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Near-threshold w and ¢ meson productions inpp collisions
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Using a relativistic effective Lagrangian at the hadronic level, near-thresholthd ¢-meson productions
in proton-proton pp) collisions, pp— ppw/ ¢, are studied within the distorted wave Born approximation.
Both initial and final statep interactions are included. In addition to total cross section data, bahd ¢
angular distribution data are used to constrain further the model parameters. pp-thepw reaction, we
consider two different possibilities: with and without the inclusion of nucleon resonances. The nucleon reso-
nances are included in a way to be consistent with#hg@— wn reaction. It is shown that the inclusion of
nucleon resonances can describe the data better overall than without their inclusion. However, the SATURNE
data in the range of excess energi@s: 31 MeV are still underestimated by about a factor of 2. As for the
pp— pp¢ reaction, it is found that the presently limited available data from DISTO can be reproduced by four
sets of values for the vector and tengt N coupling constants. Further measurements of the energy depen-
dence of the total cross section near threshold energies should help to constrain begibiNheoupling

constant.
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[. INTRODUCTION served to decay into theN channel, some theoretical efforts
have been made to estimate the coupling strengths t
Heavy meson production in nucleon-nucledN) colli-  the experimentally observed resonani$-16. One of the

sions can, in principle, provide important information aboutmotivations for such a study is the possibility to account for
the short-range part of tHeN interaction[1]. For example, ~the observed enhancement of the low-mass dilepton pair pro-
the NN— NN/ ¢ reactions at their threshold energies probeduction in heavy ion collisiongL7]. Alternatively, the down-
distances between the two colliding nucleons of about 0.2 frjvard shift of thep- and w-meson massebut a smaller shift

[2]. The distance corresponds to the “overlapping region” of ©©F the ¢-meson massin the nuclear mediuni18-23 is

the two interacting nucleons, in contrast to the distance o Iso considered as a possible source of the observed en-
about 0.5 fm probed by much lighter pion productit8]. ancement. Indeed if the downward shift is large enough,

Therefore, investigation of such heavy meson production req1csON 1S expected to form meson-nucleus bound sfages

actions should ultimately provide relevant information for 25]. In any case, a better understanding of the vector meson
) €y pro production mechanism in free space is a prerequisite to study
testing QCD-basedlN interactions.

: ) ) such in-medium effects, and also to study the possible cou-
Recently, there has been considerable interest in the Ve§lings of thew meson ta(missing resonances. However, in
tor mesonsw and ¢, in connection with the Okubo-Zweig- gpite of the pronounced interest in the vector mesans,
lizuka (OZI) rule [4] violation, and in the strangeness con- anq 4 so far there exist only a limited number of theoretical
tent of the nucleon wave functigrb—7]. For example, the studies of the near-thresholpp— ppw [26-30 and pp
Crystal Barrel experiments at LEARCERN) [8] found & _ 4 126 31,37 reactions. This situation also holds for the
strong violation of_the OZl rule in thé)/ w production rate in near-thresholgpn— dw/ ¢ [33,34 andpd—2 Hew [35] re-
antiproton-proton j§p) annihilation. Furthermore, it was also gctions.
found that the¢ to » production ratio in thepp—pp w/¢ From the experimental side, apart from the old data at
reactions was enhanced by about an order of magnitude relaigh excess energig86], only the total cross section data
tive to the OZI prediction after correcting for the available from SATURNE [37] were available until recently fopp
phase space voluni@]. These findings may be interpreted as —, ppe in the near-threshold region with excess energies be-
a considerable admixture of thes configuration in the low Q=31 MeV, where the excess ener@yis defined as
nucleon wave function. Q=/s—3gmg with /s and mz being the total center-of-
Another item of interest ifw-meson production processes mass energy and masses of the particles in the final state,
is the so-called “missing resonances” problem, where con+espectively. There are also total cross section and angular
stituent quark models predict more states than have beadistribution data at excess ener@y=319 MeV from the
observed experimentally10,11]. This has been attributed to DISTO Collaboratiorf9]. Recently the COSY-TOF Collabo-
the possibility that many such missing resonances coupleation has measured the total cross sectionpfier- ppw at
either weakly or not at all to theN channel, but may couple two excess energieQ=92 and 173 Me\[38]. These fill in
more strongly or exclusively to theN channel. Indeed, partly the energy gap between the SATURNE and DISTO
some theoretical studies @ photoproduction were made data, and are critical in studying the energy dependence of
[12,13 inspired by this possibility. the total cross section in the extended near-threshold region.
Although, so far, no baryon resonances have been olin addition to the total cross sections, the COSY-TOF Col-
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laboration has also measured the angular distribution of the N
® meson produced =173 MeV. As has been pointed out |

in Ref. [27], the angular distribution plays a major role in y } o \61 El
disentangling different reaction mechanisms. These new dat — JF

from the COSY-TOF Collaboration, together with earlier
data [37], offer the opportunity to investigate thep
—ppw reaction more in detail than has been done previ-
ously. Thus, in the present study we focus on the near-
thresholdpp— ppw reaction in free space. We study this N N Fsi
reaction by considering two different possibilities: with and \< t
without the inclusion of nucleon resonand&§)]. The possi- Jr T& Jr TQ
bility of a large, off-shellS;1(1535) resonance contribution
has been considered recently by thebifigen groug29].

In the present work, we also consider thp—pp¢ re-
action. The only data available for this reaction near-
threshold energies are the reanalyzed total cross section and + (1<--->2) + o o o
angular distribution from the DISTO Collaboration &
=83 MeV[9]. These data are not sufficient to provide strin-  F|G. 1. Decomposition of the reaction amplitude for e
gent constraints on theoretical models. In studying file - NNV (V=w,¢) reaction in the present worK.,;y denotes the
—pp¢ reaction we do not consider the possibility of meson-nucleo matrix. ISl and FSI stand for the initial and final
nucleon resonances, because not enough data exist to eitlsateNN interactions, respectively.
draw any meaningful conclusions about their role, or to fix
new parameters associated with the resonan@dso note
that no baryon resonances have been observed decaying into

theT¢Nt02a|1rr:eh / " lativisti amplitude for theNN—NNV (V= w, ¢) reaction following
0 study thepp— ppw/ ¢ reactions, we use a relativistic Ref.[39], to make this paper self-contained.

effecFive ngrangian at thg hgdronic !evel, where the reaction In Fig. 1, we show a decomposition of the reaction am-
amplitude is calculated within the distorted wave Born ap-pjivde for theNN—NNV (V= w, ¢) reaction. The reaction
proximation, including both the initial and final stg¥ in-  gmplitude is calculated in the distorted wave Born approxi-
teractions(denoted by ISI and FSI, respectivelfhe ISl is  mation using a relativistic meson-exchange model. We begin
implemented in the on-shell approximatid2,30,39,40,  py considering the meson-nucleoMN) and NN interac-
while the FSI is generated using the BoNN potential  tions as the building blocks. Then, we consider all possible
model[41]. The finite width of thew, which is very impor-  combinations of these building blocks in a topologically dis-
tant near threshold energies, is also included. dpeFSlis  tinct way, with two nucleons in the initial state, and two
included only via the pole diagrams-€hannel processgs nucleons plus a meson in the final state. Here diagrams lead-
Many of the cutoff parameters and coupling constants necing to double counting, e.g., those contributing to mass and
essary for the present study have already been fixed fromertex renormalizations must be excluded, since we use the
other reactions in previous studig®,27,31,39. It turns out  physical masses and coupling constants. The ellipsis in Fig. 1
that the pp—ppew reaction is apparently described betterindicates those diagrams that are more involved, or higher
with the inclusion of nucleon resonances. However, in ordefrders, which are not included in this work. In particular, we
to draw a definite conclusion we need more data for excluneglect theMN FSI, which otherwise would be generated by
sive observables in the energy region above, but clog@ to S0lVing the three-body Faddeev equation. ,

=30 MeV. This is because there is no established method to !N Order to make use of the available potential models of

remove the multipion background associated with the’(;'_N scgttenP?, wel ;;f—:-rfomr]]_tr;e_ calgtul_atl?jnfwnhltnhaéh:(ra]e-
w-meson width from the raw data in order to extract the%Mensional formuiation which 1s obtained from the bethe-

cross sections. The finite width is very important for en- Salpeter equation by maintaining the relativistic unitarity and

. . Lorentz covariance of the resulting amplitude. We follow the
ergiesQ<30 MeV and can possibly make the extracted dat :
strongly dependent on the model used in the anafa aprocedure of Blankenbecler and Su{42] as adopted in the

. - BonnNN potential mode[41]. The vector meson production
As for theppﬂppqﬁ reaction, we definitely need more data amplitudeM may be written as
to constrain the model parameters.

