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7 meson production in both proton-proton and proton-neutron collisions is investigated within a relativistic
meson exchange model of hadronic interactions. It is found that the available cross section data can be
described equally well by either the vector or pseudoscalar meson exchange mechanism for exciting the
S,1(1535) resonance. It is shown that the analyzing power data can potentially be very useful in distinguishing
these two scenarios for the excitaion of tBg(1535) resonance.
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I. INTRODUCTION the description ofy meson production itNN collisions pre-
sents other interesting aspects. For example,sth@eson
The production ofy mesons in nucleon-nucleorN{N)  interacts much more strongly with the nucleon than do me-
collisions near the threshold energy has been a subject &ons like the pion so that not only tieN final state inter-
considerable interest in the past few years, since the existingction(FSI), but also thenN FSl is likely to play an impor-
data are by far the most accurate and complete among tho&t role, thereby offering an excellent opportunity to learn
for heavy meson production. Consequently, they provide a@bout thenN interaction at low energies. In fact, the near-
opportunity to investigate this reaction in much more detailthreshold energy dependence of the observed total cross sec-
than any of the other heavy meson production reactions. 1§on for » meson production differs from that of and "
addition to the total cross section for th@— pp» reaction production, which follow the energy dependence given sim-

[1—6], we now have data fopn—pnz [7] and pn—dy ply by the available phase space together with XH¢ FSI.

[5,8] reactions. The differential cross section data for theThe enhancement of the measured cross section at small ex-

J . ; ]
Dp—pp7y reaction[9] are also available. Consequently, cess energies i production compared to those thand »

there have been a large number of theoretical investigatio roduction 1S generally attrlbute_d to the strong attr_ach;lt
. Sl. In addition to all of these issues, the theoretical under-
on these reactionsl0-14.

: . . . standing of » meson production INNN collisions near
The production ofy mesons inNN collisions is thought g otn P

domi v th h th itatiGmd d : threshold in free space is also required for investigating the
tp occur predominantly through the EXCIta.tICHTI eexcita- dynamics of the5;1(1535) resonance in the nuclear medium,
tion) of the S;4(1535) resonance, to which the meson

o . . the possible existence ofNN bound states, and the possi-
couples strqngly. However, the excnatlon mechanism of th”i)ility of using n to reveal the properties of high-density
resonance is currently an open issue. For example, B""t'n'ﬁuclear matter created in relativistic heavy-ion collisions.

et aI: [12] havg fqund that bo.thT and » exchanges are the In Sec. Il we introduce our model and define the meson
d_ommant excitation mechamsms. HléJwever, they. have COM5roduction currents whose details are given in the Appendix.
sidered on-ly thepp— pp7 reacthn. &t and Wilkin [13] An alternative model, which is similar to previous works
and Gedaliret al. [14] have considered both thep—pp7  pased orp exchange dominance, is introduced in Sec. III.

and pn—pn7 reactions. In the analysis of Reffl3] the  rpq raqyits are given in Sec. IV. Section V provides a sum-
pn—dz» reaction is also considered. These autfd3,14 mary.

find p exchange to be the dominant excitation mechanism of
the S;4(1535) resonance. In particular, it has been claimed
[13] that p meson exchange is important for explaining the
observed shape of the angular distribution of pe—pp»n Our model of theNN— NNz reaction is based on a rela-
reaction. In an anaylsis gbp— pp» reaction, Santra and tivistic meson exchange model of hadronic interactions. The
Jain[15] also considereg meson exchange as the dominantreaction amplitude is calculated in the distorted wave Born
excitation mechanism of th&,,(1535) resonance. In con- approximation. Here we follow enonrigorous but otherwise
trast to the findings of Ref§12—-15, Péra et al. [16] have  economi¢ diagrammatic approach to present our formula-
found that the dominant contribution arises, not from thetion. A more rigorous derivation of the reaction amplitude
S;1(1535) resonance current, but from the shorter range pawill be reported elsewhere. We start by considering the
of the nucleonic currents. In this work, we shall report onmeson-nucleonNIN) and NN interactions as the building
another possible scenario for exciting tBg,(1535) reso- blocks for constructing the total amplitude describing the
nance that reproduces both thp—pp»n andpn—pnn re- NN—NNM reaction. We then consider all possible combi-
actions and discuss the possibility of disentangling these resations of these building blocks in a topologically distinct
action mechanisms. way, with two nucleons in the initial state and two nucleons
Although we focus here on the problem just mentioned plus a meson in the final state. In this process of constructing

Il. MESON EXCHANGE MODEL
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1 and 2. The summation runs over the intermediate meson

: N N FSI M’. Equation(1) is the basic formula on which the present
o \Gl \61 calculation is based. We nofé9] here that care has been
[ M J — i - + = - taken in the above three-dimensional formulation to avoid
b N double counting problems.
In the near threhold energy region, the two nucleon en-
1 2 1 2 ergy in the final staté is very low and hence thBIN FSI
amplitude,T{ " in Eq. (1), can be calculated from a number
N N ESI of realistic NN potential models in the literature. In the
present work we use thldN model developed by the Bonn
_~_ \@Q + \CTQ group[20] to calculate the FSI. This model is defined by a
~ | ~ | three dimensionally reduced BBS version of the Bethe-
IS ISIT Salpeter equation
b2 b T=V+ViGT, 3

