PHYSICAL REVIEW C 68, 045201(2003

Analysis of the reaction pp—pp#n near threshold
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It is shown that most of the available data on gpe— pp» reaction, including the invariant mass distribu-
tions in thepp— pp7x reaction recently measured at COSY, can be understood in terms of the partial-wave
amplitudes involving finapp SandP states and the mesons wave. This finding, together with the fact that
results within a meson—-exchange model are especially sensitive to the details of the excitation mechanism of
the S;4(1535 resonance, demonstrates the possibility of investigating the properties of this resonai¢e in
collisions. The spin correlation functidd,, is shown to disentangle tti& andP-wave contributions. It is also
argued that spin correlations may be used to help constrain the contributions of the amplitudes corresponding
to the finalpp 3P, and 3P, states.
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The primary motivations for studying the production of 'S, state as mentioned above, it is not trivial to explain the
mesons off nucleons and nuclei are to investigate the struerigin of the bump at highem,,
ture and properties of the nucleon resonances and to learn The purpose of the present work is to analyze this seem-
about hadron dynamics at short range. As far as hadroringly peculiar feature exhibited by thgp invariant mass dis-
induced reactions are concerned, and specifically nucleortribution. Thereby, we will show that the available data on
nucleon(NN) collisions, there is already a large amount of pp— pp#, including the invariant mass distribution, can es-
information on the production of the lightest meson, thesentially be understood in terms & and P-wave ampli-
pion. In particular, there now exists a fairly accurate andtudes. This result suggests that the properties of the
complete set of data, especially fa® production in the S;4(1535 nucleon resonance can be studied here in terms of
near-threshold energy regidd], which should allow for a only a few partial-wave amplitudes. We start by considering
partial-wave analysis. The meson, which is the next light- the possible partial-wave statespp— pp»n near the thresh-
est nonstrange meson in the meson mass spectrum, has atdd [8]. First, in this reaction, the; meson is dominantly
been the subject of considerable interest. A peculiar featurproduced through the excitation and de-excitation of the
of this meson is that it couples strongly to ti$g,(1535 S,1(1535 resonance. Therefore we expect that hemeson
nucleon resonance, which offers a unique opportunity forshould be produced mainly in treewave. Of course, this is
investigating the properties of this resonance. Unfortunatelystrictly true only in the rest frame of the resonance and not
the experimental information oy production inNN colli- necessarily in the overall center-of-mgsam. frame of the
sions[2—7] is much less complete than for pion production system. However, near threshold, this should not make a sig-
and is not yet sufficient for a model-independent partial-nificant difference. In fact, the observegangular distribu-
wave analysis. However, the available database has greatlipn in the overall c.m. fram§6] is practically isotropic. In
expanded recently, thanks to measurements by the TOF ardidition, the very first analyzing power measuremenpgn
COSY-11 Collaborations at COS[8,7] which provided not — pp#n by the COSY-11 grou5] yielded rather small val-
only » and proton angular distributions, but alsp andpn  ues. Indeed this observable is basically consistent with zero,
invariant mass distributions for the reactipp— pp». These given the relatively large uncertainties involved, and there-
new data, together with the earlier measuremgid], open  fore consistent with purs-wave contributions. As long as
the possibility for investigating this reaction in much more we restrict ourselves to an meson in theswave and final
detail than could be done previously. NN state to theS and P waves, we have only three partial-