Il. STRUCTURE OF REACTION AMPLITUDE

In this section, we describe the structure of the reaction

This paper is organized as follows. In Sec. Il, the general M=(1+TOTNG ) (e (1 +icDT)), (1)
structure of the reaction amplitude in the present approach is
explained. In Sec. lll, we discuss thgp—ppw reaction  whereT; 1y stands for thé\N Tmatrix in the initial )/final

without the inclusion of nucleon resonances; in Sec. IV, we(f) state,G; y) is the three-dimensional Blankenbecler-Sugar
discuss the reaction with the inclusion of nucleon reso{BBS) propagator, ana&* is the polarization vector of the
nances. Section V treats tipp— ppe¢ reaction. The results vector meson produced. The superscriptin T ;) and
are discussed and summarized in Sec. VI. Gi,ry indicates the boundary conditions:-§ for incoming
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and (+) for outgoing waves. The production curreht, )\j:|%[77j(p)ei25j(p)+l]|2
which is theMN T matrix with one of the meson legs at- . 5
tached to a nucleoffirst diagram on the right hand side in = 5;(p)coS[ 5;(p)]+ i[1— 7;(p)]

Fig. 1), is defined by <i1+ Wj(p)]Z' (4)

where 6;(p) and 5;(p) denote, respectively, the phase shift
p— i u and corresponding inelasticity, apds the relative momen-

) ME [Taan—mrmo Pty (222 @ 0 o nucleons in the initial state. ThN ST has
been considered fully by Batiniet al. [44] in the study of
the pp— pp7 reaction, whose threshold corresponds to an

whereT yn_u'n) Stands for the¢N T matrix describing the  incident energy _of apout 1.25.GeV. Their results support the
transiton M'N—MN, and I'};,, and Py are, respec- on-shell approximation used in t_he present work. Quite re-
tively, the M'NN vertex and the corresponding meson cently, Baru_et al. [45] have also |nyest|gated the effects of
propagator. The subscripts 1 and 2 denote the two interactianbe NN ISl in the NN— NNz reaction. Although there are
nucleons 1 and 2. The summation is over the intermediat@PViously (off-shell) effects which are absent in the on-shell
mesonsM’. We note that if the four-dimensional full two- aPproximation, the results of Reff45] also show that the
nucleon propagator is used, the reaction amplitude given bulk of the NN ISI effect is accounted for in the on-shell
Eq. (1) would have an additional term to avoid the double @pproximation. In particular, we do not e>§pect the off-shell
counting arising from the term involvingG ()T;" and/or effelc(:ts of the ISI to change the conclusion of the present
work.

Next, we consider the production currefit defined by
Eqg. (2) based on meson-exchange models. Following Refs.
which restricts the energy of the propagating two nucleons t(%3%,’39’46’ we split theNl\ﬁN Tmatrix in Fig. 1 into the pole
be on their respective mass shells. TMN_) and nonpole T'V'N) pgrts and calculate the .nonpole

In the near-threshold energy region, the two-nucleon enPart in the Born approximation. Then, théN T matrix can
ergy in the final staté is very low and hence thaiN FS| D€ written ag47]
amplitude, T in Eq. (1), can be calculated from a number _ P NP

U , Tun=Tunt Tuns ©)
of realisticNN potential models. In the present work, we use
the BonnNN potential mode[41]. This model is defined by \where
a reduced three-dimensional BBS version of the Bethe-
Salpeter equation,

iG{")T; and the curreng”, sinceJ* also contains meson-
exchangeNN interactions. This additional term vanishes
when we use the reduced three-dimensional propagaiay

TI'\D/IN:% flnsi9sfvns. (6)

T=V+VIGT, (3 with fyng and gg denoting the dressed meson-nucleon-
baryon MNB) vertex and baryon propagator, respectively.

~ The summation is over the relevant baryd@sThe nonpole
where G denotes the BBS two-nucleon propagator, consispart of theT matrix is given by

tent with those appearing in E¢l). (Note that the factor
—i difference in the definitions of and T from those in Ref. Tha=Vint VNG TN, (7)
[41].)

For the NN—NNw/ ¢ reactions theNN ISI amplitude, whereVyy=Vyn— Vi, With Vi denoting the pole part
T{") in Eq. (1), must be calculated at incident kinetic beam of the full MN potentialVyy . Vi is given by an equation
energies above 1.89 and 2.59 GeV, respectively. There existhalogous to Eq6) with the dressed vertices and propaga-
no accurateNN interaction model with which one can per- tors replaced by the corresponding bare vertices and propa-
form calculations reliably at such high incident beam energators. We neglect the second term of Ef).and hence the
gies. In the present work we follow R¢#0], and make the full MN T matrix in Eq.(2) is approximated agMNsT,'\’AN
on-shell approximation to evaluate the ISI contribution,+\/m_
which was also applied in the study of thNeN— NN reac- With the approximation described above, the resulting
tion [39]. This amounts to keeping only thefunction part  cyrrentJ# consists of baryonic and mesonig(,) currents.
of the Green functiorG; in evaluating the loop integral in- The baryonic current is further divided into the nucleonic

volving iG{)T{") in Eq. (1). The required on-sheNIN IS| (J%,0 and nucleon resonancé/,) currents, so that the to-
amplitude is calculated from Ref43]. As discussed in Ref. tg] current is written as

[40], this is a reasonable approximation to the fIN ISI. In

this approximation, the basic effect of tiNN IS is to re- Jr=Jk A+ I A+ I (8)
duce the magnitude of the meson production cross section

[39,44. In fact, it is easy to see that the angle-integratedThe vector meson production currents are illustrated dia-
production cross section in each partial wave sjaere- grammatically in Fig. 2, wher&/ stands for thew or ¢
duced by a factok; [40]: meson. Note that they are all Feynman diagrams and, as
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v v v v The » production vertexwNN,I'{" in Eq. (9), is obtained

7‘% EZL'Z M from the Lagrangian density,
+ + [np| +(1--2)

£(x)= —%(x)(gww Y~ g T wﬂ(x)) In(x),
a b) (10

FIG. 2. Vector mesond or ¢) production currents}#, in-  Wheremy, #n(x), and »*(x) stand for the nucleon mass,
cluded in the present studya) nucleonic and resonance currents, Nucleon andw-meson fields, respectively,,yy denotes the
(b) mesonic currentY=w or ¢ and M=, 7,p,0,0,3,(= ). In  vector coupling constant and,=f ,nn/dunn (Junn0),
the intermediate states of diagrda), negative-energy propagations With fyn the tensor coupling constanli,. defined by Eg.
for nucleon and resonances are included. (9) is illustrated in Fig. 2a).

As in most meson-exchange models of hadronic interac-
such, they include both the positive- and negative-energyions, each hadronic vertex is accompanied by a form factor
propagation of the intermediate state particles. The nucleonim order to account for the composite or finite-size nature of
current is constructed consistently with tNeN potential in  the hadrons involved. Thus, theNN vertex obtained from
Eq. (3). For the mesonic current, it turns out that we maythe above Lagrangian is multiplied by a form facfaf,39,
consider only thevVpm (V=w,¢) exchange-current contri-
bution for both thepp—ppw/¢ reactions. The nucleon ) Aﬁ
resonance curredf, included only in thepp— ppw reac- Fonn(P?)= m'
tion, is explained in Sec. IV. N N

Here, some general remarks on the meson production Cujgherep? is the four-momentum squared of either the incom-
rents are in ordef39]. As a consequence of using a three-ing or outgoing off-shell nucleon. It is normalized to unity
dimensional reduction of Bethe-Salpeter equation, the defiynen the nucleon is on its mass shef= m? . Following
nition of the eljergy(tlme com_poneljtfor the mtermedlate_ Ref. [31], we adoptg,yy=9.0 in Eq.(10). The vector to
state particles in the production currents becomes ambigygnsor coupling constant ratie, is not well established; in

ous. In order to be consistent with theN interaction used in  fa¢¢ the values quoted in literature are relatively small and
the present work, we follow the BBS three-dimensional ®vary in a range, —0.16+0.01< k< +0.14+0.20 [27]
,—0. . N 14+0. )

duction prescription(l) The energy of a virtual meson at the Therefore, we considek, and Ay, respectively, in Egs.
MNN vertex is taken to beqo=s(p)—e(p’), where (10 and(11), as free parameters in the present work.
s(p)[g(p’)] is the energy of the nucleon befotafter) the The wp vertex forw production in the meson-exchange
emission of the virtual meson, with(p)=p*+my. (2 current,J%_ [Fig. 2(b)], is derived from the Lagrangian den-
The energy of the intermediate state baryon B in the nucleg;ty,

onic and resonance currents is taken to jpg= w(k)

+e(p’) at theB—M+N vertex, while at theN—M +B g _ .

vertex it is taken to b@y,=e(p’) — w(k), wherew(k) is the Lopr(X) = —2=£ 43,0 PP(X) - 9" T(X) @*(X),
energy of the meson produced in the final state. The BBS vm,m,

reduction prevents three-particle cuts which occur in a more

exact calculation.