—  (1<->2) -+ oo o
. ) . ) where G denotes the BBS two-nucleon propagator, consis-
present workTyy denotes thIN T matrix. ISI and FSI stand for V(T) differs from that of Ref[20] by a factor of—i].
the initial and final stat& N interaction, respectively. A, . . . .
P y The NN initial state interaction(ISI) amplitude, T{*) in

the total amplitude, care must be taken in order to avoi q. (1), must be calculated at incident beam energies above

diagrams that lead to double counting. Specifically, the dia: 25 GeV. There exists no accurdidl model for perform-

grams that lead to mass and vertex renormalizations must g such a calculatlc_)n. For exampl_e, t_he model_ d(_aveloped n
excluded since we choose to use the physical masses a f.[21] can only give a very qualitative description of the

coupling constants. The resulting amplitude constructed i scattering phase shifts at energies above 1 GeV. In the

this way is displayed in Fig. 1. The ellipsis indicates thosePresent work we therefore follow Ref22] and .mak.e the .
diagrams that are more involved numericaligcluding, in on-shell approximation to evaluate the ISI contribution. This
particular, theM N FSI, which otherwise would be generated amognts to !<eep|ng °F"y thé-funcﬂon part qf th? Gregn
by solving the three-body Faddeev equali® far there are function G; in evaluating the loop integration involving
, iGTH)  The required on-shelN ISI amplitude is ob-

very few attempts to account for therh4,17]. These higher S ; s
order terms are also not considered in this work. tained from Ref[23]. As has been discussed in Rg22],

In order to make use of the available potential models ofNiS is & reasonable approximation to the NI ISI. In this
NN scattering, we will carry out our calculation within a @PProximation, the basic effect of theN ISl is to reduce the
three-dimensional formulation which is deduced from Bethe/Magnitude of the meson production cross section. In fact, it
Salpeter formulation by restricting the propagating two!S €asy 1o see that the angle—llntegrated production cross sec-
nucleons to be on their mass shell. We follow the procedurdi®n in each partial wave statés reduced by a factor ¢22]
of Blankenbecler and Suggt8]. The meson production am-
;)cl)irt#}(_je illustrated in Fig. 1 then takes the following familar Ni=|5[7i(p)e?a® + 1|2

=ni(p)cos[5(p) ]+ 2 [1—nm(p)]?

<ill+n(pl* 4

M=(1+ TG ) aa+icHT(h), 1)

whereT ; ) denotes thé&N T-matrix interaction in the initial
(i)/final(f) state, and G Iis the three-dimensional
Blankenbecler-SugafBBS) propagator. The superscript In the above equationg;(p) and z;(p) denote the phase
in T 1y as well as inG; 1y in Eq. (1) indicates the boundary shift and corresponding inelasticity, respectivgdytands for
condition, (=) for incoming and ¢) for outgoing waves. the relative momentum of the two nucleons in the initial
The production current is denoted Bywhich is defined by state.
the MN T matrix with one of the meson legs attached to a There are a number of different approaches in the litera-
nucleon(first diagram on the right-hand side in Fig), 1 ture which model the production currehtlefined in Eq(2)
based on meson exchange models. Following %@&23,
_ ; we split theMN T matrix of Fig. 1 into the poleT,,,) and
J Mz [TonemrglaiPulurnlo+ (122), - (2) nonpole (rk‘,,';,) parts and calculate the nonpole part in the

] . Born approximation. Then, thEIN T matrix can be written
whereT (yn.m/n) Stands for theN T matrix describing the 59 [26]

transitionM’'N—MN, I'yy,yn @nd Py, stand for theM’'NN
vertex and the corresponding meson propagator, respectively. b NP
The subscripts 1 and 2 stand for the two interacting nucleons Tun=Tunt Tun ®)
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where n n

(6) N NolM o

P _ to
TMN_E funei9sfvne,
B b + [N +

(1<-->2)

with fyng and gg denoting the dressed meson-nucleon-

baryon MNB) vertex and baryon propagator, respectively. 1 2 1 2

The summation runs over the relevant bary@3&he non-

pole part of theT matrix is given by
Thin=Vin+ Vi G T

(7)
where VR =Vyn— Vo, with V5 denoting the pole part ~ }-=-==---
of the full MN potential Vy - V,f’,l,\, is given by equation
analogous to Eq(6) with the dressed vertices and propaga-
tors replaced by the corresponding bare vertices and prope 1 2
gators. We neglect the second term of E).and hence the
full MN T matrix in Eq.(2) is approximated a3 yn="Th
+VNE

MN

With the approximation described above, the resulting
currentJ consists of baryonic and mesonic currents. The
baryonic current is further divided into the nucleonic and
nucleon resonanceN(*) currents, so that the total current is
written as

+ (1<-->2)

FIG. 2. » meson production currents included in the present
study. Upper row: nucleonic current,,.,M=m,7,p,0,0,3,.
Middle row: nucleon resonance curredqs,N* =S;1(1535),
The individual currents are illustrated diagrammatically inp,,(1440), andD,3(1520), M=, 7,p,. Lower row: mesonic
Fig. 2. Note that they are all Feynman diagrams and, as sucburrentJ,,., v=p,o.
they include both the positive- and negative-energy propaga-
tion of the intermediate particles. The nucleonic current isEgs.(A7c),(A7d)] used in our model described in the previ-

J=Jnuct JrestT Imec (8)

constructed consistently with tHéN potential in the BBS
equation (3). The mesonic current consists of thgpp,

ous section and detailed in the Appendix.
In addition to using the ysy, coupling in the

nww, andya,m exchange contributions. The resonance curvNS;;(1535) vertex ¢ =p,w), here we assume the extreme

rent consists of the&;4(1535), P1,(1440), andD3(1520)
resonances excited via the exchangerofy, p, andw me-

case thatS;1(1535) is excited exclusively via the exchange
of p andw mesons. Furthermore, for simplicity, we neglect

sons. Details of our model for the production current areall other resonance contributions in the resonance current.

given in the Appendix.

