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THE ROLE OF THE ROPER RESONANCEIN THE NUCLEAR MANY-BODY PROBLEM�Madeleine SoyeurDépartement d'Astrophysique, de Physique des Partiules,de Physique Nuléaire et de l'Instrumentation AssoiéeServie de Physique NuléaireCommissariat à l'Energie Atomique/SalayF-91191 Gif-sur-Yvette Cedex, Frane(Reeived November 23, 1999)The intention of this leture is to review the dynamial role of thelowest exited state of the nuleon, the Roper resonane or N�(1440), innulear systems. We disuss �rst its ouplings to meson�nuleon hannelsand, based on these ouplings, its ontribution to the two-body and three-body interation respetively. The importane of the Roper resonane asbaryoni exitation for partile prodution in relativisti heavy ion ollisionsis then examined, partiularly in view of reent results obtained at the GSI-SIS Faility.PACS numbers: 14.20.Gk, 13.60.Le1. IntrodutionNulear systems onsist of interating nuleons whose internal degreesof freedom an manifest themselves by the exitation of baryon resonanes.These resonanes play a major role as intermediate states in nulear inter-ations.The ontribution of the lowest-lying baryoni resonane, the �(1232), toa broad range of nulear phenomena has been extensively studied [1℄. Thisresonane (J = 3=2; I = 3=2; P = +1) is the dominant feature of the pion�nuleon sattering amplitude at low energy. As suh, it in�uenes stronglythe reation, propagation and absorption of pions in the nulear mediumand ats as an independent degree of freedom of nulear dynamis at energysales of the order of a few hundred MeV.� Invited talk presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 1�11, 1999. (239)



240 M. SoyeurThe next baryon resonane, the Roper resonane or N�(1440), has thesame quantum numbers as the nuleon (J = 1=2; I = 1=2; P = +1) andis therefore regarded as its �rst intrinsi exitation, at an energy of about500 MeV. The struture of this exitation appears rather omplex and itsproperties ould have profound onsequenes on the understanding of thebaryon spetrum.The N�(1440) is a very broad resonane, with a full width of (350�100)MeV, while the neighbouring nuleon exitations [N�(1520) and N�(1535)℄are twie narrower [2℄. The N�(1440) is not visible as a well-de�ned peakin the total pion�nuleon ross setion. It is established as a pion�nuleonresonane in the P11 hannel only through detailed partial wave analyses[3℄. In ontrast to the negative parity baryon resonanes observed in the1500�1700 MeV range, whih an be desribed by onstituent quark mo-dels with harmoni on�ning potentials [4℄, a proper desription of the massand positive parity of the N�(1440) requires the introdution of anharmoniinterations among quarks [5℄. The positive parity of the N�(1440) and itsposition ompared to the neighbouring negative parity states ome out from1/N expansions of the baryon mass operator [6℄ and from models involvinghiral boson-exhange interations among onstituent quarks [7℄. The Roperresonane has been onsidered a good andidate for a olletive exitationand interpreted as a breathing mode of the nuleon in bag models [8, 9℄.A reent oupled-hannel alulation [10℄, involving the �N , �� and �Nhannels, suggests that the N�(1440) ould be explained as a dynamiale�et, without an assoiated genuine three-quark state.In this leture, we will not address further the issue of the internal stru-ture of the Roper resonane. We onsider it an independent baryon whoserole in the nulear medium is determined by its mass, width, and ou-plings to meson�nuleon hannels. These ouplings are disussed in Setion2, where we emphasize partiularly the theoretial unertainties assoiatedwith the �NN�(1440) oupling and the need for data on the !NN�(1440)and �NN�(1440) ouplings. The ontribution of the Roper resonane tothe pp! pp�0 reation ross setion lose to threshold is presented in Se-tion 3. Setion 4 deals with the role of the N�(1440) in generating a repulsiveshort-range three-body interation. The importane of the Roper resonaneto understand spei� aspets of partile prodution in relativisti heavy ionollisions is disussed in Setion 5. We onlude in Setion 6.2. The ouplings of the N�(1440) to meson�nuleon hannelsThe last edition of the Partile Data Group [2℄ tells us that the N�(1440)ouples strongly (60�70 %) to the �-nuleon hannel and signi�antly(5�10 %) to the �-nuleon (more properly (��) I=0S�wave-nuleon) hannel.