11)

(12

wheree ,z,, is the totally antisymmetric Levi-Civita tensor
with eg107= —1. The wp vertex obtained from the above
lll. pp—ppw WITHOUT RESONANCE Lagrangian is multiplied by a form factor,

In this section, we consider th@p— ppw reaction with-
out the inclusion of nucleon resonances. Then, the total ¢ (9%,02)=F ,(®)F .(q%) =
w-meson production curredt* may be given by the sum of B N (AW Sy
the nucleonic andypm meson-exchange currents!=J% . (13
+ 38 e as shown in Fig. 2\{=w).

The nucleonic currend’,. is defined by

2
p

AZ_ 2)

where A ,=A,=A is assumed31]. It is normalized to
unity atq>=0 andg’=m?, consistent with the kinematics
) ) at which the coupling constaug,,, is extracted.

Jffuc:jle (THisju+UisIry), ) The meson-exchange current is given by

rooTT i Bun i
with I'#* denoting thavNN vertex andS; the nucleor(Feyn- Jnec= I pnn(dp) 111D op(A,) I (A, 07 Ky TA(G )
man propagator for the nucleop The summation is over X[T (0 1o+ (12), (14)
the two interacting nucleons, 1 and P. stands for the
meson-exchang® N potential which is, in principle, identi- whereD ,4(q,) and A(q,) stand for thep- and w-meson
cal to the driving potential used in the construction of the (Feynman propagators, respectively. The verticés in-
NN interaction[Eq. (3)], except that here meson retardationvolved are self-explanatory. The coupling constagyf,, .
effects are retained following the Feynman prescription.  =10.0 in Eq.(12), has been fixed from a systematic study of
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TABLE I. Model parameters fixed for thep— p pw reaction without the inclusion of nucleon resonances. Below, “Bonn” indicates that
the same value in the BorN potentialB (Table A.]) [41] is used.

Vertex Coupling constant CutofiVieV)

Nucleonic current: {onN= KoTunn)

NN (w production Jonn=9.0 AN=1190[see Eq(11)]
(k,=—2.0)

MNN [M =, 7,p,0,0,8¢(= )] Bonn Bonn

Mesonic current:

wp (o production Juwp»=10.0 A,=A,=A,=1000[see Eq(13)]

pNN Bonn Bonn

7NN (pv coupling Bonn 1300

pseudoscalar and vector meson radiative decays combined The «, dependence of the angular distribution is illus-
with the vector meson dominance assumptj@i,48. Its  trated in Fig. 3. Here, since the mesonic current contribution
sign is fixed from a study of pion photoproduction in the 1 gives a flat angular distribution, and because we are inter-
GeV energy regiof49]. ThepNN and 7NN vertices in Eq.  ested in thex, dependence of the shape, we have kept the
(14) are consistent with those in the BoBnNN potential  mesonic  current  contribution  unchanged A & A .

[41], except that here we use the pseudovector couplings1000 MeV) and varied botk, andAy . The latter param-
which is consistent with the chiral constraints in the lowesteter has to be varied in order to keep the total cross section
order[50], instead of the pseudoscalar coupling for #dN  fixed. The results show that indeed the shape is sensitive to
vertex. In addition, the cutoff parametdr_yn=1300 MeV  the value ofk,. Note in particular that the values &,

is adopted at therNN vertex. (One could use the pseudo- >—1 are clearly unable to reproduce the data. We note here
scalar coupling, or even the admixture of the pseudoscalahat the value of the tensor couplinfy,yn=0, in the Bonn

and the pseudovector couplingS1]. Note that these two
couplings entail different orders in chiral countif§0]. A

test calculation by the use of the pseudoscalar coupling with
the same model parameters turned out to give an enhance-
ment of the total cross section by about a factor of 10 near
the threshold, and the enhancement became far larger as the
excess energ@ increases.We are, then, left with the cutoff
parameter ,= A ;. in Eq. (13) which will be treated as a free
parameter in the present work.

Next, we explain how the model parametets, Ay, and
A,=A, are determined in the present approach. In Ref.
[27], it was pointed out that the angular distribution of the
emittedw mesons is a sensitive quantity for determining the
absolute amounbf nucleonic as well as mesonic current
contributions in addition to the relative sign of the two am-
plitudes. This was also demonstrated in R¢89,52. (The
value quoted in Ref52] should ready,,nn= +9.0.) Further-
more, the shape of the angular distribution is particularly
sensitive to the value ok, , the tensor to vector-coupling
ratio [30,52. Thus, we can make use of both tleeangular
distribution and total cross section data from COSY-TOF
[38] atQ=173 MeV to fix these three parameters. We obtain
a reasonable fit to the data with the valuds,=A
=1000 MeV, Any=1190 MeV, and k,=—2.0. Table |
summarizes all the parameter values within the approach in -1 -05 0 05 -1 -05 0 05 1
this section. Here, it should be mentioned that, Qi cos(0) cos(6)
=173 MeV, the energy involved in the finalp subsystem FIG. 3. x,, dependence of the angular distribution at excess
extends beyond the pion threshold. TH&l FSI used in the  energyQ=173 MeV, without the inclusion of nucleon resonances.
present work has been developed to fit the phase shifts onlyhe dashed, dot-dashed, and solid lines show the mesonic, nucle-
up to the pion production threshold. Therefore, strictly, Weonic, and total contributions, respectively. The dots denote data
are beyond the applicability of this interaction. However, thefrom COSY-TOF[38]. The cutoff parametef  in the form factor
final pp energy involved is not large enough to introduce anyat thew production vertexoNN is fitted to the total cross section of
significant deviation. 30.8 ub at excess energ® =173 MeV [38] for each panel.

k=00 k=05
F\ o A=1230Mey T | A=1160 Mev A

S S Ie.
T | [ | >\;> |

L e s B L
K Km=—1,5
P\ A=1260 MeV

¥, =2.0

do/dQ [ub/sr]

-
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‘ ‘ 10
e COSY-TOF ,‘ ‘ o ‘
7F —— Nucleonic T Bonnpot. value 1 402 [ FShwidth gofeay, L FSlnowidn) pofny
6 L ——— Mesonic 1 o
—_ Total \ / 10" L 1 ]
g °k Jan=9-0 Go=17:37 10° & E3 3
= 4 A=1190 MeV A\=1020 MeV A —-— Nucleonic
S " 1 z° ——- Mesonic
% 3l 10 + E —— Total E
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b f ] g 10 | ; ; ; | |
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\\‘\ P . /,/ (Bonn) i i
| T 1 L \-“7(> L L 3
O—1 -0.5 0 0.5 -1 -0.5 0 0.5 1 10 p
cos(8) cos(8) o %
10" ¢ ¥ ---- nowidth F E
L . Pt ——— width
FIG. 4. g,nn dependence of the angular distribution at excess 10" b Hibou etal.
energyQ=173 MeV. The left panel is one of the reasonable fits o (normalized at Q=92 and 175 Me\) ‘ ‘ ‘
achieved withg,yy=9.0, while the right panel is the result ob- 10° 10’ 10*  10°  10° 10' 10° 10° 10
tained with the valueg,n=17.37, which is approximately the Q[MeV] Q[MeV]

value used in the BonNN potential mode[41]. Both calculations

use the valuec, = —2.0. Also, see the caption of Fig. 3. FIG. 5. Energy dependence of the total cross section for the

pp—ppw reaction without the inclusion of resonances. “ISI,”
NN potential used in the FSI in the present work, is quite’FSI,” and “width” stand for the pp initial state interactionpp
different from the value of f yy=«k,g,nn=—2.0x9 final state interaction, and effects of thewidth, respectively. The
= — 18 used to reproduce the angular distribution data. How<esult with “ISI+FSH width” (the bottom-right panglshould be
ever, the exchanged meson in the BonrNN potential compared with the data, where those panels without any of the
model is associated with the virtual meson and represents legends, 1S, FSI, and width, imply that the corresponding effect is

