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NN ! NN� FROM THE EFFECTIVE FIELD THEORYPOINT OF VIEW: SHORT COMINGS AND GAINS�C. HanhartDepartment of Physi
s, University of Washington,Box 351560, Seattle, WA 98195-1560, USA(Re
eived June 19, 2000)Based on a 
ounting s
heme for the appli
ation of 
hiral perturbationtheory to pion produ
tion in NN 
ollisions p-wave produ
tion is studied. Itis demonstrated that, 
ontrary to the s-wave produ
tion where loops enterat too low an order to allow the s
heme predi
tive power, there are 
ertainp-wave observables where parameter free predi
tions are possible. Thesepredi
tions are 
onsistent with experimental data. We show that the inves-tigation of 
harged pion produ
tion yields a 
onstraint on a 
ontributionto the three-nu
leon for
e with a spin-isospin stru
ture that 
ould resolvethe Ay puzzle in nd s
attering.PACS numbers: 21.30.Fe, 12.39.Fe, 25.40.�hIn the last few years, the various NN ! NN� rea
tions have beenstudied both experimentally and theoreti
ally with a fo
us on near-thresholdenergies. However, although the �rst low energy data where published ade
ade ago, the s-wave pion produ
tion is still not fully understood [2℄.The pion dynami
s 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 
al
ulate the 
ross se
tions 
loseto threshold [4�8℄. The s
ale of typi
al internal momenta is set by the initialnu
leon momentum pi � pMnm�. Ref. [4℄ emphasized that the diverse
ontributions to the Ss (
apital letters denotes the NN angular momentum,whereas small letters denote the relative angular momentum of the pion withrespe
t to the NN 
enter of mass) �nal states thus have to be ordered inpowers of pm�=MN . Be
ause of this large s
ale the stati
 approximation� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, 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-du
tion. A solid (dashed) line denotes a nu
leon (pion), and a double line a �.Intera
tions from L(0) (L(1)) are denoted by a dot (
ir
led dot).
annot be employed for nu
leons. More generally, as was pointed out inRef. [4, 9℄, there is a mix among intera
tions of di�erent 
hiral indexes.Let us begin with a short dis
ussion of s-wave produ
tion. Due to ala
k of spa
e only �0 produ
tion will be looked at here. At leading or-der (O(q m�MN )) dire
t emission o� the nu
leon 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 
an
e-lation of the nu
leoni
 and delta diagram and ii) the presen
e 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 depi
ted in �gure 1. This explains thedis
repan
y of the results of [4,5℄ and the data. A 
he
k of the 
onvergen
eof the series for the s-waves is thus te
hni
ally di�
ult.The situation is mu
h more pleasant for the p-wave produ
tion as waspointed out in Ref. [10℄. Let us do the expansion at values of typi
al externalmomenta qex = m�. First of all the expansion starts at O(1), sin
e theleading operators lead to p-wave pions. Se
ondly, the next non vanishingorder (O(q m�MN 2)) is free of loops, sin
e for p-wave produ
tion not all thepion momenta in the loop 
an be internal ones. Thus the order of the loopsgets enhan
ed by a fa
tor of qex=ptyp = m�pm�MN 
ompared to the s-wave
ase. In �gure 2 we show the 
omplete set of diagrams 
ontributing to thep-wave �0 produ
tion up to next-to-leading order. Thus we 
an employ
hiral perturbation theory e�
iently in the study of pion produ
tion.The Lagrangian relevant for the present investigation is given in Ref. [10℄.As usual in e�e
tive �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 produ
tion. Diagrams at O(1) are (i,ii), and of O(m�=mN ) are (iii, iv). Diagrams with a � in the �nal state are alsoin
luded.�-nu
leon 
oupling 
onstant and f�, the parameters in front of terms withtwo pion �elds and two nu
leon �elds (
3 and 
4, whi
h where �xed in �Ns
attering [11℄) and two further parameters in front of terms 
ontaining fournu
leon �elds and one pion �eld � d1 and d2. These are as yet unknown. Itwas pointed out in Ref. [12℄ that the latter stru
tures 
an lead to a signi�
ant
ontribution to the three nu
lear for
e. As will be shown below ��produ
tionin NN 
ollisions 
an 
onstrain the linear 
ombination d = d1+4d2 and thuswill help us to get a 
onsistent understanding of low energy nu
lear physi
s.Before we move on, we �rst have to show that the series 
onverges,as 
laimed above. The 
ru
ial observation to make this test possible is,that the short range di terms only support S ! Sp transitions. We 
antherefore make parameter free predi
tions 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. Su
h an observable exists, namely the 3�1(we use the notation of Ref. [13℄: 2S+1�m) 
ross se
tion in neutral-pionprodu
tion with Pp as the lowest partial waves 
ontributing. This observablewas re
ently measured at IUCF [13℄. It was found in Ref. [10℄ that indeedthere is reasonable 
onvergen
e in the p-wave produ
tion.Thus we 
an move on to 
al
ulate an observable that is sensitive to theshort range operators proportional to d. Note that the e�e
tive �eld theorynot only 
onstrains the possible 
oupling stru
tures but also gives an orderof magnitude estimate for the low energy 
onstants. We 
an thus rewrited = Æ=(f2�MN ), where we expe
t Æ to be a number of order 1. The desiredobservable is the amplitude of the 1S0 !3 S1p transition (a0), re
entlyextra
ted from data of the rea
tion pp! pn�+ [14℄. In Fig. 3 we show thesensitivity of a0 to the strength of the short range intera
tions. Obviously,with better data pion produ
tion 
an put a strong bound at a possible threebody for
e 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-nu
leon for
e: 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 
onvergen
e of the 
hiral expansion in p-wave pion pro-du
tion we demonstrated that data on this rea
tion 
an be used to extra
tinformation about the three-nu
leon for
e. It is 
lear that more a

uratedata would be very useful. We �nd it very gratifying that 
hiral symmetryprovides a dire
t 
onne
tion between pion produ
tion at energies � 350MeV(IUCF) and Nd s
attering at energies � 10 MeV (Madison, TUNL).REFERENCES[1℄ A.M. Bernstein, B.R. Holstein, Chiral Dynami
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