IIl. VECTOR MESON EXCHANGE DOMINANCE MODEL

This is a reasonable simplification since we find that the
resonance current contributions apart from that due to
S;1(1535) are very small. The nucleonic and mesonic cur-
rents are identical to the model described in the previous

In order to allow for a close comparison of the model section. We refer to this model as the vector meson exchange

described in the previous section with the modédl3—-15

dominance model.

based orp meson exchange dominance, we have also con- We find that this model can also roughly reproduce the
structed a model in which th8,,(1535) is excited through total cross section data by choosing the coupling constants
the exchange of vector mesons. For this purpose, we follow,yn+ = —0.85 andg,n+« = —1.10 in Eq.(9). Overall, the
Refs. [14,15 to define the vector meson couplings with values of these coupling constants, including the signs, are

S$11(1535) by using the following Lagrangian densites:

Lo (X) == Gunns Unr (X) Y57, 04(X) o (X) + H.C.,
(9a)

Lo (X) = =G nnr hnx (X) 57, 7+ [879H(X) T (X) + H(gg)

Note that the aboveysy, coupling, which violates gauge
invariance, is rather different from the tensor couplfisge

consistent with those used in Refd4,15, in spite of the
fact that there the ISI and FSI are treated differently from the
present work. We therefore can use this model to investigate
the differences between our full model described in Sec. Il
and the previous workisl3—15 based orp exchange domi-
nance.

IV. RESULTS

In this section we shall present our results on th@eson
production in both thepp and pn collisions based on the
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FIG. 3. Total cross sections for thpgp— pp#n (upper pangland

pn—pny (lower panel reactions as a function of excess energy FIG. 4. Sam_(te) as F'g'l 3,Tﬁxc(;epthth§t it shows 31@(1535) h
within our model described in Sec. Il. The dashed curves corre!®3°nance contribution only. The dashed curves correspond o the

spond to the nucleonic current contribution while the dash-dotteanCh"’mge contribution while the dash-dotted curves to-fhex-

curves to the mesonic current contribution; the dotted curves reprec-h‘"m_ge _contrlbutlon;_ the dotted curves represent_am_»(change
ntribution. The solid curves show the total contribution.

sent the resonance current contribution. The solid curves are the

total contribution. The data are from Ref4-5,7). o ) L
L 2 This is rather different from the findings of R¢fL6]; there,

models described in the previous sections. The parameters fstead of the resonance current, the shorter range part of the
the considered models are given explicitly in the Appendix.nucleonic current gives a large contribution to tipg

In short, the coupling constants and range of form factors for—pp# cross section. It will be interesting to know whether
meson-baryon-baryon vertices are chosen to be consistefiteir model can also give a good descriptionpof—pn»n

with the Bonn potential in conjunction with the values useddata, as achieved hefwer panel of Fig. R

in Refs.[24,25 and the values extracted from Particle Data To examine the differences between our model and previ-
Group[27]. Thus in our calculations there is not much free-ous work, we show in Fig. 4 the results from calculations
dom for adjusting parameters. including only theS;1(1535) resonanceésolid curve$ con-

The total cross sections as a function of excess energlyibution. Within our model, this resonance excitation is due
predicted by our modeldescribed in Sec. Jlare shown in  to the exchange ofr, 7,p, andw. To see the relative impor-
Fig. 3. The full results are the solid curves which are intance between these different meson exchange mechanisms,
general in good agreement with both the datgppf(upper we also show in Fig. 4 the results fromexchangegdashed
pane) andpn (lower panel collisions. For small excess en- curves, n exchange(dash-dotted curvgsand p exchange
ergies, oupp results underestimate the data. This is usually(dotted curves Although thew exchange is included in the
attributed to theyN FSI, which is not accounted for in the calculation, its contribution is not shown here separately be-
present model. Note that the results fon—pn# with ex-  cause it is much smaller than theexchange contribution. As
cess energ®>50 MeV, corresponding to an incident beam can be seen, the dominant contribution is duertexchange
energy larger than 1.3 GeV, should be interpreted with caufollowed by 7 exchange. The exchange contribution is
tion, as no reliableNN phase shift analyses far=0 states very small. Several observations are in order here:
exist at present for energies above 1.3 G&¥]. To see the (i) In contrast to the result of Refgl4,15, our model, as
dynamical content of our model, we also show in Fig. 3 thegiven by Eq.(A7d), does not allow the/°y* coupling in the
results calculated from keeping only nuleonic currentopNN* vertex for the considered negative pariy;(1535)
(dashed curves mesonic currentdash-dotted curvgsand  resonance. Such a coupling would prevent us from determin-
resonance currerftiotted curves We see that the total cross ing thepNN* coupling from radiative decap* — yN in the
sections are obviously dominated by the resonance currentector meson dominance mod&MD) as explained in the
and more specifically by the stror8y,(1535) resonancesee  Appendix, since it violates the gauge invariance constraint
Fig. 4). Our nucleonic current contributiofdashed curvgs  which is an essential element of VMD. The simplest way of
are much smaller than the resonance current contributionsatisfying gauge invariance is to omit they* coupling and
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TABLE I. Coupling constantgyyy+ Used in the resonance cur- significant contribution ofp exchange to the excitation of
rent. Those in parentheses for vector mesons refer t0511(1535) inpp— ppz. Further experimental information is

(2)

(gfj&m* {Oynne)- The ps-pv mixing parameter is fixed to he=0

needed to determine whether tg&y* coupling is required

and the off-shell parameter= — 1/2. The masses and widths of the ¢, vector meson exchange.

resonanceanys andIl'y«, are in units of MeV.