. ) . itched off from the full calculatiofithe bottom-right pangl Data
;heec'ess‘;zcrﬁ;a:e‘igggrtgutzgt%':ygglk;:ézoenmha”ged’ and is N SATURNEL37] (dot9, COSY-TOF[38] (diamonds Ref

Next, in order to see how the shape of theangular [36] (circles, and DISTO[9] (a filled squarg respectively. “Hibou

L . h | K et al” (the bottom-right panglstands for the result used in the
distribution is ser_13|t|ve tq the value of,yy, we keep t_he analysis in Ref[37]. In the bottom-left panel indicated by “phase
value k,= — 2.0 fixed, which reproduces the angular dis-

e gulal U spacet FSI,” the calculated energy dependences are normalized to
tribution very well, and calculate the angular distribution  he total cross section data from COSY-T{H8] at eitherQ =92 or
for different values ofy,,yn - Here again the mesonic current 173 MeV, where “(*J)=const” is used in Eq(1), and thus, ef-
contribution has been kept fixed. We show in Fidth right  fects of the FSI generated by the BohN potential mode[41]
pane) the result obtained using the valug, gn)2/47  enter.
=(17.37Y/47w=24, approximately the value used in the
Bonn NN potential, together with one of the reasonable fitsare adjusted so as to reproduce both the total cross section of
(the left panel obtained withg ,yn=9.0. Recall that the total 30.8 ub and thew angular distribution aQ=173 MeV. In
cross section is normalized in both calculations. The resulFig. 5, we also show the result of R¢87] denoted by “Hi-
obtained with §,n)?/47m=24 also gives a good fit to the bouet al” used in the analysis of the SATURNE data. Ob-
data, where the change in the coupling constapfy, 9.0  viously, the present result underestimates the SATURNE data
—17.37, is compensated by the change in the cutoff parani37] to a large extent in the range of excess energ@s,
eter Ay, 1190-1020 MeV. This implies that, for a given <31 MeV. The reason for this discrepancy can be attributed
mesonic current contribution, the shape of theangular dis- to an overestimate of the mesonic current contribution as
tribution is not sensitive to the value gf,yy, but is sensi-  fixed atQ=173 MeV. This results in a substantial reduction
tive to the value ofx,,. This implies that the different mo- of the cross section close to threshold, due to a much stron-
mentum dependence introduced via the tensor coupling tger destructive interference between the nucleonic and me-
the nucleonic current plays an important role to the shape afonic current contributions as the excess energy decreases. In
the w angular distribution. fact, the large overestimation of the mesonic current can be
With all the parameters fixed, we next study the energyverified from thew™ p— wn reaction. With all the param-
dependence of the total cross section. In Fig. 5, we show theters fixed to reproduce thEp— ppew atQ=173 MeV, we
predicted energy dependence of the total cross section withave looked at the model prediction of the energy depen-
various effects{1) effects of the finitew width denoted by dence of ther™ p— wn total cross section. It turns out that
“width,” (2) the initial and final statgpp interactions de- the model largely overestimates the data from R&8] as
noted by “ISI” and “FSI,” respectively, and3) using a con- the center-of-mass enerd¥/ increases due to the rapidly
stant matrix element denoted by “phase space,” wherdncreasingwp exchange-current contribution. We were un-
“( €*J)=const” is used in Eq.1). The results with “ISI  able to reproduce both thep— ppw data atQ=173 MeV
+FSH-width” in Fig. 5 (the bottom-right panglinclude all  and the energy dependence of thep— wn total cross sec-
the effects considered in the present section, and should l®n within our approach which considers only the nucleonic
compared with the data. Recall that the present parametessd mesonic currents.
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In an attempt to improve the agreement in the presentess energies may then be compensated by the nucleon reso-
approach, we have investigated the effect of different fornrnance current contributions. We study such a possibility in
factors for the vector and tensor couplings at éh@roduc-  Sec. IV.
tion vertex in the nucleonic current. Different momentum
dependences of the vectdfF{) and the tensorK,) strong IV. pp—ppw WITH RESONANCE
form factors at thewsNN meson production vertex are quite
possible. In particular, recent experimental results from th
Jefferson Lalf54] for the ratio of the proton electric and
magnetic form factorsu,Gep(Q?)/Gup(Q%) (up: proton

In order to limit the number of resonances considered and
?hereby avoid the introduction of an excessive number of
new parameters, we restricted the resonances to {hpteat
. : appreciably decay to thdl+ y channel so that the vector
magnetic moment show a linear decrease as the four—meson dominancé/MD) assumption may be used to pro-
momentum transfer square@f) increases, namely, the vec- qyce »», (2) whose mass distributions confined aroung
tor (Fy) to the tensor K;) electromagnetic ratio is |y and therefore contribute maximally at near-threshold
F2(Q?)/F1(Q?)~1/Q [55], which shows thafF; and F2  energies,(3) that can describe consistently the p— wn
have different momentum dependencéBhe perturbative reaction. In addition, to see if a domina8t,(1535) reso-
QCD predictsF,(Q%)/F1(Q?) ~1/Q* [56].) Using different  nance contribution as reported in RE29] is possible, and
cutoff values for the vector and tensor form factors, respecsince many parameters associated V@{(1535) are under
tively, Ay, =1300 MeV andA \;=1600 MeV, and using the better control than those for other higher resonances, we also
same functional form of Eq11), we have recalculated the include this resonance in the present study. As a result, we
energy dependence of the total cross section. Note that thesensider contributions from the following four nucleon
parameters together with other parameterS,=A,  resonances, S(1535)( )****, P(1710)G *)***,

=1450 MeV and«,=—0.5, can reproduce the angular D(1700)& ~)***, and P(1720)¢")****, where we list

distribution data aQ=173 MeV reasonably well. However, the spin, parity, and status of the corresponding resonances

the predicted cross section is enhanced by only (10-20)% &l ,jicitly [58]. The construction of the resonance current and
near-threshold energies, and still underestimates substantialfe associated details are given in R&9].

all the SATURNE data point37]. We have also considered  1he resonance curredf contribution to thepp— ppw

a possible contribution of theo o mesonic current by as- reaction arises from the spin-1/24,.) and spin-3/2
signing a reasonable range of values for the coupling con Ju thare

stants and cutoff parameters associated with this current. B t3’265) resonance currents in the present approach:
this also gives only a small contribution. Thus, within the
approach of considering only the contributions from the
nucleonic and mesonic currents, it seems unlikely to be ablghe spin-1/2 resonance current, in analogy to the nucleonic
to reproduce the measured energy dependence of the tot@lrrent, is defined by

cross section in the range of excess energi€s,
<173 MeV. Of course, we could fix the model parameters _ o ~ . “
by fitting the total cross section at a lower excess energy J’f/Zres—jZ{z %; (i Snr Unis Ui S T )
point. However, the model would then overestimate the total (16)
cross sections ned@®=173 MeV substantially, and also it

would be difficult to reproduce the angular distribution at Here I'/, . stands for thewNN* vertex involving the

‘Jﬁas: ‘]T/Zres+ Jg/Zres- (15)

Q=173 MeV. nucleon;j. Sy« (p) = (p+ My« )/(p2— M, +imy«Ty) is the
Apart from the difficulties mentioned above, we also noteN* resonance propagator, withys and 'y« denoting the
that the rather largénegative value of k,,= —2.0 required mass and width of the resonance, respectively. The summa-
to reproduce thes angular distribution is not easily recon- tion is over the two interacting nucleons=1 and 2, and
ciled with other nuclear processes. For example, such a largdso over the spin-1/2 resonancel} =S;;(1535) and

value of ,, leads to a rather stronyN (isoscalay tensor  p,,(1710). In Eq.(16), Upns (Ups) stands for theNN
force. This will affect theNN tensor force, given primarily —NN* (NN* —NN) meson-exchange transition potential,
by the - and p-meson exchanges, in such a way that itand is given by

becomes extremely difficult to descridéN scattering and

deuteron properties. In fact, a rough calculatjéi] shows B . 2

that it is nearly impossible to describe theN phase-shift U= M=1-r,77f02rsll(1535) Prannes (1AM (99T (@)

data with such a strong tensor coupling,(n=K,9.nN M=, 7,0 for P14(1710)
=—18).