A general feature of meson productionNiN collisions is ~ wave amplitudes that can contribute to this react|8it
that the energy dependence of the total cross section in th®,—1Ss, 1S—°3Pss, and D,—3P,s. Among these, we
near-threshold region is basically dictated by the availablevould naively expect that th&P,— 'S;s is the only relevant
phase space plus théN final state interactionFSIl) in S contribution near threshold. However, as mentioned above,
states. The effect of the stroMgN FSI also shows up in the the contribution of thes wave alone is unable to explain the
correspondindNN invariant mass spectrum as a peak close tabserved bump in thpp invariant mass distribution.
the threshold value of the invariant massy=2my, where One plausible explanation may be attributed to effects
my denotes the nucleon mass. Surprisingly, the recently medrom the N FSI. Indeed, there are already strong indications
sured pp invariant mass distribution in the reactiopp  from the total production cross sections that #i¢FSI may
—pp7 [6,7] at excess energies Q@f=15 and 41 MeV shows, play an important role in the reactioédN— NN near thresh-
in addition to a peak very close to the threshold, a broawld. For bothpp and pn induced# productions one has ob-
bump at higher values ofi,, (see Fig. 1. While the peak can served that there is an enhancement of the production cross
easily be understood as arising from the strppd=Sl in the  sections for very small excess energies, which cannot be ex-
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plained by theNN FSI effects alond4,9]. However, those wave amplitudes. The amplitude has a strong depen-
effects seem to be confined to an excess energy range of uignce on the relative energy of tip@ system in the final
to at most 20 MeV from the threshold. Thus, one wouldstate reflecting the strongp FSI in the 'S, state. The
expect that theyN FSI effects should have an influence on amplitudesg and y also depend on the relative energy of
the invariant mass spectrum measured at the lower energy tiie pp system in the final state; however, their energy
Q=15 MeV. It is, however, unlikely that such effects should dependence is much weaker than thatwfdue to the
still be so important aQ=41 MeV. A proper inclusion of the much weakepp FSI in the3P, and3P, states as compared
»N FSI calls for solving the Faddeev equation in the threeto the 'S, state.

particle continuum, which is technically very involved. A From Eq.(1) explicit expressions for any observable fol-
rough estimate suggests that a rather strghginteraction low directly; e.g., we find

would be needed to reproduce the data at the higher energy
[10], which is difficult to be reconciled with other informa-
tion about theyN interaction. Therefore, we seek an alterna-

do -, -
——=|A?+|BJ?

tive explanation based largely on the observation that the d_Cf A =i Y '&)’

shape of the bump can be reproduced by folgifgwith the da’ =t X

available phase space. Hepg,denotes the relative momen-

tum in the finalpp system. This suggests that the bump seen 2 c.=5.(A2 =B - 2REA’A.

in the experiment could be simply caused by fpeP wave dQC” (1A~ B9 aAA), ®

in the final state. Admittedly, the measured final proton an- . :
gular distribution in the overall c.m. frame is nearly isotropic Wwhere AJ' denote§ the ana!yzmg power amj the spin
[6], which could be seen as an evidence against IRrgave _correlatlon function. Inserting the expressions of E2).
and higher partial-wave contributions. However, as we shali"®© Ed-(3), we get
show below, there is no principal contradiction between a do
nearly isotropic proton distribution and a significahtvave - |a|?+p"4|B+ v>+ 3| y]? - 2ReBY) ]},
fraction in the invariant mass spectrum.

Let us now make some general remarks about the struc-
ture of the reaction amplitude f@p— pp7. In what follows, do
we shall assume that the is in ans wave relative to the a0
(final) pp system and that the final protons are in a relaSve
and/or P state. Since the; meson is an isoscalar pseudo- o
scalar particle, it follows immediately that the orbital angular @fo 2= p'%|B+ 2+ 3x| Y2 - 2R&BY)]}, (4)
momentum of thep system, has to change in the transition

from the initial to the final state and consequently, due to thgyere we introduceg’x=p’ -p. We note that partial-wave
Pauli principle, the total spin also has to change. Thus, th%mplitudes with even and odd finalp relative orbital