N* S14(1535) P,,(1440) D14(1520)
(Mg T) (1535,150  (1440,350  (1520,120

™ 1.25 6.54 1.55

n 2.02 0.49 6.30

p —0.65 —-0.57 (6.0-2.1)

® -0.72 -0.37 (-2.1,0.7)

use only the tensoy®a*? coupling, as given in EqA7d).
This choice of theoNN* coupling, combined with the cor-
responding coupling constant as given in Table I—which

close to the low limit of the range determined from the mea

sured radiative decay widths—leads to a very srpa#x-

change contribution to the cross section as shown in Fig.
(dotted curvep This is the main origin of the differences

between our results and that of Refd4,15 where the
pNN* vertex for N* =S ,(1535) is specified by the®y*

(i) The » exchange contribution is relatively large in the
present calculation. In the case@p— pp# its contribution
to the cross section is about half of that due to theex-
change. Then exchange contribution is subject to a rela-
tively large uncertainty which arises, apart from the introduc-
tion of the phenomenological form factors, from the
uncertainty in theyNN coupling strength as discussed in the
Appendix. The relatively large contribution af here results
from using thenNN coupling constant ofy,\y=6.14, as
used in the construction of the BoriiN interaction[20].
This is close to the upper limit of the range determined em-

iSpirically as mentioned in the Appendix. However, thane-

son exchange in the Bonn potentj@0] represents the ex-
change of a J°,T)=(0",0) quantum number and not

Qecessarily of a genuin@ meson. On the other hand, the

value ofg,yn=6.14 together with the;— 5’ mixing angle
of §p=—9.7°, as suggested by the quadratic mass formula,
and the #NN coupling constant ofg,yy=13.45 leads

coupling (see also Fig. 6 An alternative to avoid the gauge through SUg) flavor symmetry to the rati®/F =1.43. This

invariance problem while keeping they* term is to use a
vertex of the formy®[ y#q?— (mys+my)g*] [29]. Péra
et al. [16], on the other hand, have used the verieky*
— (M« + mN)q”/mf,] in conjunction with the coupling con-
stant determined from a quark mod&B]. This vertex yields
the same meson production amplitude as that of a &

vertex while satisfying the gauge invariance constraint, a

though only in the on-shell Iimitq2=m§). They found a

105"'|"-|'-'|-"|

PP—pPPN . a

1 1 1 1 1 1 1 1
60 80 100

o 20 40
Q (MeV)

is not too far from the value db/F=1.73 extracted from a
systematic analysis of semileptonic hyperon decg3@.
Anyway, in the present calculation f@p— pp7, the n ex-
change interferes constructively with the dominantex-
change contribution, yielding the total contribution as shown
by the solid line in Fig. 4. Fopn—pnz, the » exchange

|_interferes constructively with ther exchange in thel'=1

channel(as in the case opp—pp7), but destructively in
the T=0 channel due to the isospin facter3 in the =
exchange amplitude.

(i) The correct description of botpp—pp#» and pn
—pny reactions depends not only on the isospin factors
associated with the isovector and isoscalar meson exchange
but also on a delicate interplay between dN FSI and ISI
in each partial wave. While theN FSI enhances the total
cross section, thBIN ISI has an opposite effe¢see discus-
sion in Sec. I). In this connection, we mention that in Ref.
[13] the reduction factor due to theN ISl is estimated to be
about \(sp,,=(0.777=0.59 due to the®P, state and
A\ (tp,y=(0.73F=0.53 due to'P;. In our calculation, how-
ever, the corresponding reduction factors are abqu,l;o)
=0.19 and}\(lpl)=0.27 near the threshold energy. This large
discrepancy between the results of Héf3] and ours is due
to the fact that, whereas our reduction factor is given by Eq.
(4), the reduction factor in Ref{13] is given by \;= 77
= (e 'm(%))2 We argue that the latter formula is inappropri-
ate for estimating the effect of tHéN ISI since it exhibits a
pathological feature: namely, when the absorption is maxi-
mum (7;=0), this formula yields\;=0, implying the total
absence of th&N elastic channel and thus not allowing the
production reaction to occur. However, scattering theory tells
us that when the absorption cross section is maximum, the

FIG. 5. Same as Fig. 3 but using the vector meson exchangeorresponding elastic cross section does not vanish, but is

dominance described in Sec. Ill.

1/4 of the absorption cross section. Note that this feature is
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FIG. 6. Angular distribution of the emittegl meson in the c.m. FIG. 7. Same as Fig. 6 but using the vector meson exchange