.Thus, although there is currently no definite experimental + E T2 e (DD oy (DT Frn(@), (17)
evidence for thew meson to couple to any nucleon reso- M=p,0

nance, it would be natural to expect that some resonance

currents give contributions, since high nucleon incident enwhere Ay, (g?) and D,..w)(q) are the(Feynman propaga-
ergies are involved in the near-threshaldoroduction inpp  tors of the exchanged pseudoscalsralaj and vector me-
collisions. The reduction of the mesonic current at high exsons, respectivel)l"yyyn(q) andI'f;yn(0) denote the pseu-

034612-7



K. TSUSHIMA AND K. NAKAYAMA PHYSICAL REVIEW C 68, 034612 (2003

doscalar (scalay and vector MNN vertices, respectively. extrac-meson exchange in théP,;(1710)%— NN transition
These vertices are taken consistently with§e potential  potential, since thé®,,(1710)}~N#= decay branch is rela-
appearing in Eq(3), except for the type of coupling at the tively large[58]. Thus, we simulate these two pions conve-
7NN vertex and theoNN coupling constaniRecall that we  niently by ac meson.

use the pseudovector coupling instead of the pseudoscalar Following Refs. [14,39,59,60, the transition vertices
coupling at therNN vertex) The exception also applies to T, and T\ in Egs.(16) and (17) for spin-1/2 reso-

the spin-3/2 resonance curred;, .. An analogous expres- pances are obtained from the interaction Lagrangian densi-
sion to Eq.(17) also holds forDN*. In Eqg.(17), we have an ties,

+ - . + l_)\ +
L0 00 =F g s thrgr () [INTE | ————TE5# | () t ehpy(x) +H.c, (183
7 My = My
() F o iINT () 1-2 (£) | =
Lo (0 =FGannr Inr ()1 [INLS +| ——— T, 7% | 7 m(X) [ (X)) +H.C., (18b)
Myx = My
Lonp, (X)=gon PMEPH(X)U(//N(X) +H.c., (189
(=) Jonne | — Ef) 2 ()i )
L i (X)= n P (X) +TY(=1d,+ k,0,,0") | 0"(X) { n(X)+H.C., (18d)
N* N mN*+mN
() gpNNx P (F)(_i N
ﬁpNN*(x)— N s (XY | ——— + (=00, + k,0,,0") [T p*(X) [ hn(X) +H.C., (189
N* T My mN*+mN

wherem(x), 0*(X), p“(x), andiy«(X) denote ther, w, p, HereFfZ‘N* stands for thesNN* vertex function involving
and spin-1/2 nucleon resonance fields, respectively. The uphe nucleon.

per and lower signs refer to the even( and odd(-) parity

resonances, respectively. The operatbfs) and I'(") in Sapnt)(P)=(P+ My ){ = Gapt Ya¥pl3
Egs.(189—(18¢ are defined by

OO T =(ys,Lysy, 7). (19

The parametek in Eqgs.(18a and(18b) controls the admix-

ture of the two types of couplings: pseudoscalas cou- s the spin-3/2 Rarita-Schwinger propagator. The summation
pling: A=1) and pseudovectdpv coupling:A=0) for an  is over the two interacting nucleonp=1 and 2, and also
even parity resonance, and scalar<1) and vector X  over the spin-3/2 resonancesN* =D;4(1700) and

=0) for an od_d parity' resonance, where both choices of thGP13(1720). In Eq.(20), UZ, (Uﬁ*) stands for theNN
parameter\ give equivalent results when baryons are on

" " » .
their mass shells. In this work we take=0. Note that, in ;gll\é gi(\i\le'r:l b;NN) meson-exchange transition potential,
principle, we should not allow only the pufé}j) coupling in

Egs. (18d and (18e, because unlike th& NN vertex (V

denotes the vector mesprhis coupling alone at the NN* Uti= 2 0w (@iAn(@) T yuan(q)

vertex prevents us from estimating its strength using the M=m7

VMD, since it violates gauge invariance. In the present

work, we use a more general gauge invariant Lagrangian + 2 T (@iD (@ inn(@),  (22)
density as used in Ref60] based on Refl14]. M=p.0

Similar to the case of spin-1/2 resonances, the spin-3/2 « w
resonance current is defined by where 'y () and Tl (q) denote the pseudoscalar

and vectorMNN* vertices, respectively. An analogous ex-
e, = > > (Tre RIS us, pression to Eq(21) also holds forU . .
Jzes e N PINEN The MNN* vertices involving spin-3/2 nucleon reso-

~ Bu nances in Eqs.20) and(21) are obtained from the Lagrang-
T Ui Sapue)l N ) - (200 jan densitie39,59,

+ (YaPp— Pa¥p)3Mys 2D, 5/3M, }

X (P2— i +imysT )
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+ g, ,NN* | — - Y 10
L (0= ”—) 1 (00 ()T F gy (%) (x) ,
” R e
+H.c., (229 s Nuc+Mec
g === N* sum
+ aNN* | — - b= ——— N*
cS,N’N*<x>=(m—W) W (00, (DT F 7y (x) - 9" (%) ol R o |
=) —— Totd
+H.c., (22 £
© A,=1100 MeV, A =850 MeV, n =2
L 4 ’ ’ ]
gD T
(%) o — NN + v
ﬁwNN*(X)—H(m) 1 (X0 ,,(2)T ) g (x) ()
o1 s ZEA U
@) . S
_ 9uNnx i, -
amg
0 - - - -
— - v 170 175 18 185 190 195 200 205
X[\ I (X)O ()T (X)) Jo™ " (X) +H.C., W (GeV)
(220

FIG. 6. Energy dependence of the total cross section for the
g(l) 7~ +p— wn reaction obtained with the preferred model parameter
E(t) (X)= Ii( pNN*)—ﬁ*(x)(aﬂv(z)rg\:);lp,\l(x).EAV(X) set. Data are from Ref53]. Note that at an excess energy @f

NN 2my =173 MeV in the pp—ppw reaction, the maximum center-of-
) mass energyV for this reaction reaches 1.9 GeV.
[ Ypnne
( 4mrﬁl ) form factor is, therefore, given by the product
_ R ) Fn(p?)Fu(g?), whereM stands for the exchanged meson
X[\ s (X) O, (DT 7y (x)]- (%) between the two interacting nucleons. The form factor

Fum(g?) is taken consistently with thN potential) in Eq.
(3); the only two differences are the normalization point of
F,..(a% and the cutoff parameter value &f,(q?). Here,
the form factor for vector mesorfsp,w(qz) is normalized to
unity atq?=0 in accordance with the kinematics at which
the coupling constang, ,nn+ Was extracted, i.eEp,w(qz)
=[A? /(A% ,—0?)]% For the pion form factoF ,(q?), we

use the cutoff valué\ ,.=900 MeV. To be consistent in this

ciated with the resonance currents are calculated utilizing thg i\ this valuérather tham\ .= 1300 MeV) is also used
1 1 . 1 m

data of Pa_rt|c|e Data Grouﬁss]. whenever available; they in the form factor at therNN vertex appearing in the me-
are determined from the centroid values of the extracted par- _ .
. : sonic current constructed.

t""." dec_ay wu_nlths(and massgf the resonances. Those cou- Since we now include the resonance current, the free pa-
plings m_volvmg vector mesons, are est|m_ated_ from 'ghe COftameters in the nucleonic and mesonic currents in the pre-
responding measured radiative decay width in conjunctio

with the VMD, although uncertainties in the data are Iargegedmg section have to be readjusted. In addition, we wil

In order to reduce the number of free parameters, the ratio Ogonsider thesNN* coupling forN* =P,,(1710) as a free
the VNN* (V=p.») coupling constants for the spin-3/2 arameter in the present work. In order to fix these free pa-

: rameters in this section, we use the p— wn total cross
resonanced);5(1700) andP15(1720), have been fixed to be section data from Ref53] (see Ref.[lg] for a discussion
() @ - —2.1, the same ratio as that fo

gzllr\)lN*IQVNN*(;) 10T about the date in addition to thepp— ppw total cross sec-
O3NPyy(1232) 9yNP, (1232~ — 2.1, extracted from the ratio of tion and angular distribution data from the COSY-TOF Col-
E2/M1=—-2.5% determined from pion photoproduction laboration[38]. We note that at the excess energy @f
measurement61]. =173 MeV for thepp— ppw reaction, the center-of-mass
Following Refs.[39,46, and in complete analogy to the energyW of the subsystemr™ p— wn appearing as a build-
nucleonic current, we introduce the off-shell form factors ating block in the description of thep— ppw reaction will
each vertex involved in resonance currents. We adopt theeach a maximum value aiV=1.9 GeV. Thus, we fix the
same form factor as given by E(L1), with my replaced by parameters so as to reproduce the measured energy depen-
my+ at the MNN* vertex, in order to account for the* dence of them p—wn total cross section data up W
resonance being off shell. TMNN* vertex, where the ex- =1.9 GeV.
changed meson is also off shell, is multiplied by an extra We show in Fig. 6 the calculated energy dependence of
form factorF,(g?) in order to account for the meson being the total cross section obtained with a selected parameter set.
off shell [see Eqgs.(17) and (21)]. The corresponding full At lower energiesW, D5(1700) andP5(1720) contribu-

+H.c., (220

where 0 ,,(2)=g,,—(z+1/2)y,y,, and o"(X)
= w"(X)—d"oM(x) and pr(x)=a"p"(X)—3"p(X). In
order to reduce the number of parameters, we take
= —1/2 in the present work.