The Role of the Roper Resonane in the Nulear Many-Body Problem 241There are no data on its oupling to the vetor meson�nuleon hannels,exept for an upper limit of 8% to the �-nuleon hannel. The branhingratios to radiative �nal states (0.035�0.048 % for p and 0.009�0.032 % forn) are unusually small (ompared for example to the branhing ratio of0.52�0.60 % for � ! N). The general impression one gets from thesedata is that the transition of the nuleon to the N�(1440) (or vie-versa) isindued mainly by salar �elds (� and �) and very little by vetor �elds.We onsider �rst the oupling of the N�(1440) to the N� hannel. Fromthe partial deay width of the N�(1440) into the N� hannel, �N�!N� =(228� 82) MeV, we an dedue the values of the oupling onstants g�NN�and f�NN� haraterizing the strength of the �NN� pseudosalar oupling,Lint�NN� = �ig�NN� �N�5(~� � ~�)N + h..; (1)and of the �NN� pseudovetor oupling,Lint�NN� = �f�NN�m� �N�5���(~� � ~�)N + h..; (2)respetively. We �nd [11℄ g2�NN�4� = 3:4� 1:2 (3)and f2�NN�4� = 0:011 � 0:004: (4)The relation between the �NN�(1440) oupling onstant and the partialdeay width of the Roper resonane into the (��) I=0S�wave-nuleon hannelis model-dependent. We assume that it an be desribed by the proessdisplayed in Fig. 1.
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242 M. SoyeurWe take the �NN� and ��� ouplings to be of the formLint�NN� = �g�NN� �N��N + h.. (5)and Lint��� = 12 g��� m0� ��:�� �; (6)where m0� is the �-meson mass.The oupling onstant g�NN� depends on the � mass and on the width��!��(m0�) of the �-meson at the peak of the resonane. The �-mesonof relevane in the many-body problem is the e�etive degree of freedomaounting for the exhange of two unorrelated as well as two resonatingpions in the salar�isosalar hannel. It is expeted to have a mass of theorder of 500�550 MeV [12℄ and to be a broad state. It an be shown thatg�NN� depends weakly on the value of ��!��(m0�) but rather strongly onm0� [11℄. The latter e�et is a onsequene of the oinidene between the� mass and the di�erene between the mass of the N�(1440) and of thenuleon, whih determines the phase spae limit for the N�(1440) ! N��deay. Fixing ��!��(m0�) = 250 MeV, we obtain for exampleg2�NN�4� = 0:34 � 0:21 (7)for m0� = 500 MeV and g2�NN�4� = 0:56 � 0:35 (8)for m0� = 550 MeV [11℄.Comparing these �NN� and �NN� oupling onstants to the orrespon-ding values for the �NN and �NN verties [12℄, we haveg�NN�g�NN ' 12 (9)and g�NN�g�NN ' 14 : (10)This seems to depart somewhat from the saling lawg�NN�g�NN = g�NN�g�NN = g!NN�g!NN = g�NN�g�NN (11)often used on the basis of onstituent quark model arguments [13℄. Thereare however large unertainties.