frame of the total system at an excess energ@ef37 MeV. The  dominance of Sec. Ill.
dashed curve corresponds to the nucleonic current contribution
while the dash-dotted curve to the mesonic current contribution; theesonance contribution. However, due to interference with
dotted curves represent the resonance current contribution. Thge nucleonic(dashedl and mesoniddash-dottef currents,
solid curve shows the total contribution. The data are from &f.  the shape of the resulting angular distributisnlid curve is
inverted with respect to that of the resonance current contri-
present in Eq(4). Furthermore, the authors of R¢L3] ap-  bution alone. As one can see, although the overall magnitude
parently have identified incorrectly the inelasticity with is rather well reproduced, the rather strong angular depen-
co(p;), Wherep, is one of the two parametefthe other is  dence exhibited by the data is not reproduced by the model
the phase shiftgiven in Ref.[23]. The phase shift param- described in Sec. Il. At this point one might argue that the
etrization given in Ref[23] differs from the standard Stapp excitation mechanism of th8;,(1535) resonance as given
parametrization. It is obvious that with a more appropriateby our model is not correct and that, indeed, gheneson
estimate of the reduction factar, as given by Eq(4) the  exchange is the dominant contribution, as has been claimed
result of Ref[13] would underpredict considerably the crossin Ref.[13]. This can be studied by considering the predic-
section data. tions of our vector meson exchange dominance model de-
We now turn to exploring the vector meson exchangescribed in Sec. lll. The angular distribution predicted by this
dominance model described in Sec. Ill. This model does notodel is shown in Fig. 7. Here we see that the shape of the
have thew and 5 exchange mechanisms for exciting the calculated angular distributiorisolid curve is in better
S,1(1353) resonance. The nucleonic and mesonic currents @fgreement with the data, although the strong angular depen-
our full model are kept. With the coupling constagtsn» dence exhibited by the data—which shows contributions of
=—-0.85 andg,nn+=—1.10 in Eq.(9), we can describe higher partial waves thah =1—is not quite reproduced.
both thepp— pp» andpn— pn» data. The results are the Judging from the level of agreement between the two predic-
solid curves in Fig. 5. In the same figures we also show thdions and the data, one cannot discard our model in which the
contributions from the nucleon resonaridetted curvesand  S;1(1535) is mainly excited byr and » exchange in favor of
the nucleonic(dashed curvesand mesonic(dash-dotted the p exchange dominance model. In this connection, we
curves currents. Although the total cross section is underpreimention that new data from COSY which will become avail-
dicted for excess energi€>60 MeV, it is interesting that able soon shows a flat angular distributi@1].
these results are in line with the findings of R¢fs3-15. From the above considerations, we conclude that, at
The results presented above indicate that the total crogwesent, the excitation mechanism of tBg(1535) reso-
section data alone cannot distinguish two different mesomance inNN collisions is still an open question. Indeed, we
exchange mechanisms for the excitationSpf(1535) reso- have just offered a scenario which is as good aspthex-
nance. It is therefore necessary to consider more exclusivehange dominance model in reproducing the available data.
observables. Figure 6 shows the angular distributslid It is therefore of special interest to seek a way to disentangle
curves of pp—pp» predicted by our modeldescribed in  these possible scenarios. In this connection, spin observables
Sec. I) at an excess energy Gf=37 MeV. The data from may potentially help resolve this issue. As an example, we
Ref. [9] are also shown. Again, the resonance contributiorpresent in Fig. 8 the analyzing power@t 10 MeV (upper
(dotted curveé dominates the cross section. As pointed out inpane) and Q=37 MeV (lower pane). The predictions of
Ref.[13], the shape of the angular distribution of the latterthe present model are shown as the solid curves, whereas the
contribution bends upwards at the forward and backwargredictions assuming vector meson exchange dominance for
angles due to ther exchange dominance in tH§,(1535)  exciting theS;;(1535) resonance are shown as the dashed
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050 ——T——— T 7T T 71— Wilkin and collaborator$13], but also the excitation mecha-
1 nism of this resonance mainly via exchange mofand %
005 [ Q=10 MeV ] mesons can describe the existing data in bothpth@ndpn

................... collisions equally well. We have found that the analyzing
L ] power may offer an opportunity to disentangle these reaction
< 000 e —— AN ] mechanisms.
[ A consistent description of the meson production reaction

o e ] in pp andpn collisions is not a trivial task. As we have seen,
-0.25 | ] this depends not only on the different isospin factors in the
production current which change the relative importance of
different reaction mechanisms fropp to pn collisions, but
also on a delicate interplay between tibl FSI and ISI. It is
] clear that thepp—ppM and pn—pnM as well as thepn
025 | ] —dM reaction should be investigated in a consistent way.

[ ] Also more exclusive observables than the total cross section
such as the spin observables should be studied.

_0'5():::I::I::I::I:::

< 000 K e Finally, we emphasize that the results presented in this
- ’\___/ paper should be interpreted with caution. The reason for this

i ] is that, as mentioned before, ti\N ISI is only accounted
=025 ] for using the on-shell approximation. While this may be a

reasonable approximation for calculating cross sections, it
may introduce rather large uncertainties in the calculated

—0.50 L
0

30 60 90 120 150 130 spin observables. Efforts to improve this will be published
0 (deg) elsewhere.
FIG. 8. Analyzing power for the reactiomp— pp» as a func-
tion of emission angle of; in the c.m. frame of the total system at ACKNOWLEDGMENTS
an excess energy @=10 MeV (upper pangland Q=37 MeV ) )
(lower pane). The dotted curve corresponds to the case a@x- We would like to thank V. Baru, J. Durso, J. Haidenbauer,

change dominance according to REE3]. The solid curve corre- and C. Hanhart for valuable discussions. We also thank W.

sponds to the full model calculation described in Sec. II. The dashe. Love for a careful reading of the manuscript. This work

curve is the prediction assuming vector meson exchange dominanséas supported by Forschungszentrurtiehy Contract No.

as described in Sec. Ill. 41445282C0OSY-58 and by the U.S. Department of Energy,
Nuclear Physics Division, Contract No. W-31-109-ENG-38.

curves. The different features exhibited by the two scenarios

for the excitation mechanism of th®;4(1535) is evident.

According to Ref.[13], the p exchange contribution is ex- APPENDIX: PRODUCTION CURRENTS

pected to lead to an analyzing power given by The » meson production current consists of nucleonic,

_ aAmaxg mesonic, and resonance currents as shown in(&qand
A =AJ*SIN(26), (109 . : ; . ;
illustrated diagrammatically in Fig. 2. In the following sub-
where A" is positive for low excess energies, peaking atS€ctions we construct each of these currents. A general re-

Q~10 MeV and becoming negative for excess ener@es mark to be mentioned here which applies to all of the cur-

>35 MeV. The corresponding results are also shown in Fig_rents constructed in the following subsections is that, as a

