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NN ! NN� FROM THE EFFECTIVE FIELD THEORYPOINT OF VIEW: SHORT COMINGS AND GAINS�C. HanhartDepartment of Physis, University of Washington,Box 351560, Seattle, WA 98195-1560, USA(Reeived June 19, 2000)Based on a ounting sheme for the appliation of hiral perturbationtheory to pion prodution in NN ollisions p-wave prodution is studied. Itis demonstrated that, ontrary to the s-wave prodution where loops enterat too low an order to allow the sheme preditive power, there are ertainp-wave observables where parameter free preditions are possible. Thesepreditions are onsistent with experimental data. We show that the inves-tigation of harged pion prodution yields a onstraint on a ontributionto the three-nuleon fore with a spin-isospin struture that ould resolvethe Ay puzzle in nd sattering.PACS numbers: 21.30.Fe, 12.39.Fe, 25.40.�hIn the last few years, the various NN ! NN� reations have beenstudied both experimentally and theoretially with a fous on near-thresholdenergies. However, although the �rst low energy data where published adeade ago, the s-wave pion prodution is still not fully understood [2℄.The pion dynamis are largely ontrolled by hiral symmetry onstraints,and the hope that the use of Chiral Perturbation Theory (�PT) would yieldinsights led to the use of tree-level �PT to alulate the ross setions loseto threshold [4�8℄. The sale of typial internal momenta is set by the initialnuleon momentum pi � pMnm�. Ref. [4℄ emphasized that the diverseontributions to the Ss (apital letters denotes the NN angular momentum,whereas small letters denote the relative angular momentum of the pion withrespet to the NN enter of mass) �nal states thus have to be ordered inpowers of pm�=MN . Beause of this large sale the stati approximation� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2213)
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�Fig. 1. Leading (i & ii) and some next-to-leading ontributions to s-wave pro-dution. A solid (dashed) line denotes a nuleon (pion), and a double line a �.Interations from L(0) (L(1)) are denoted by a dot (irled dot).annot be employed for nuleons. More generally, as was pointed out inRef. [4, 9℄, there is a mix among interations of di�erent hiral indexes.Let us begin with a short disussion of s-wave prodution. Due to alak of spae only �0 prodution will be looked at here. At leading or-der (O(q m�MN )) diret emission o� the nuleon and the delta ontribute(f. Fig. 1i & ii). Unfortunately the leading order turns out to be small fortwo reasons that are not under ontrol of the power ounting: i) a ane-lation of the nuleoni and delta diagram and ii) the presene of a zero inthe half-o�-shell NN T -matrix in the 1S0 partial wave at o�-shell momentapo� ' pi for small on shell momenta1. At next-to leading order (O(q m�MN 2))already loops enter. Some of those are depited in �gure 1. This explains thedisrepany of the results of [4,5℄ and the data. A hek of the onvergeneof the series for the s-waves is thus tehnially di�ult.The situation is muh more pleasant for the p-wave prodution as waspointed out in Ref. [10℄. Let us do the expansion at values of typial externalmomenta qex = m�. First of all the expansion starts at O(1), sine theleading operators lead to p-wave pions. Seondly, the next non vanishingorder (O(q m�MN 2)) is free of loops, sine for p-wave prodution not all thepion momenta in the loop an be internal ones. Thus the order of the loopsgets enhaned by a fator of qex=ptyp = m�pm�MN ompared to the s-wavease. In �gure 2 we show the omplete set of diagrams ontributing to thep-wave �0 prodution up to next-to-leading order. Thus we an employhiral perturbation theory e�iently in the study of pion prodution.The Lagrangian relevant for the present investigation is given in Ref. [10℄.As usual in e�etive �eld theories a number of parameters appear whosestrength is not onstrained by symmetry. In our ase these are, besides the1 That is true for all so alled realisti potentials we are aware o�.