most general form of the reaction matriinvolving even angular momenta cannot interfere with each other due to
angular momenta ofj)) can be written as the Pauli principle.
—(A _R } S Let us recall at this stage that the proton angular distribu-
M=(APg=0=BPg=-1) - 5(1= 72, @) tion seen in the experiment is isotroffi6]. From the above
L . equations we can see immediately that there are two possible
where Py, stands for the total spin singlet and triplet sgenarios for achieving such an iysotropic distributionpin the
projection operator as the total spin of the two protons 'npresence of significarip P-wave contributions, namelyl)
the final state,S', takes the values' =0 and 1, respec- 4, inant contributions from the transitiofi®, '—>1S)s and
tively. g; denotes the Pauli spin matrix acting on each of; 3 o - o3
the twolinteracting protons,=1 and 2. In terms of the §—"Pus, but negligible contributions fromb,—°P;s (y
i . trices. we Hav@ :(i_g .6,)/4 and ~0), and (2) contributions from all three tran3|tlon§P9
I;au l_(ssp_:_nﬁ Tnﬁa)m We. then mS;O Write(lgl ETZ /2 —15s, 1§,—3Pgs, and'D,—3P,s, where the latter two in-
ge1mio ool » may sl017 02 terfere destructively|>~2ReBy)].
=[(61=02)=(=)>i(d1X 6)]/4, which, up to an irrelevant  Opyiously, the observables given in Eg) do not allow
phase, is identical to the structure given in Refl]. The  gne to distinguish between the two scenarios and, conse-
vectorsA and B in Eq. (1) may be constructed from the quently, there is no model-independent way to extract the
momentum vectors available in the system, e.g., the relawo pp P-wave amplitude contributiong andy) from these
tive momenta of the two protons in the initial stgieand  observables. To do that, one would need observables depend-
in the final statef’. Since we restrict ourselves ®andP  ing also on the spin of the finglp state, such as spin transfer
waves for the outgoingp system, we may write coefficients. Note, however, that the combination
A= o, §=Bﬁ’ +p' - 3p(p - p')]. ) do/dQ(Cy,+1) depends only on the amplitude Hence, a
measurement of this observable would determine, in a
Here the amplitudes, B, andy correspond to the transi- model-independent way, thp Swave contributionx in the
tions 3Py — 1Ss, 1S,— 3Pgs, and 1D, — 3P.s, respectively. final state. Similarly, a measurementdaf/dQ)(C,,—1) would
Note that we pulled out the linear momentum dependencesonfirm the presence gbp P waves in the final state. It
characteristic oP waves, from the corresponding partial- should also be stressed thag, by itself is already very in-

Aj:O,
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teresting. Here the two angular independent teffinst two N 7——1——1————
terms in the last equation of E@})] have opposite §igns and 60 - Q=15 MeV |
thus tend to cancel each other. Consequently, this observable
should be rather sensitive to the angular dependent term. 50 -

We now turn our attention to the results of a model for 20 - i
pp—pp7n. In Ref. [12] we have presented a relativistic "¢y
meson-exchange model farproduction inNN collisions. It ‘é’ 30 .
treatsy production in the distorted wave Born approximation S, [ i
and includes both theN FSI and initial state interaction, the :

- . ®) L i

latter through the approximate procedure proposed in Ref.= 10
[13]. While this model yields a satisfactory description of the S, 70 , , , ,
near-threshold cross section dafar pp— pp» and for pn « _
—pny) it fails to reproduce the recently measured invariant _& 60 Q=41 MeV 4
mass distributions. It should be stressed that the main objec-E 50 | i

tive of the present model calculation is not to achieve an °
accurate description of the existing data but rather to verify S
whether the model of Refl12] can be modified so as to 30 F
comply with the major features exhibited by the new data

[6,7] as discussed above. 20r |

In the development of a variant of the mod&2] we have 10 + .
restricted ourselves to modifications of thN" vertex and ol b . v T .
the mixing parameten in the #NN' and »NN" vertices. 35 3525 355 3575 3.6 3.625 3.65 3.675 3.7
Here, v stands for either the or  meson and\" is the m. 2 (GeVZ)
S1(1535 resonance. We also use the Patls T matrix [14] PP

as thepp FSI; the Coulomb interaction is fully accounted for
as described in Ref[15]. Everything else was kept un-
changed. In contrast to Ref12], in the present work we
have chosen a more general gauge invariant Lagrafd@gn
for the yNN' coupling,

FIG. 1. Finalpp invariant mass distribution ipp—ppzn as a
function of invariant mass squareuﬂf)p, at an excess energy &f
=15 MeV (upper panelandQ=41 MeV (lower panel. The dashed
(dash-dottey curves correspond to thk§s(1Ss+3Pg9) final state
contribution. The dotted curves correspond$gs+°3Ps+3P,s; it is

indistinguishable from the solid curve in the upper panel. The solid
(+) _ JonN \— & . curves are the full results. The data are from RéF.(filled circle)
Lo ) = My + My i (X) s Vum ~1d and Ref.[7] (open circlg. The latter have been normalized by an
arbitrary factor of 0.66 in order to facilitate the comparison of the