8 as the dotted curves. Although EQ.0) gives rise to a consequence of using a three-dimensional reduction of the
larger analyzing power a@=10 MeV, it is interesting to Bethe-Salpeter equation in evaluating the total amplitude in

see that, aQ=37 MeV, it yields a result that nearly coin- _Eq. (1), the time components of the intermediate pa_rticlles
cides with the prediction of the vector meson exchangé_nVOIV_ed m_th_e_ production current suffer_from an ambiguity
dominance given in Sec. . in thelr.defmmon.s. In order to be consistent with tNeN
interaction used in the present work, which has been con-
structed by using the BBS three-dimensional reduction, the

time component of the four-momentum of a virtual meson at
The production ofy mesons iNNN collisions has been the MNN vertex is taken to bej,=e(l)—e(l"), with (1)
discussed within a relativistic meson exchange model of hacRnde(l") denoting respectively the energies of the nucleon
ronic interactions, where the production current has beefRefore and after the emission of the virtual mesef)
constructed consistently with théN FSI used. Special em- =1+ mZN. The time component of the intermediate baryon
phasis has been used to investigate the possible excitatiom the nucleonic and resonance currents are taken tp,be
mechanisms of th8,,(1535) resonance, which is currently a = w(k) +e(p’) at the B—M+N vertex, while at theN
subject of debate. It has been shown that, not only the vector-M +B vertex we takep,=e(p’)— w(k). Here, w(k)
meson dominance for exciting ti8g,(1535) as advocated by stands for the energy of the meson produced in the final state.

V. SUMMARY

045210-7
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1. Nucleonic current excitation of the S;;(1535) resonance, to which thg me-
son couples strongly. In the present work, we also consider
the P11(1440) andD ,5(1520) resonances.

The resonance current is composed of the spin-1/2 and

The nucleonic current is defined as

Jnuc:jgz ) (FjiSU+UisTy), (A1) spin-3/2 resonance contributions
_1(12) , 1(312)
with I'; denoting thenNN vertex andS; the nucleon(Feyn- Jres= Jres T Jres”- (A4)

man propagator for nucleop The summation runs over the
two interacting nucleons, 1 and B. stands for the meson- The spin-1/2 resonance current, in analogy to the nucleonic
exchangeNN potential. It is, in principle, identical to the current, is written as
potential V appearing in the\N scattering equation, except
that here meson retardation effe¢tghich are neglected in
the potential entering in Eq3)] are kept as given by the JE2= > D (T jnwiSnxUpr + UpwiSs T i) -
Feynman prescription. 1=12 =

The structure of the)NN vertexI'; in Eq.(Al) is derived (AS)
from the Lagrangian density
HereI,;y+ stands for thepNN* vertex function involving
the nucleorj. Sy« (p) = (p+ my«)/(p>— mﬁ* +imps«y*) is
the N* resonance propagator, withyx andI'y« denoting
(A2)  the mass and width of the resonance, respectively. The sum-
mation runs over the two interacting nucleops;1 and 2,
and also over the spin-1/2 resonances considered,N%.,
=S5;1(1535) andP44(1440). In the above equatiobt) s«

(Un«) stands for theNN—NN* (NN*—NN) meson-
exchange transition potential. It is given by

1\
N+ w)ww)aﬂn(x),

L00= =gyt 78| IM+ 5

whereg,yy denotes thesNN coupling constant andl is the

parameter controlling the pseudoscalg@s)—pseudovector
(pv) admixture.n(x) andyy(x) stand for thep and nucleon
field, respectively, andhy denotes the nucleon mass.

The coupling constang,,ny is poorly known at present.
The empirical values fog,y range anywhere from 1 to 7
[11,20,32,33 The values extracted from thgphotoproduc- .
tion analysis tend to be in the low side of this rariga], UN*:M;W ) Cranne (@)1 Aw(0%) I vinn(Q)
while a value ofg,yy=6.14 has been used in theN scat- '
tering analysis by the Bonn grodg0]. In the present work : Y
we use the value oy, n=6.14, consistent with théVN +M;p’w T (DD oy (DT Hnn(@),  (AB)
potential V appearing in Eq.3). Also, we take the pure

pseudovector couplingy=0.
The 7NN vertex derived from Eq(A2) should be pro- whereA (%) andD,,,)(q) denote theFeynma propa-

vided with an off-shell form factor. Following Ref25], we gator.of the exchanged pseudoscalar and vector meson, re-
associate each nucleon leg with a form factor of the follow-SPectively.I'unn(d) and 'fzyn(a) denote the pseudoscalar

ing form: and vectorMNN vertex, respectively. These vertices are
taken consistently with thBIN potentialV appearing in Eq.
Aﬁn (3) except for the type of coupling at theN N vertex and the

Fn(p?) = 7 7.3 (A3) NN coupling constant. Following the discussion in Ref.
AN+ (pT=my) [25], we use the pv coupling\(=0) instead of the ps cou-

pling (\=1) at thewNN vertex. Also, following the discus-
sions in Refs[24,25,34, the value of thewNN coupling
constant is taken to bg,\n=11.76. These exceptions apply
to the currents)’®? andJ,,.. as well. An analogous expres-

with Ay=1.2 GeV.p? denotes the four-momentum squared
of either the incoming or outgoing off-shell nucleon. We also
introduce the form factor given by E¢A3) at thoseM NN
vertices appearing next to thgproduction vertex, where the =
(intermediatg nucleon and the exchanged mesons are offion to Eq.(A6) holds forUy.. _

their mass shellsee Fig. 2 Therefore the corresponding ~ Following Ref.[32], the transition verticed'yyn+ and
form factors are given by the produet(p?)Fu(q?), where  I'yyyn in Egs. (A5),(A6) for spin-1/2 resonances are ob-
M stands for each of the exchanged mesons between the tvined from the interaction Lagrangian densities
interacting nucleons. The form factét,(g%) accounts for

the exchanged meson being off shell and is taken to be con-
sistent with the considered BomiN potential used for gen- E(iN)N*(X): :g”NN*ZN*(X)| iN[(®)
erating the finaNN scattering wave function. K
2. Resonance current + 1_—)\) [‘Ef)au ﬂ(x)] In(X)+H.c.,
The production ofy mesons inNN collisions is thought Miyx = My
to occur predominantly through the excitatidand de- (A7a)
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in[(*)