Following Ref.[39], the relevant coupling constants asso-
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tions are dominant, but neithes;;(1535) nor P,,(1710) 8.0 v v v
give_appreciable contributions_ for the™ p—wn total cross 20t ISI+FSI ® COSY-TOF
section. F_urthermore, many tr|.al_ calculatllons show that with- . (A A)=(0.851.45) GeV  —-—-- Nucleonic
out including the resonances it is very difficult to reproduce (| oo Ac]d GeV ———~ Mesonic ]
the near-threshold behavior of the p— wn total cross sec- O U — Resonances !
tion up to energiesV=1.9 GeV using a reasonable set of & 50 —‘-\ Sani=9-0 Total !
parameters. However, with the inclusion of the resonancesé \ ;»:_(zi 3 ,'I
oNP ™ . i

we need a softestronge) form factor for thewp 7 vertex to 40 F
fit the overall energy dependence exhibited by the data. InS
particular, the part of the form factor which accounts for the 3
off-shell behavior of the exchanggd meson requires a di-
pole form,

2 "l A2 —m2
Fupn(d2,02)=F (Q))F o(02)=| ——" 2 "),
wpm\Mp 1M p\Hp/t m\ M 2 2 2 2
Ap_qp AZ—Aqs
(23)
with n,=2, A,=850 MeV, andA ,=1450 MeV. A cutoff 80
parameter value of\y=1100 MeV has been also deter- ol ISI+FSI ® COSY-TOF
mined at thewNN meson production vertex. A different ' (A ,A)=(0.85,1.45) GeV  — —~ Nucleonic
form factor, expBo)exp(-—aW?), was introduced at the 60 k noo A=1.1 GeV ———- Mesonic
wp vertex in Ref.[62] to overcome the difficulties in re- = ’ =90 Resonances
producing the data using the monopole form fagip¢q?) in 3500\ <-_os Total
Eq. (23). = Sanp, =+4.8 ,
Next, using thew angular distribution data from COSY- & \ /
TOF [38], we further fix parameters associated with the T\é 30 F '
P11(1710) resonance, namely, the coupling constangs = ...
associated with ther exchange introduced effectively to 20 p e No
simulate the observed decay chanr®|;(1710)—N+ 2. 10f N P
The value for the coupling constagt,np, is adjusted to [ _______ P
reproduce thepp— ppw total cross section of 30.8b at 0-0_1.0 05 0.0 05 L0
Q=173 MeV. Thus, in this procedure, the value obtained cos(8)

for g,np,, is not strictly related to the branching ratio for the

N+27 channel; instead, the contribution frofy,(1710) FIG. 7. Calculatedv angular distribution for th@pp— ppw re-

should be regarded as also taking into account the other pogction at excess energy=173 MeV. The cutoff parameteky in

sible resonance contributions not included explicitly in ourthe @NN form factor,Fy(p?) = A{/LAR+ (p?—mR)] [Eq. (11)], is

model. adjusted to ther ™ p— wn reactionAy=1100 MeV (Fig. 6), and
We show in Fig. 7 thaw angular distribution calculated the Foupling constang,np,, is fitted to reproduce the total cross

by fitting the coupling constarg,yp,, to the total cross sec- Section of 30.8ub atQ=173 MeV. The cutoff parameters ang

tion of 30.8 ub, together with a more reasonable value ofmd'c"’uezd |2n _each 2pane| ze nﬁter ?t thz@’rrz Vﬁrtex 2form2 fa‘“%“
__ : _ - Fapo(A7,0,) =F (A7) F 2 (a0) =[A /(AL —ap) 1" [ (AZ—m2)/ (A7

k,=—0.5. Recall that with the value af,= —2.0 obtained —q2)] [Eq. (23], with n =2, A =850MeV, and A

. . o . T . 1 P 1 P 1 m

in Sec: 1, it would .be very difficult to describe theN — 1450 MeV, respectively. Also, see the caption of Fig. 3.

scattering data consistent[$7]. Two values forg(,NPll are

found to be able to reproduce the total cross section of . : :
30.8 ub atQ=173 MeV. The results for the angular dis- rameters in Table Il. The result is greatly improved compared

tribution are shown in Fig. 7, for those obtained with fto that without the inqlusion of any ngclepn resonances stud-
gonp. = —4.3 (the upper pangland g,np. =+4.8 (the ied in Sec. lll.(See Fig. 5. H_owever,_ it still underestimates

11 11 the SATURNE datd37], which are in the range of excess
lower panel. Although the valuegngn: +4.8 reproduces

R energiesQ<31 MeV, by about a factor of 2. Thus, further
the » angular distribution data from COSY-T(BS] better, i,y estigation is needed to understand better the near-

Fhe result for the energy dependence of the total cross SeCtiQHresholdp p— ppw reaction. As already mentioned, we also

is worse than that W't@UNPn: —4.3. Thus, we will show need more data for exclusive observables in the energy re-

only the results obtained with,np,, = —4.3. We summarize gion above but close t@=30 MeV, because there is no

in Table Il all the parameters fixed in the present approachestablished method for removing the multipion background

i.e., with the inclusion of the nucleon resonances. associated with thes-meson width from the raw data to
Next, in Fig. 8 we show the energy dependence of theextract the cross sections. The effect of the width is very

pp— ppw total cross section calculated using the fixed pa-important in the energy regio@Q<30 MeV, and the extrac-
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TABLE Il. Model parameters fixed for thep— ppw reaction with the inclusion of nucleon resonances. Below, “Bonn” indicates that
the same value in the BordN potentialB (Table A.]) [41] is used.

Vertex

Coupling constant

CutotMeV)

Nucleonic current:
oNN (w production

MNN [M=7,7,p,0,0,80(=0)]

Mesonic current:
wp (w production
pNN

7NN (pv coupling

Spin-1/2 resonance current:

S,4(1535) =150 MeV
MNN (M=, 7,p,0)
[7NN (pv coupling]
7N S,;;(1535)
7NS;4(1535)
pNS;4(1535)
wNS,,(1535)
P.1(1710)'=100 MeV
MNN (M=a,m,7,p,0)
[7NN (pv coupling]
oNP,;(1710)
7NP;(1710)
7NP1;(1710)
pNP1;(1710)
wNP;,(1710)

Spin-3/2 resonance current:

D,5(1700) I'=100 MeV
MNN (M= 7,p,w)
[7NN (pv coupling]
7ND;5(1700)
pND;5(1700)
wND;5(1700)
P,5(1720) ' =150 MeV
MNN (M =,p,w)
[7NN (pv coupling]
7NP1(1720)
pNP,5(1720)
QNP,4(1720)

My« + My

{onn= KoGunn)

gunn=9.0
(k,=—0.5)
Bonn

Gwpr=10.0
Bonn

Bonn

IMNN IMNNF

Bonn, butg,yy=9.0

1.25
2.02

(0.0:- 4.50) (fm)

(—1.04,3.82) (fm)

Bonn, butg,yy=9.0

—4.30
1.20
4.43
(0.0,6.70 (fm)
(0.0-1.19 (fm)
IMNN .g,(\,,l,)\‘N*

2
(QSLNN*/QE;,LNN* =-21)

Bonn, butg,yy=9.0

0.44
1.68
3.02

Bonn, butg,yy=9.0
0.17

—-3.73
3.94

(gp,a)NN* ' Kp,wgp,wNN*)