+ nglway} w“(x)} Un(X)+ Hec., (53) shape with the former data and the present model prediction.
Results for thepp invariant mass distribution based on
5 different partial-wave contributions are shown in Fig. 1 to-

£9 (%) = IpNn | (%) 7 —ig gether with the recent data at the excess energig3=tf5
pNN My + My N 75 7“mN* +my H [6,7] and 41 MeV[6]. The full results are denoted by solid

curves. Hereafter, these correspond to the calculations per-
vz 2u formed using the plane-wave basis without a partial-wave
* Ko ]T P (X)}¢N(X)+ H.c., (5b) decomposition and, as such, they include all partial waves.
As is evident from the dashed curves, the observed peak in
where w*(x), p“(X), yn(X), and yp+(x) denote thew, p, the regionmﬁp~(2mN)2 is due to the strongp FSI in thelS,
nucleon, and spin-1/R" [=S,,(1535] resonance fields, re- state. The observed bump in the higingy, region is largely
spectively.my- denotes the mass of the nucleon resonancedue to the®Pgs final state(dash-dotted curvgsThe contri-
The coupling constantg,yy and , were considered to be bution from the®P,s state(dotted curvegis very small. Con-
free parameters in the calculation and have been adjusted tdbutions from other partial-wave statgsainly 3P,,%F,
reproduce(globally) the available data, including thepy  —'Sd) are relatively small aQ=41 MeV and practically
andpnx total cross sections. Thgy, coupling at theyNN’ negligible atQ=15 MeV. Thus, the present model is in line
vertex was necessary to achieve a reasonable fit to the dataith the scenari@l) discussed above. Overall, the shape of
The values obtained a@pNN*/(nﬁ\,+mN):9.5 fm, x,=-5.3,  the pp invariant mass distribution exhibited by the data is
and g,/ (my+my)=6.0 fm, «,=3.8. In addition to the nicely reproduced. However, the model tends to overestimate
uoNN' vertex given above, we have also chosen thethe data close to the maximum vaIuemgp at Q=41 MeV.
pseudoscalar-pseudovector mixing parameter ta@.7 at  In principle, this discrepancy might be due to the FSI
the 7NN" and 7NN’ vertices[12]. All other parameter values which is not explicitly accounted for in our mod¢l2].
are the same as given in R¢12] corresponding to the case However, in order to reduce the predicted value, one needs a
of pseudoscalar meson dominance. We refer to R&].for  repulsivepzn FSI which seems to be in contradiction with all
further details of the model. other evidence op# FSI effects in meson productidf,17|.
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FIG. 2. Total cross section for the reactipp— pp# as a func- 0.6 | .
tion of the excess energ®. The solid curves represent the full I %
results. The dasheddash-dotted curve corresponds to the % %
155 (*5s+3Pg9) final state contribution and the dotted curve to the
15,s+3Pgs+3P,s contribution. The thin dashed curve is s con-
tribution multiplied by an arbitrary factor of 3. The data are from
Ref. [2].

Moreover, no such discrepancy is seei@Qatl5 MeV where

the effect of thepn FSI should be even larger. Further inves- 00 ——r—1 e
tigation is required to resolve this issue. -1.0 -0.5 0.0 0.5 L0
It is important to note that the relative strength of the COS(en)