L8 ()= IngNJN*(m[

1- .
+ po—— Ff)(?“ T-W(X)}le(X)-i—H.C.,
Nx =My
(A7Db)
+ JwNN*
£ (x)= _
o (X) (mN*erN)

X x0T P, [ 07 0H(X) 1ghn(X) + H.C.,
(A7c)

gpnn* )

LG (0=
PNN My + My

X s (T, 7-[97pH(%) 1ehn(x) + H.C.,
(A7d)

where ;r(x), w*(X), ﬁﬂ(x), and ¢\« (X) denote therr,

w, p, and spin-1/2 nucleon resonance fields, respectivel
The upper and lower signs refer to the evern) and odd
(—) parity resonance, respectively. The operaofs’ and

I'(*) in the above equations are given by
=y, T=ygy,,

ro)=1, 1=y, (A8)

The parametek in Egs.(A7a),(A7b) controls the admixture

of the two types of couplings: psn&1) and pv §=0) in

the case of an even parity resonance and, scalarl() and
vector \=0) in the case of an odd parity resonance. On
shell, both choices of the parameleiare equivalent. In this
work we takex =0. Note that we have not allowed the cou-

pling ') in Egs. (A7¢),(A7d) in contrast to Refs[14,185).

Unlike thev NN vertex @ = vector mesoj this coupling at
the yNN* vertex prevents us from estimating its strength
using the VMD because of the violation of gauge invariance.

Although gauge invariant vertices which include tﬁg)

coupling can be construct¢@9], we have omitted this cou-

pling in the present work for simplicity.

Similar to the case of spin-1/2 resonances, the spin-3/2

resonance current is written as

JE';"SZ):j:Elz % (T nx 1S puqe) U s
+ O RIS ) (A9)

Here FZ]J.N* stands for
involving the nucleor;.

the 7NN*

vertex function

PHYSICAL REVIEW C 65 045210

SMV(N*)(p) :(p—‘r mN*){_ gw,'i” ’)’M’y,,/3
+(VuPy— P, /3Mys +2p,p, /3ma )/
(p2_ mil* + imN*FN*)

is the spin-3/2 Rarita-Schwinger propagator. The summation
runs over the two interacting nucleorjs; 1 and 2, and also
over the spin-3/2 resonances considered, i.&F
=D5(1520) in the present work. In the above equation
Uk, (Uk,) stands for theN\N—NN* (NN* —NN) meson-
exchange transition potential. It is given by

U= 2 Tl e (@iAyn (gD T ynn(a)

M=m,7n

+M=EP,<» s (DD (@ T (),

(A10)

where 'y, n+ (0) and F’,\jﬁNN*(q) denote the pseudoscalar
and vectorMNN* vertex, respectively. An analogous ex-
pression to Eq(A10) holds forU’N‘* .

The MNN* vertices involving spin-3/2 nucleon reso-
nances in EqA9),(A10) are obtained from the Lagrangian

ydensities[32]
+ (SPINING
‘C(nN)N*(X): :’nr] )

X P ()0 , ()T P hy(x) 0" () +H.cC.,

(A11a)
(+) _ ganne
‘Cﬂ'NN*(X) m,, )
X e (X)0 , (2T 7h(x) - 07 (x) + H.C.,
(A11b)
(1)
+ . ngN*
,cfoN)N*(x)=+|< o )
_ 9@
><w‘N‘*(X)®M(Z)F§i)¢N(X)w”(x)—( — )
amy

X[y s ()0, (2T g (x) ] (x) +H.C.,
(Allc)
9, NN*

(1)
(=) _—
EPNN*(X)— +|( 2my )

X e ()0, (2T ) 7 (%) - pM(X)

o | —
- :mz )[a)\wf\i*(x)®uv(z)

N

XTI zy(x)]-pM(x)+H.c.,  (Alld)
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where® ,,(2)=g,,—(z+1/2)y,v,. In order to reduce the rent. Thenyvv vertex required for constructing the meson-
number of parameters, we take=—1/2 in the present exchange current is derived from the Lagrangian densities

work. @M (X)=w"(X)— "o (x) and p(X)=dp"(X) .
—3"pMN(x). Lpp(X) == 52 5, [ 3°PP(X)]-[9"p*(X) ] 7(X),

The coupling constantgynn+ USed in the present work 2m,,
are displayed in Table. I. They are determined from the cen-
troid values of the extracted decay widttend massesof _ 90 « B _—
the resonances from RéR27] whenever available. Those in- nwo(X)= 2m, Eaprul 9" 0P (X) ][ 0" (X) ] 7(x),
volving vector mesons, are estimated from the corresponding (A12)

radiative decay width in conjunction with the VMD. In order
to reduce the number of free parameters, the ratio of thevheres,g,, is the Levi-Civita antisymmetric tensor with
vNN*(v=p,w) coupling constants for the spin-3/2 g4;,5= —1. The vector meson-exchange current is then given

D5(1520) resonance has been fixed to @‘éJN*/gf)z,\fN* by
(1) (2)

=—3. This is not too far from the ratio of y«/9 Ny

=—2.1 for N*=P35(1232) extracted from the ratio of => {[T% N (Ky) 120D (K, ) T2~
E2/M1=—-2.5% as determined from pion photoproduction vIpw oNnl “p e
measurementg35]. As for the coupling constarng,yn, (v

=p,w) for N*=5,,(1535), we use a value close to the X (ky k)iD (k)T ynn(ky) 12t (A1)

lower limit of the range determined from the radiative decay

widths given in Ref[27] in order to emphasize the pseudo- WhereD ,4(k,) andD ,,(k;) stand for theFeynman propa-
scalar meson exchange dominance in exciting3h¢1535)  gators of the two exchanged vector mesg@ither thep or w
resonance. Since the;;(1440) resonance is below thg\ ~ mesons as =p or w) with four-momenturk, andk; , re-
threshold, the corresponding coupling constgnys has — spectively. The vertices involved in the above equation are
been determined by folding the results with the mass distriself-explanatory. ThesNN vertex I'/\\(v=p,w) is taken
bution of the resonance which is assumed to be given by aonsistently with those in the potential used for constructing
Breit-Wigner form. The signs of the coupling constants arethe NN T matrix in Eq.(3). The oNN coupling constant is,
chosen consistently with those used in theand » photo-  however, taken to have the same value mentioned in the
production analysi$32,36|. previous subsection.