An=1100[see Eq(11)]
Bonn

Ap= 850A ,=1450[see Eq(23)]
Bonn
900

[see Eqgs(18d) and(18€]
Bonn, butA _yn=900

900
Bonn

Bonn
Bonn

Bonn, bUtAﬂ.NN: 900

Bonn
900
Bonn
Bonn
Bonn

[see Egs(22¢) and(22d)]
Bonn, butA \n=900
900
Bonn
Bonn
Bonn, butA yn=900
900

Bonn
Bonn

tion of the cross section can become highly model depenpresence may not be sensitive enough to be distinguished
dent. experimentally. A more thorough and complete study of the
In order to explore the sensitivity of more exclusive ob-role of nucleon resonances in the productiorwofesons in
servables than cross sections to the nucleon resonances in tR& collisions, especially in a combined analysis of e
pp— ppw reaction, we have also calculated the spin corre—ppw and pn—dw reactions, will be reported elsewhere
lation functions and analyzing power a@=92 and [63]. Such an analysis will consider, not only the spin ob-
173 MeV, with and without the inclusion of the nucleon servables, but also the invariant mass distributions. ghe
resonance currents. Here, we just mention that although-dw process, for which the total cross section data have
some of the spin correlation functions exhibit some sensitivbeen reported quite recentfys4], will provide additional
ity to the presence of nucleon resonances, judging from theonstraints on the model parameters.
currently achieved precisions for tipp— ppw data, such a Considering the results shown in Fig. 8, one possibility
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107 g —ppw total cross section. Close to threshold energies the
g ] dominant contribution comes fronD,5(1700), while at
1 PP — pp® §§% 5 ] higher excess energies, the dominant contribution comes
10" £ % ° 5 from P4;(1710), although the contribution of this resonance
L ISI+FSI+width i ] was negligible in ther” p— wn reaction. Here, again the
1 S,1(1535) resonance contribution is very small in our model.
=—4.3 3 We should mention that we also studied the contribution
] from the S;1(1650) resonance in the present approach, but it
................... Nucleonic did not give an appreciable contribution. Thus, if we want to
______ Mesonic be consistent with both the™ p— wn andpp— ppw reac-
———— Nuc.+Mec. 1 tions, it appears necessary to include at least three nucleon
_____ N* sum ] resonancesP,(1710), D,5(1700), andP,5(1720), in the
— Total 3 present approach.
] Finally, before leaving this section, we should mention
| | that the treatment of the ™ p— wn reaction should be im-
lO 0 ‘ “‘HH‘I ‘ “‘HH‘Z ‘ ‘HHH‘} ‘ “‘HHA i 1
10 10 10 proved in our model. In particular, as shown by Penner and
Q [MeV] Mosel[15], effects of higher-order terms other than the Born
term in the T matrix equation are important and, conse-
FIG. 8. Calculated energy dependence of the total cross sectiojuently, they should be taken into account in a better way

for the pp—ppw reaction with the inclusion of nucleon reso- than through a form factor as has been done in the present
nances,S;(1535), P1,(1710), D;3(1700), andP,3(1720). Also,  \ork.

see the caption of Fig. 5.

o [ub]

for improving the agreement yvith the data would be to in- V. pp—ppé WITHOUT RESONANCE
troduce extra resonances, which enhance the total cross sec-
tion at near-threshold energies but only moderately enhance The pp—pp¢ reaction can be treated in an analogous
at excess energies aroui@=173 MeV, if such adequate way to thepp— ppw reaction in Sec. lll, namely, consider-
candidates exist. On the other hand, the introduction of neving only the nucleonic J4,) and mesonic 4.9 current
resonances would introduce more ambiguities. The other ekontributions. However, the scarcity of data, especially in the
fect to be investigated is theN FSI, which is expected to near-threshold region, makes this study more difficult. In
enhance the total cross sections at near-threshold energidact, there is only one total cross section and one angular
because a QCD sum rule study of the meson-nucleon spirtfistribution available near threshold at an excess energy of
isospin averaged scattering lengths for the vector megpns Q=283 MeV measured by the DISTO Collaboratif®]. A
w, and ¢ suggests attractiv’N (V=p,w,¢) interactions theoretical study of th@p— pp¢ reaction in Ref[31] was
[21]. made within a similar approach to that of the present study,
Next, in Fig. 9 we show a decomposition of each reso-n the sense that it used a relativistic meson-exchange model,
nance contribution to the energy dependence of pipe  considering contributions from the nucleonic aggT ex-
change currents as the dominant contributions. The present
10 study differs from that of Ref.31] in that (1) the ¢ angular

distribution data from DIST(9] used in this study were
PP — pp® . ] reanalyzed9] and absolute normalization of the correspond-
0% L ] g% 3 T 4 ing total cross section was established, &dthe pp ISI is
- ISI+FSI+width : included explicitly. .
1 The relative importance among the possible meson-
10" b gop. =—4.3 4 exchange-current contributions was estimated based on an
Ei Ml ] SU(3) effective Lagrangian, together with various effects de-
© . ] scribed in Ref[31]. Furthermore, the test calculations per-
10° F g N* sum . formed in Ref.[31] showed that theppm-exchange current
f)//(lliif)) ] was by far the dominant mesonic current. Tdoenbineccon-
o D”(I700) ] tribution of all other meson-exchange currents to the total
(N G P13(1720) E cross section is about two orders of magnitude smaller than
u(1720) 3 this. Moreover, possible contributions from meson-exchange
B} currents involving heavy mesons, in particular, whef -
10 1 “1‘(‘)3 TS and ¢ wf -exchange currents were also examined using the

larger values of the coupling constants calculated from the
observed decay df,— ¢+ vy. However, this contribution, as
FIG. 9. Decomposition of resonance contributions for the en-Well as theg¢o- and pwo-exchange currents, also turned
ergy dependence of thep— ppw total cross section. Also, see the out to be negligibl¢31]. Finally, as in the case @ produc-
caption of Fig. 5. tion, there are neither experimental indications of any of the

Q [MeV]
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known isospin-1/2N* resonances decaying into thé¢
channel nor do there exist enough data for the near-threshold
pp— pp¢ reaction to fix the relevant parameters and judge

40
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¥,=0.0
30 A¢=2150 MeV
Go=—0.4, A=1190 MeV

K,=+0.5

F| A=2170 MeV

their validities. Thus, we study thep— pp¢ reaction con-
sidering the contributions only from the nucleonic apd
mesonic currents.

The coupling constarg,,, , associated with the mesonic
currentJf, .., can be extracted from the measured branching
ratio. Specifically, the coupling constagy,,,= — 1.64 is de-
termined directly from the measured decay widthdef- p

+ 7 [58], where the sign is inferred from $B8) symmetry K e 1= — g

x,=-0.5
r| A,=2100 MeV

I K, =—4.0
F|A=1915 MeV

do/dQ [nb/sr]

[31]. We note that the coupling constag,,,=—1.64 is i o i =3
extracted at different kinematics compared to that ofdhe

; ; 2_ 2 2_ 2 ; S D 5 ~
d4,~ IS determined atj,=m; andq;=m; , whereag,,, is 0 Y 5 os . o o os y
extracted aig?=0 andg?=m?2. Then, the corresponding cos(0) cos(8)

form factor[cf. Eq. (13)]is defined by FIG. 10. x4 dependence of thep angular distribution aQ

=83 MeV. The dashed, dot-dashed, and solid lines show the me-
sonic, nucleonic, and total contributions, respectively. TN
coupling constant and the cutoff parametgy associated with the
¢NN meson production vertex are fixed g@jyn=—0.4 andAy
=1190 MeV, and the cutoff parametér,=A,= A in the ¢pm

In Eq. (24), we again assume that the cutoff parametey meson production vertex is fitted to reproduce the total cross section
=A,=A, corresponds to those in E(L3). of 190 nb atQ=83 MeV. The dots are the data from DISTO]

Although we do not have to use the same parameters fdP-

the ¢ production as those used in the— ppw reaction, we o , B
use the same valuky=1190 MeV for the cutoff parameter Contribution solely from the mesonic curreng fyy=0),
which, neglecting theb-w mixing and the OZl-allowed two-

in the ¢#NN meson production vertex, because the S b ded he limii f
¢pmr-exchange current gives the dominant contribution tostep_processe[ 1], may be regarded as the limiting case o

the total cross section, and reproducing the absolute normal0 s component in the nucleon wave function, if the value
ization of the total cross section is relatively insensitive toof g,y is considered as a measure for #&component.
the cutoff parameteA  in the nucleonic current compared Since we have not included quark degrees of freedom explic-

to the cutoff parameters in thépm vertex form factors. itly, it is difficult to draw a definite conclusion on thes
Therefore, we have three free parameters to be adjusted gmponent in the nucleon wave function. We summarize in
reproduce thep-meson production total cross section andTaple Il the four possible parameter sets @¥un, K4, and
angular distribution datg9], namely, g nn and «,, in the A fixed by fitting the DISTO¢ angular distribution data
nucleonic current, after replacing— ¢ in Eq. (10, and  [9]. They all reproduce the experimental df@ reasonably
A4=A,=A in the form factor of Eq.(24) in the ¢pm  well. This suggests that one needs to study additional observ-
mesonic current, after replacing— ¢ in Egs.(12) and(14).  ables, e.g., the energy dependence of phe-ppé¢ total

In Figs. 10 and 11, we show the, dependence of the cross section, in order to constrain better the parameters of
calculated ¢ angular distributions, forg,y=-—0.4 and the model.
ggnn=— 1.6, respectively. Results in Fig. 10 imply that as
long as the value of 4\ is small, the angular distribution
data can be reproduced well within the experimental error
bars, irrespective of the values &f, up to x,=~—4.0. On
the other hand, results in Fig. 11 show that the larger value,
ggnn=—1.6, makes the shape of the calculatgdangular
distribution sensitive ta, . One can notice that for a certain
value of x4, the shape of the calculatetl angular distribu-
tion changes from convex to concave. After some test calcu-
lations, we find that the optimum value for this transition is
roughly x,=—2.0. Thus, around,=—2.0 we can expect
that there are a large number of possibilities for the values of
denn @nd A, which can reproduce the experimentally ob-
served flat¢p angular distributiorj9].