different partial-wave states depends crucially on the details
of the model, and that means, specifically, on the excitation FIG. 3. Angular distribution of the emitteg meson in the c.m.
mechanism of th&; (1535 resonance in the present case. Inframe of the total system at an excess energ@=s15 MeV (upper
fact, the measuregp invariant mass distributions can be pane) and Q=41 MeV (lower pane). The dasheddash-dottegi
described with the same quality as shown in Fig. 1 with thecurves correspond to thg mesons-wave(s+p wave) contribution.
3p,s state contribution dominating over tABgs state contri-  The dotted curves correspond to teép+d wave contributions
bution. Such a scenario can easily be achieved in our moddyhich are practically |nd|st.|ngwshable from the corresponding full
by a proper adjustment of the coupling constants at i results represented by solid curves. The data are from 6.
vertex appearing in the underlying Lagrangigisy. (5)].
However, the resulting proton angular distributions are therone is able to reconcile these seemingly contradictory prop-
much more pronounced and, consequently, in disagreemeatties within a consistent theoretical model remains to be
with the experimental evidendé]. seen. In any case, one should keep in mind that#id-Sl,
Although significanipp Pwaves in the final state seem to which is not included in the present model calculation,
be necessary for reproducing thp invariant mass distribu- should enhance the s-wave contribution near threshold to
tion, it is important to note that the energy dependence of theome degre¢l9].
total cross section near the threshold energy region is basi- Figure 3 shows the differential cross sections as a function
cally reproduced by th@p FSI in thelS, state folded with  of the 7 emission angle in the overall c.m. frame for two
the phase space; e.g., the model developed by Baml. excess energies. The data from Réf. are basically isotro-
[18] reproduces nicely the energy dependence of the totglic, indicating a dominani s-wave contribution. The theo-
cross section from threshold up @~50 MeV with Swave  retical results are normalized to the total cross sectain
contributions alone. Results of the present model for the totaiained by integrating the differential cross section gata
cross section are shown in Fig. 2. Comparing the curves foorder to facilitate a proper comparison of their angular de-
the 'S;s (long-dashey and 'Sys+3P,s (dash-dotteyl partial ~ pendence with the experiment. &=15 MeVthe normaliza-
waves, one realizes that the onset of #Rgs final state oc- tion factor is about 2.7, while @=41 MeV, it is about 0.9.
curs at a fairly low excess energy and that its contributionThe dashed curves correspond to sheave contribution, the
becomes increasingly important with increasing energy. Thislash-dotted curves to ttep waves, and the dotted curves
feature is a direct consequence of the requirement of reprde the s+p+d waves. The last are practically indistinguish-
ducing thepp invariant mass distribution. However, as a re-able from the corresponding full results which are denoted
sult, the model now underpredicts significantly the data forby the solid lines. As expected after the discussion above, the
energies close to threshold. The thin dashed curve correxngular distribution is given primarily by thewave contri-
sponds to the'Sys contribution multiplied by an arbitrary bution, with a small contribution from higher partial waves
factor of 3. This clearly shows that the total cross sectiorprovided mainly by thel wave.
data in the low energy region favor a larger contribution of In Fig. 4, the proton angular distributions in the overall
the 1Ss final state than is predicted by our model. Whetherc.m. frame are shown together with the data from R@¥.
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FIG. 4. Angular distribution of the proton in the final state in the ) ) )
c.m. frame of the total system at an excess energ@o15 MeV FIG. 5. Analyzing power for the reactiqrp— pp7 as a function

(upper panel and Q=41 MeV (lower pane). The dasheddash- of » emission angle in the c.m. frame of the total system at an
dotted curves correspond to tH&s (1Sys+3Pqs) final state contri- ~ €XCess energy d@=15 MeV (upper panglandQ=41 MeV (lower

bution. The dotted curve corresponds to tBgs+3Ps+3P,s contri-  Pane). The dasheddash-dottelcurves correspond to the partial-
bution and the solid curve represents the full result. The data ar@ave contributions with’<1 (I’<2). The solid curves represent
from Ref.[6]. the full results. The data are from R¢8].

Here again the model predicti_ons are normaliz_ed to the datgre not sufficiently accurate to make a definitive statement as
using the same factor mentioned above. EvidentlyQat to the size of their contribution.

=15 MeV the result is isotropic; it is dominated by thys In Fig. 6 we present predictions for the spin correlation
(dashed curvestate followed by théPgs (dash-dotted curye

state. Contributions from other partial waves are practically 15 R —

negligible. AtQ=41 MeV there is a small contribution from [

the 3P,s (dotted curvg Obviously, the destructive interfer- I Q=41 MeV ]
ence with the®Pgs state canceling the angular dependence L e
[see Eqs(4)] is incomplete, resulting in a noticeable angular [ ]
dependence which, however, is still compatible with the ex- 05 F ]

periment. The difference between the dotted and solid curves
is due to a small contribution from théP,—1D,s plus O
3P,,%F,— 1S,d amplitudes.