The Role of the Roper Resonane in the Nulear Many-Body Problem 243To have more onstraints on the ouplings disussed above, it is use-ful to make meson-exhange models of simple proesses in whih the Roperresonane is exited and ompare the oupling onstants needed to under-stand the data on these proesses to their values derived from the N�(1440)partial deay widths. One should keep in mind however the limits of suhdeterminations: the exhanged mesons are e�etive degrees of freedom andmeson-baryon verties involve not only oupling onstants but also formfators whih may a�et signi�antly the strength of the ouplings.Beause of its salar-isosalar harater, the �-partile appears as a par-tiularly appropriate projetile to exite proton targets into Roper reso-nanes. The reation �+ p ! � +X has been studied at SATURNE withinident � partiles of 4.2 GeV [14℄. The dominant inelasti proesses on-tributing to the reation are found to be the exitation of the � resonanein the projetile (followed by the emission of a pion) and the exitation ofthe Roper resonane in the target. The latter proess is desribed by theexhange of a �-meson between the inident � partile and the proton tar-get [15℄. In order to reprodue the data, the �NN�(1440) oupling onstanthas to be larger than the value obtained in Eq. (8). The best �t is obtainedfor g 2�NN�=4� = 1:33 with a form fator F �NN� = (�2� �m0 2� )=(�2� � q2),where �� = 1:7 GeV and m0� = 550 MeV [15℄. This is illustrated in Fig. 2.As remarked by the authors, their �-exhange interation ould simulateother exhanges of isosalar harater (!-exhange). It ould also be thatthe strength observed in the missing energy spetrum around the position ofthe Roper resonane, after subtration of the � bakground, should not beattributed entirely to the N�(1440). The analysis of more exlusive experi-ments is in progress. Preliminary data on the p(d; d0)N� reation at inidentdeuteron energies of 2.3 GeV, where the exitation of the �(1232) and ofthe N�(1440) are separated by the detetion of the deay proton, seem toindiate that the exitation of the Roper resonane predited using the pa-rameters of Ref. [15℄ is larger than the observed ross-setion [16℄, typiallyby a fator of two. If this e�et ould be on�rmed, it would suggest thatthe analysis of the p(d; d0)N� reation leads to an e�etive value of g �NN�quite lose to the phenomenologial oupling onstant given in Eq. (8) form0� = 550 MeV. In this ase also, however, there ould be a ontributionfrom !-exhange [17℄.An interesting possibility to have additional experimental onstraints onthe �NN�(1440) and �NN�(1440) ouplings would be to study the photo-prodution of !- and �-mesons o� proton targets in the hannel where thetarget proton is exited to the Roper resonane [11℄. Close to threshold andat low momentum transfers, the p ! !N�+(1440) reation ross setionshould be very sensitive to the �NN�(1440) oupling and thep! �0N�+(1440) reation ross setion to the �NN�(1440) oupling [11℄.