Following Ref. [25] and, in complete analogy to the  The coupling constarg,,, is determined from a system-
nucleonic current, we introduce the off-shell form factors atatic analysis of the radiative decay of pseudoscalar and vec-
each vertex involved in the resonance current. We adopt thir mesons in conjunction with VMD. This is done following
same form factor given by EqA3), with my replaced by Refs.[24,25,31, with the aid of an effective Lagrangian with
my+ at the MNN* vertex, in order to account for th* SU(3) flavor symmetry and imposition of the Okuba-Zweig-
resonance being off-shell. TR NN* vertex, where the ex- lizuka rule[38]. The parameters of this model are the angle
changed meson is also off-shell, is multiplied by an extraay(ap), which measures the deviation from the vector
form factorF\,(g?) in order to account for the off shellness (pseudoscalaideal mixing angle, and the coupling constant
of this mesor{see Eqs(A6),(A10)]. The corresponding full of the effective SWU3) Lagrangian. They are determined from
form factor is therefore given by the produgy(p?)Fy(g?),  a fit to radiative decay of pseudoscalar and vector mesons.
whereM stands for the exchanged meson between the twdhe parameter values determined in this way in R87]
interacting nucleons. The form factén,(g?) is taken con- (model B, however, overpredict the measured radiative de-
sistently with theNN potential vV in Eq. (3); the only two  cay width of the’ meson[27]. Therefore we have read-
differences are the normalization point Bf(g%)(v=p,w) justed slightly the value of the coupling constant of the
and the cutoff parameter value &f_(q?). Here, the form SU(3) Lagrangian in order to reproduce better the measured
factor for vector meson&,(g?) is normalized to unity at widths. We haver,=3.8° andap=—45°, as given by the
g?=0 in accordance with the kinematics at which the cou-quadratic mass formula, and the coupling constant of the
pling constantg, yn+ Was extracted, i.eF,(q?)=[A2%/(A2  effective SU3) Lagranglan ofG=7 in units of 1A/m,m/,
—@?)]?. For the pion form factoF .(q?), following the dis-  wherem, andm, stand for the mass of the two vector me-
cussion in Refs[24,25,34, we use the cutoff value ok,  sons involved. The sign of the coupling const&his con-
=0.9 GeV. We also use this value of the cutoff in the formsistent with the sign of thesry andw 7y coupling constants
factor at therNN vertex in Eqs(A6),(A10) as well as inthe taken from an analysis of the pion photoproduction data in
7NN vertex appearing in the mesonic current constructed irthe ~1-GeV energy region39]. With these parameter val-
the next subsection. ues we obtain

3. Mesonic current 9ypp= G COS rp) =4.94,
For the meson-exchange current we consider the contri- -G
Sirf(ay)sin(ap) + co(ay)cos a
bution from thepuv vertex withv denoting either @ or w 9rwo™ [V2sirf (axysin(a) (av)cogap)]

meson. This gives rise to the dominant meson-exchange cur- =4.84. (A14)
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The npuv vertex v =p,w) in Eq. (A13), where the ex-

PHYSICAL REVIEW C 65 045210

coupling constant will not affect the major conclusion of the

changed vector mesons are both off their mass shells, is apresent work.

companied by a form factor. Following Reff24,25, we
assume the form

2_
v

AT—k;

A2
AZ_kIZ

2
m,

2 _
Fooo(KS kD)=

vy

. (A15)

It is normalized to unity ak?=m? andk/?=0, consistent

The na,m current reads
J nagm {[FaON nJal Aao( kio)F nagm

X (Ka, K7)i AT oun(k) 1o} +(152)
(A17)

with the kinematics at which the value of the coupling con-in our previously defined notation. The vertEy vy is taken
stantg,,, was determined. We adopt the cutoff parameterconsistently with that in th&N potentialV in Eg. (3), while

value of A,=1.45 GeV as determined in R¢24] from the
study of thew and ¢ meson production irpp collisions.
This form factor has been also used in the study of #he
meson production in Ref25].

for the 7NN vertex we use the same orimcluding the

cutoff parameter valyementioned in the previous subsec-

tion. The pa,m vertex,F,?ao,T(kaO,k,,), is assumed to have a
form factor given by

Another potential candidate for mesonic current is the

na,m-exchange current, whose coupling constant may be

estimated from the decay width af, into an » and . We
take the Lagrangian density

Upagr - N
cna(,w(x):ﬁa&x){aﬂw(x)]w#n(xn,
(A16)

wherea,(x) stand for thea, meson fieldm,, and m,, stand

for the masses of ther and a, meson, respectively. Using
the measured decay width from RE27] we obtain a value

AZ—mi |\ [A2-m2
Foanke K)=| —=|| —=—=| (A18)
R AR 2
with A, =A,=1.45 GeV.
The total mesonic current is then given by
Ime™ 2 ooty (A19)

v=p,0

There are, of course, other possible mesonic currents,
such as theyw ¢- and ¢ p-exchange currents, that contrib-

of |g,a,-/=1.81. The sign of this coupling constant is not yte to  meson production iMN collisions. Their contribu-
fixed. We assume it to be positive in the present work. Sincdions have been estimated in a systematic way following Ref.

the contribution of thepa,7r current is small, the sign of its

[24] and were found to be negligible.
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