Next, we fix the value x,=—2.0 (and Ay
=1190 MeV), and study thg,nn dependence of the an-
gular distribution. Some of the calculated results are shown
in Fig. 12. Note that the top-right panel in Fig. 12 has a

2 2

p

p
2_ 2
Ap_qp

Fgpn(02.0%)=F (Q2)F .(02) =

A2 —m?
(Az—qz)'

(24

do/dQ [nb/sr]

FIG. 11. Same as Fig. 10, bgfyn=—1.6.
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40 . . .
g¢NN:_0'4
80 FA=2040 Mev pp — ppd
2 10> & ISI+FSI, Ay=1190 MeV _
10 K,=—2.0, A,=1190 MeV i ,/’/
0 for—mrt ‘ 3 | |
E w0k Ggn=1-2 i gan=—0.8 i .
o A,=2200 MeV A,=2120 MeV o
[« c
a o
2 10 10" .
° o ‘ . —=-==- Mesonic; (g,A,)=(0.0,1930 MeV) 1
Ip=—2.0 gp=—1.6 — (8unKp)=(—0.4,—0.5,2100 MeV) 1
80 1 1A,=2220 Mev T |A,=2240 Mev 1 — = (ZKpA)=(-0.4,-4.0,1915 MeV) |
R e S 3 —— (ZpuKpA)=(-2.0,-2.0,2200 MeV) |
10 ® DISTO (no sys. error)
. - 10° N S S SRS S R R
0 ! T
-1 -0.5 0 0.5 -1 -0.5 0 0.5 1 0 20 40 60 80 100
cos(0) cos(6) Q [MeV]

FIG. 12.g4nn dependence of the angular distribution with the FIG. 13. Energy dependence of the total cross section for the
fixed valuexy=—2.0, andAy=1190 MeV. Also, see the caption . nn4 reaction, calculated using the four parameter sets, which
of Fig. 10. can reproduce the angular distribution datg9]. A systematic error

in the data point from DIST(@9] is not included.

Here, it may be interesting to compare the valueg gfy
and « 4, obtained in the present work with those extracted inthe model parameters, in particular, the magnitude of the
Ref. [65] by studying the off-shell timelike nucleon form coupling constang sy -
factors using thep(y,e"e”)p reaction. They obtained
(94NN K )=(1.3,7.2). (Note that their definition ofk, is
different from that of the present study by a factang/m,,
(my,4: masses of the nucleon artl meson; for compari- We have studied thpp— ppw/ ¢ reactions using a rela-
son, this factor is included in the value &f; here) tivistic effective Lagrangian at the hadronic level, including
Next, using the four parameter sets given in Table Ill, weboth the initial and final statpp interactions. For both reac-
study the energy dependence of thp—pp¢ total cross tions, we have made use of the recently measurexhd ¢
section. We show the calculated results in Fig. 13. The reangular distributions in addition to the total cross section
sults exhibit very similar energy dependences for the paranmdata to fix the model parameters.
eter sets §4nn.«4)=(0.0,0.0), (-0.4,-0.5), and (0.4, We have studied thp p— ppw reaction considering two
—4.0), while that for -2.0,—2.0) shows a different depen- possibilities, i.e., thes meson is produced b{l) the nucle-
dence especially at excess energies in the regidn onic and mesonic current contributions, af®l the nucle-
<50 MeV. Thus, measuring the energy dependence of thenic, mesonic, and nucleon resonance current contributions.
total cross section fop<<50 MeV will help constrain better The results show that the energy dependence of the total

VI. SUMMARY AND DISCUSSION

TABLE Ill. Model parameters for the p— p p¢ reaction, for four possible sets by tieangular distribution, denoted k§g)—(d). Below,
“Bonn” indicates that the same value in the BoiNN potentialB (Table A.) [41] is used.

Vertex Coupling constant CutotMeV)

Nucleonic current:
NN (¢ production

{snn= K5 onn)

(a) gq‘)NN:OO (K¢EO) AN:1190[see Eq(ll)]

(b) gynn=—0.4 (ky=—0.5) Ay=1190

(©) gynn=—0.4 (k= —4.0) Ay=1190

(d) gynn=—2.0 (k4= —2.0) An=1190
MNN [M =, 7,p,0,0,80(=9J)] Bonn Bonn
Mesonic current: Ayg=A,=A,
(@ ¢pp (¢ production 9gpn=—1.64 A 4=1930[see Eq.(24)]
(b) ¢pp7 (¢ production Qgpr=—1.64 A ,=2100
(c) pp (¢ production Qgpn=—1.64 A 4=1915
(d) ¢ppm (¢ production Qypn=—1.64 A 4=2200
pNN Bonn Bonn
7NN (pv coupling Bonn 1300
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cross section in the range of excess energi€s, the scarcity of data for this reaction in the near-threshold
<173 MeV, is apparently described better by the inclusionenergy region, we have obtained four parameter sets which
of nucleon resonances, which is implemented in a way to béan reproduce thé angular distribution data from DISTO
consistent with ther~ p— wn reaction. However, the calcu- [9] equally well. Predictions for the energy dependence of
lation still underestimates the SATURNE data by about ahepp— pp¢ total cross section indicate that a measurement
factor of 2, where the data points are in the range of excesgf the cross section close to threshold should be able to con-
energiefQ<31 MeV. This remains still a problem in under- strain better the coupling constagfyy (=0 or =—2).
standing the reaction mechanism. In this connection, we Finally, although there exists an enormous interest in vec-
need more data for exclusive observables in the energy rdor meson properties in highly complicated many-nucleon
gion above, but close t@=30 MeV because there is no €nvironments, e.g., dilepton production in heavy ion colli-
established method for removing the multipion backgroundsions and mesond{) nuclear bound states, the data for the
associated with the-meson width from the raw data. This NN—NNV reaction ¥: vector mesohare currently inad-
removal is necessary for extracting the cross sections in thequate for understanding the production mechanism of these
energy regionQ<30 MeV, where the effect of the width is mesons in free space. Thus, more measurements of vector
very important, and the extraction can be highly model de-meson production in free space, and especiall} M colli-

pendent. sions, may be a first step towards understanding the proper-
In connection with studying resonance contributions toties of vector mesons in such complicated nuclear environ-
thepp— ppw reaction, we plan to investigate tpe invari- ments.

ant mass distributions for this reactipd3]. A measurement
of the invariant mass distributions for this reaction should
give significant information as to whether contributions from
resonances are appreciable or not. Such theoretical studies We would like to thank C. Wilkin and F. Hibou for useful
have been made for thp— pp» [60] andpp—pAK™ [66]  discussions, and providing us the code used in the analysis of
reactions. Thus, the study of the invariant mass distributionthe SATURNE data[37]. Our thanks also go to K.-Th.
may be an alternative method for studying the possibleBrinkmann for providing us thes angular distribution data
w-meson(and ¢-meson resonance couplings both theoreti- of the COSY-TOF Collaboratiof88], and to J. Haidenbauer
cally and experimentally. for helpful discussions. We also thank W.G. Love for a care-
In addition to thep p— ppw reaction, we have studied the ful reading of the manuscript. This work was supported by
pp— pp¢ reaction considering the contributions solely from Forschungszentrum-lich, Contract No. 41445282COSY-
the nucleonic and mesonic current contributions. Because d¥58).
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