244 M. Soyeur

Fig. 2. Calulated ross setion of the � + p ! � + X reation at E� = 4:2 GeVand � = 0:8Æ as funtion of the energy transfer [15℄. The ontributions from theexitation of the � resonane in the projetile and of the N�(1440) in the targetare shown together with their interferene.As illustrated in the next setions, major unknowns in disussing the roleof the Roper resonane in the nulear many-body problem are the strengthsof the !NN�(1440) and �NN�(1440) ouplings, on whih there are no diretexperimental data.3. The ontribution of the Roper resonane to thepp! pp�0 reation lose to thresholdThe role of the Roper resonane in the inelasti pp! pp�0 hannel of thenuleon�nuleon interation has been studied reently [18℄. It is a very nieproess to investigate the role of intermediate baryon resonanes in mesonprodution beause �0 emission from a single proton underestimates largelythe ross setion and the �-exhange term is suppressed by the partiularisospin struture of the reation [19℄. The main part of the pp! pp�0 rosssetion near threshold arises from the nuleon�antinuleon pair urrents (orZ-graphs) [18℄. The ontributions from virtual intermediate resonanes ofisospin 1/2 provide orretions to the Z-graphs. A typial diagram, involvingthe exitation of the N�(1440) by �-exhange, is shown in Fig. 3. The on-
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Fig. 3. �-exhange ontribution to the pp! pp�0 ross setion involving the exi-tation of the N�(1440) resonane.tribution from a virtual intermediate N�(1440) resonane is rather modestand enhanes the ross setion. In ontrast to this behaviour, the ontribu-tions from the neighbouring N�(1535) and N�(1520) resonanes apppear toredue the ross setion [18℄. This e�et is illustrated in Fig. 4, omparedto data from Ref. [20℄.
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246 M. SoyeurThe reason for the smallness of the intermediate N�(1440) ontributionis that the �-exhange term depited in Fig. 3 gets largely anelled by theorresponding !-exhange term [18℄. The graphs are alulated assumingthe relation g!NN�g�NN� = g!NNg�NN = 1:55 (12)and the oupling onstant g2�NN�4� = 0:1: (13)Using the values of g2�NN�=4� disussed in Setion 2, the ontribution fromthe virtual N�(1440) exitation would be larger.This disussion of the pp ! pp�0 illustrates the need for data on theexitation of the nuleon into the N�(1440) through the !-�eld. Suh dataare important to hek or modify Eq. (12) and assess the role of the Roperresonane in nulear proesses involving short-range meson exhanges.4. The ontribution of the Roper resonaneto the three-nuleon interationBy very muh the same proesses as those involved in the pp!pp�0reation, intermediate N�(1440) resonanes an produe three-body fores[21℄. Attahing a nuleon line to the pion in Fig. 3, we an generate thethree-body diagram displayed in Fig. 5. Again, there is a similar graphwhere the exhanged �-meson is replaed by an !-meson.
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Fig. 5. ��-exhange three-nuleon interation involving the exitation of theN�(1440) resonane.The sum of both �- and !-meson exhange diagrams generates a smallbut repulsive short-range three-nuleon interation whih is welome in viewof the slight overbinding of the triton [21℄. In this ase also, the three-bodyenergies assoiated with the ��- and �!-exhange diagrams have oppositesign and largely anel. The values of g �NN� and g !NN� are therefore



The Role of the Roper Resonane in the Nulear Many-Body Problem 247ruial parameters in determining the exat strength of the three-nuleoninteration generated by virtual N�(1440) exitations.5. The ontribution of the Roper resonane to partileprodution in relativisti heavy ion ollisions(E/A ' 1�2 GeV)In heavy ion ollisions at relativisti energies (E=A ' 1�2 GeV), baryonresonanes are exited during the initial stage of the reation, when theolliding nulei form a very dense nulear system [22, 23℄. In later stages,their interations and deays in�uene strongly the prodution of hadrons[24, 25℄. It is partiularly so for the prodution of subthreshold partilesbeause the internal energy stored in intrinsi baryoni exitations inreasesthe two-body phase spae of the subsequent ollisions and helps in makinghigher mass hadrons [25℄.The abundane of baryon resonanes produed in relativisti heavy ionollisions depends on the impat parameter of the ollision, on the energyof the projetile and on the mass of the resonane. At E=A ' 1�2 GeV, themost abundant baryon resonane is the �(1232). The N�(1440) abundanein 197Au + 197Au ollisions is shown in Fig. 6 as funtion of time for di�erentvalues of the impat parameter and beam energy [25℄.

Fig. 6. Time evolution of the N�(1440) abundane in 197Au + 197Au ollisions fordi�erent values of the impat parameter (left) and beam energy (right) [25℄.



248 M. SoyeurIt is interesting to ompare the N�(1440) population displayed in Fig. 6 tothe orresponding quantity for the �(1232). In entral ollisions (b=1 fm),the maximum number of N�(1440) resonanes is 7 at 1 GeV per nuleonand 17 at 2 GeV per nuleon. In the same onditions, the maximum num-ber of �(1232) resonanes is 52 at 1 GeV per nuleon and 89 at 2 GeV pernuleon [25℄. It is expeted that partile prodution proesses favoured bythe exitation of high mass resonanes will be very sensitive to the N�(1440)abundane and re�et the strong energy dependene of this quantity. Thisis illustrated in Fig. 7 for the prodution of antiprotons whih appears dom-inated by intermediate N�(1440) exitation in the model of Ref. [25℄. Asautioned by the authors, this alulation assumes free spae properties forthe baryon resonanes involved and would be quite sensitive to in-mediumbroadenings or self-energies [25℄. The results displayed in Figs. 6 and 7should therefore be viewed as qualitative e�ets rather than detailed nu-merial preditions. Considering these unertainties, it would be of muh