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Fig. 2. Lowest-order ontributions to p-wave prodution. Diagrams at O(1) are (i,ii), and of O(m�=mN ) are (iii, iv). Diagrams with a � in the �nal state are alsoinluded.�-nuleon oupling onstant and f�, the parameters in front of terms withtwo pion �elds and two nuleon �elds (3 and 4, whih where �xed in �Nsattering [11℄) and two further parameters in front of terms ontaining fournuleon �elds and one pion �eld � d1 and d2. These are as yet unknown. Itwas pointed out in Ref. [12℄ that the latter strutures an lead to a signi�antontribution to the three nulear fore. As will be shown below ��produtionin NN ollisions an onstrain the linear ombination d = d1+4d2 and thuswill help us to get a onsistent understanding of low energy nulear physis.Before we move on, we �rst have to show that the series onverges,as laimed above. The ruial observation to make this test possible is,that the short range di terms only support S ! Sp transitions. We antherefore make parameter free preditions up to O(m�=mN ) for all thoseobservables where the lowest � partial wave allowed is p and not both NNstates are in a relative S-wave. Suh an observable exists, namely the 3�1(we use the notation of Ref. [13℄: 2S+1�m) ross setion in neutral-pionprodution with Pp as the lowest partial waves ontributing. This observablewas reently measured at IUCF [13℄. It was found in Ref. [10℄ that indeedthere is reasonable onvergene in the p-wave prodution.Thus we an move on to alulate an observable that is sensitive to theshort range operators proportional to d. Note that the e�etive �eld theorynot only onstrains the possible oupling strutures but also gives an orderof magnitude estimate for the low energy onstants. We an thus rewrited = Æ=(f2�MN ), where we expet Æ to be a number of order 1. The desiredobservable is the amplitude of the 1S0 !3 S1p transition (a0), reentlyextrated from data of the reation pp! pn�+ [14℄. In Fig. 3 we show thesensitivity of a0 to the strength of the short range interations. Obviously,with better data pion prodution an put a strong bound at a possible threebody fore originated in the di terms.
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Fig. 3. a0 of pp ! np�+ in hiral perturbation theory. The di�erent lines orre-spond to values of the parameter related to the three-nuleon fore: Æ = 1 (longdashed line). Æ = 0 (dot-dashed line), Æ = �0:2 (solid line), and Æ = �1 (shortdashed line). Data are from Ref. [14℄.Based on the onvergene of the hiral expansion in p-wave pion pro-dution we demonstrated that data on this reation an be used to extratinformation about the three-nuleon fore. It is lear that more auratedata would be very useful. We �nd it very gratifying that hiral symmetryprovides a diret onnetion between pion prodution at energies � 350MeV(IUCF) and Nd sattering at energies � 10 MeV (Madison, TUNL).REFERENCES[1℄ A.M. Bernstein, B.R. Holstein, Chiral Dynamis: Theory and Experiment,Springer, Berlin 1995.[2℄ C. Hanhart, STORI 99, Bloomington, Sept. 1999, U.W. preprint NT-UW-99-60, nul-th/9911023.[3℄ U. van Kolk, G.A. Miller, D.O. Riska, Phys. Lett. B388, 679 (1996).[4℄ T.D. Cohen, J.L. Friar, G.A. Miller, U. van Kolk, Phys. Rev. C53, 2661(1996); U. van Kolk, Bull. Am. Phys. So. 40, 1629 (1995).[5℄ B.Y. Park et al., Phys. Rev. C53, 1519 (1996).[6℄ T. Sato, T.-S.H. Lee, F. Myhrer, K. Kubodera, Phys. Rev. C56, 1246 (1997).[7℄ C. Hanhart et al., Phys. Lett. B424, 8 (1998).[8℄ C. da Roha, G. A. Miller, U. van Kolk, Phys. Rev. C61, 034613 (2000).[9℄ V. Bernard, N. Kaiser Ulf-G. Meiÿner, Eur. Phys. J. A4, 259 (1999).
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