), andN*(1720) intermediate nucleon resonant and effective range parameters of théchsBonn group pro-
states. The coupling constants at vertices involving resoduce different results as compared to those performed with
nances have been determined from the experimental brancthe corresponding parameters of the Nijmegen group. The
ing ratios of their decay into various relevant channels. U”'parameters of modéh of Ref. [56] provide the best agree-
like the NN vertex, there is no compelling reason to chooseyent with the data.
the pseudovectotPV) form for the N*AK™ and N*Nm An obvious extension of the present work is to calculate
couplings (involving spin-1/2 resonances of even and oddine cross sections for thep— pS K * reaction, for which the
paritieg and we investigated both the PV and pseudoscalafeasurements have recently been performed at C[BSY
(PS couplings at these vertices. To describe the data at theps will also lead to the inclusivél* cross sections in the
near-threshold beam energies, we have included the FSI efiementary nucleon-nucleon collisions which are the neces-
fects among the outgoing particles by following the Watson-sary input to the transport model calculations of the strange-
Migdal theory, which has been used before successfully tess production in the heavy ion collisions. This work is
describe theNN#z andNN7 reactions in the similar energy cyrrently underway by extending the model to include the
regimes. _ excitation of delta isobard (1910) andA (1920) which are
With the same set of parameters, the model is able gy r star and three star resonances, respectively. Since the
provide a good description Qf the data at hlgher, as well ag_shell N* (1650)—3 K decay is not allowed, techniques
near threshold beam energies. The one-pion-exchange premilar to those described in Sec. 1 D 2 will have to be used
cesses make the dominant contribution to the cross section {g caiculate the coupling constant for this vertex. It would
the entire energy regime. The. individual contributions of theg|sg pe interesting to calculate the invariant mass spectrum
p and  meson exchange diagrams are very small everys the hyperork * pair which is expected to provide further
where. Although, the interference terms of their amplitudesytormation about the various resonance contributions to this
with those of other meson exchanges may sitill be noticeablgeaction. This will be reported in a future publication. Exten-
On the other hand, the exchange makes a relatively larger gjon of the present theory to incorporate the unitarity, per-

contribution at lower beam energies, confirming the earlierhaps on the lines of thi&-matrix approximatiof37], is also
observation that the heavy scalar meson provides a means @fsiraple.

mediating the large momentum transfer in near-threshold
NN-meson production processes.

While at beam momenta larger than 3 GeVthe reac-
tion proceeds predominantly via excitation of tH&(1710)
resonance, the process gets maximum contribution from the The author is thankful to Ulrich Mosel for his very kind
N* (1650) resonance at lower beam energies. A very strikindnospitality at the University of Giessen during several visits
feature of our results is that the interference among variouand for numerous useful discussions which were very helpful
resonance contributions is significant. Therefore, in the calin completing this work. He also wishes to thank Wolfgang
culations of this reaction, these terms should not be ignored\orenberg and Jo Knoll for their warm hospitality in the

The near-threshold data clearly favors the excitation otheory group of the GSI where a part of this work was done.
the N* (1650) resonance. Therefore, this reaction, in this enUseful discussions with W. Cassing, B. Friman, G. Penner,
ergy regime, provides an ideal means of investigating th&V. Peters, M. Post, and A. Sibirtsev are gratefully acknowl-
properties of this baryonic resonance. edged. Financial support from the Abdus Salam International

Unlike the NN vertex where there is a clear preferenceCenter for Theoretical Physics, Trieste, is thankfully ac-
for the PV coupling, as seen in ti¢N7 data, the present knowledged.
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