Fig. 7. Total (solid) and N�(1440) indued (dashed) antiproton prodution proba-bility in 58Ni + 58Ni ollisions at 1.85 and 2.1 GeV per nuleon [25℄.interest to have an experimental signal of the exitation of the N�(1440) inrelativisti heavy ion ollisions. Suh signal ould have been seen reentlyin data taken by the FOPI Collaboration at GSI [26℄. Four reations werestudied: 197Au + 197Au at 1.06 GeV per nuleon, 58Ni + 58Ni at 1.06, 1.45,and 1.93 GeV per nuleon. The measurement of orrelated (p; �+) and(p; ��) pairs makes it possible to reonstrut the invariant mass spetra ofthe baryon resonanes exited in the ollision. These spetra [26℄ are shownin Fig. 8.
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mB (GeV/c2)Fig. 8. The invariant mass spetra of orrelated (p; ��) [open points℄ and (p; �+)[full points℄ pairs for the reations indiated in the pitures (from Ref. [26℄)The (p; �+) events ome neessarily from the deay of I = 3=2 reso-nanes (dominantly the �(1232)) while the (p; ��) pairs an originate inthe deay of I = 3=2 or I = 1=2 resonanes. The omparison of (p; �+)and (p; ��) pair ross setions in Ni + Ni reations (Fig. 8) indiates thepresene of I = 1=2 resonane ontributions with a mean free mass abovethe �(1232) mass. This ontribution is of the order of 20 % [26℄. Thelow-energy tail of the N�(1440) appears as the most plausible origin of thise�et.Detailed studies of the importane of the Roper resonane for partileprodution in relativisti heavy ion ollisions (E=A ' 1�2 GeV) requirethe understanding of the two elementary proesses leading to its exitation,�N ! N�(1440) and NN ! NN�(1440). The �N ! N�(1440) proess isonstrained by the �N deay width of the N�(1440) disussed in Setion 2.The NN ! NN�(1440) reation is very poorly known, espeially in theenergy range needed for the interpretation of the I = 1=2 ontribution ofRef. [26℄. This problem is illustrated in Fig. 9, where the available data



250 M. Soyeurare plotted together with the result of the one-boson exhange model ofRef. [13℄. The �NN�(1440) and �NN�(1440) ouplings used in this modeldi�er signi�antly from the the values dedued in Setion 2 and very lowform fator ut o�s (0.3�0.6 GeV) are needed to reprodue the availableross setions [13℄. Data on the NN ! NN�(1440) reation at energiesappropriate to relativisti heavy ion ollisions would be most useful.
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Fig. 9. pp ! pN�+(1440) and np ! nN�+(1440) ross setions ompared to theone-boson exhange model of Ref. [13℄.6. ConlusionA fair onlusion of this leture is that we have still a very poor un-derstanding of the Roper resonane and of its role in the nulear many-body problem. Progress on the latter issue is diretly linked to the availabi-lity of new experimental data providing onstraints on the ouplings of theN�(1440) to the �N , �N , !N and �N hannels. We emphasize parti-ularly that the value of both the !NN�(1440) and �NN�(1440) ouplingonstants are at present ompletely unknown. The unertainties assoiatedwith this problem are important beause many-body diagrams involvingthe exitation of the Roper resonane through �- and !-meson exhangesappear to have opposite signs. The relative strength of the !NN�(1440)and �NN�(1440) ouplings determines therefore the net e�et of the Roperresonane in the orresponding many-body proesses.The author is indebted to Satoru Hirenzaki, Che Ming Ko and Dan OlofRiska for help in the preparation of this manusript. The hospitality of herolleagues from the Warsaw University in Krzy»e is gratefully aknowledged.
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