Figure 5 shows the prediction for the analyzing power as i
a function of they emission angle in the overall c.m. frame. -0.5 ¢
The data are from Ref5]. The dashed curves correspond to i
the  s+p wave contributions, while the dash-dotted curves e S
to thes+p+d waves. The solid lines are the full results. We -1 -0.5 0 0.5 1
note that theswave contribution alone yield,=0 [see cos(6,)
Egs. (4)], so that any nonvanishing result must necessarily P

involve higher partial waves. Furthermore, judging from the G, 6. Predicted spin correlation functi@, for the reaction
shape exhibited by the analyzing power, the present modgjp—. ppy as a function of final proton angle in the overall c.m.
yields a vector meson dominance over the pseudoscalar mgame at an excess energy @=41 MeV. The dashkdash-dotteyi
son in the excitation mechanism of t8g,(1539 resonance curve corresponds to ths (1Ss+3Pys) final state contribution.
as discussed in Refl2]. Although the data indicate some The dotted curve corresponds to thgs+3Pys+3P,s contribution
contribution from partial waves higher than thevave, they  and the solid curve represents the full result.

0.0 t
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function C,, at Q=41 MeV as a function of the proton angle
in the overall c.m. frame. As can be seen from &, the
3P,—1Ss partial wave alone leads to a constant value of
Cw=1. Adding the'S,—3Pgs contribution (dashed curve
yields a small value ofC,,~-0.3. Including also theéD,
—3P,s contribution one obtains the result represented by the
dotted line.[In this context note that th&,— 3Pgs as well
as the'D,—3P,s contributions alone would give rise to
Cw="1, cf. Eq.(4).] Other partial-wave contributions do not
changeC,, qualitatively as is evident from the full result
(solid curve. Thus, in our model, the cancellation of the?
term and the|B++> in Eq. (4) is almost complete. This
strongly enhances the relative importance of the angle-
dependent term i€,,. Note thatC,,=C,, for all of the three
partial-wave contributions discussed explicitly abgek Eq.
31

In Fig. 7 predictions for th@» invariant mass distribution
are shown together with the dafé]. Again, the dominant
contributions are from théS;s (dashed curvgsand Pgs
(dot-dashed curvedfinal states; the contribution from the
3P,s state(dotted curvegis negligible. AtQ=41 MeV one

sees also some effects from other partial-wave states arising

mainly from the®P,,3F,— 'S,d amplitude. The overall shape
of the measured invariant mass distribution is reproduced.
The observed discrepancies in the details, especiallQ) at
=41 MeV, are not easy to understand in view of the nice
agreement between calculated and measymednvariant
mass distributions.

Summarizing our results, we have shown that the cur:
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FIG. 7. Same as Fig. 1 but for th®y invariant mass distribu-

tion. The data from Ref.7] (open circlg have been normalized by
a

n arbitrary factor of 0.66 in order to facilitate the comparison of

rently available data om production inpp collisions near "€ shape with the data from R¢6] and the present model predic-

the threshold energy can be largely understood in terms of gon.

few S and P-wave amplitudes. For a completely model-

independent extraction of the relevant amplitudes, howevefew partial-wave amplitudes. In particular, the present model
observables independent of those presently available are rprediction for the relevant partial-wave amplitudes depends
quired. In this connection, the spin correlation function, ei-very sensitively on the details of the model and especially to

therC,, or C,,, is suited to further constrain tieys and3P,s
final state contributions. In any case, the fipgd P-wave

the excitation mechanism of th® (1535 resonance. This
offers an excellent opportunity to study some of the proper-

contribution is crucial for explaining the measured invariantties of theS, (1535 resonance using the meson production

pp mass distribution, especially, =41 MeV. Our model
calculations show that the dominant amplitudes 2Rg
—1gs and'§,—3Pgs. It should be stressed that in order to
quantify the role of thenN interaction inpp— pp it is im-
portant to first understand the role of highHiN partial
waves.

reaction inNN collisions, which would not be possible to
investigate in more basic reactions suchyad\N— »+N and
M+N— n+N.
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