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In a previous paper [1℄ we alulated the di�erential ross setion for single pion produ-tion in the reations �p+N ! �+ `++ `�, and shown that suh reations are measurable atupoming failities, bringing unique information on eletromagneti and axial nuleon formfators in the unphysial region of time-like momentum transfer squared, q2.The purpose of the present work is to study the resonant prodution of a number n� ofpions aompanied by a lepton pair, in the antiproton nuleon annihilation proess. We limitour disussion to quantum numbers of the exited resonanes: IG(JP ) = 1+(0�) and 0+(0�).The existene a �NN bound state and of its resonanes was predited in a series of papers,see Ref. [2, 3℄. A partial wave analysis performed in [3℄ in the range 1960 < M� < 2410ombines data in di�erent deay hannels 3�0, �0�, �0��0 and reveals a series of resonantstates in the p�p system. Some of the states were preisely identi�ed, in partiular twostates with quantum numbers I(JPC) = 1(0�+), with masses M� = 2360 and 2070 MeV,respetively and widths about 300 MeV. Higher spin states were also identi�ed. Suh statesshow similar masses as dibaryon states, exept that they exhibit large widths, whih areexplained by their deay through hadroni states, whih is impossible for dibaryons [4℄.N �N state has hydrogen-like atomi struture. Similarly to positronium, in additionto strong interation, QED e�ets are present, due to the large masses (small distanes)involved. Speial attention is payed to resonanes with masses � 2M , where M is thenuleon mass. The resonanes with zero orbital momentum are expeted to have largewidth, whereas higher values of orbital momentum lead to a smaller width given by [2℄:� ' 100[(2`+ 1)!!℄2 MeV ; (1)whih gives, for example, � = 100 MeV for ` = 0, � = 10 MeV for ` = 1, and � = 0:5 MeVfor ` = 2.Experimental evidene of suh series of dibaryon resonanes exist [4℄, although it is stillontroversial. An investigation of this problem will be possible at the upoming FAIR faility[5℄, where the planned antiproton beams render possible the measurement of the reationsinvestigated in the present paper.The emission of a lepton pair permits to selet the appropriate kinematis adapted tothe exitation of suh resonanes, even if the total �pN enter of mass energy exeeds themass of the resonanes, due to a known mehanism, alled 'return to resonanes': the leptonpair arries away the extra energy and momentum, providing the ondition of exiting2
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(b)(a)FIG. 1: Feynman diagrams for the reation �p+ p! `+ + `� + n��: lepton pair emission form theantiproton (a) and from the proton (b).the resonanes. Experimentally it manifests through a deformation of the Breit Wignerdistribution, yielding a 'radiative' tail.Let us onsider the annihilation of an antiproton and a proton in a lepton pair, and aresonant state whih subsequently deays into a set of n� pions: �p(p1) + p(p2) ! �(q) +R(JP ;M 0) ! `+(p+) + `�(p�) + �1(q1) + ::: + �n�(qn�). Suh state an have the quantumnumber of salar, pseudosalar, axial or vetor partile. The Feynman diagrams for suhreations are plotted in Fig. 1. We neglet diret photon emission from the resonant state,assuming that it is (indiretly) inluded via the width of the resonane.To desribe the kinematis of the proess it is onvenient to introdue two kinematialvariables: the invariant mass squared of the lepton pairq2 = (p+ + p�)2 (2)and the one of the pion jet s1 = (Xi qi)2 = (p1 + p2 � q)2: (3)One an write the phase volume as:Z d�x = Z (2�)�2Æ4 p1 + p2 � p+ � p� � xXi=1 qi! d3p+2�+ d3p�2�� �xi=1 d3qi2�i(2�)3= Z d�q Z d�(n�)Q Z d�Qq (4)with Z d�q = Z d3p+2�+(2�)3 d3p�2��(2�)3 Æ4(q � p+ � p�);3



Z d�(n�)Q = Z �n�i=1 d3qi2�i(2�)3 Æ4 Q� n�Xi=1 qi! (2�)4;Z d�Qq = Z d4qd4QÆ4(p1 + p2 � q �Q):It is onvenient to alulate this last quantity in the enter of mass frame, ~q = � ~Q, ~p1 = �~p2.In this referene frame we have:Z d4q = 12dq0j~qjdq2d0q = Z d�Qq; d0q = 2�d os �q: (5)Then, using the relations ps = q0 + Q0; (s1 � q2)=ps = Q0 � q0, and s = (p1 + p2)2, one�nds:Z d�Qq = �2 Z ps�pq2n�m� ds1s dq2d os �qp�(s; s1; q2); �(a; b; ) = a2+ b2+ 2� 2(ab+ a+ b);(6)with �q = d~q; ~p1. The funtion �(s; s1; q2) must be positive in the physial region.Let us restrit our onsiderations to salar JP = 0+ and pseudosalar JP = 0� states.The orresponding matrix elements are:Mires = 4��q2 V�(q2)J��v(p1)Oi�u(p2) gi1g2s1 �M 02 + iM 0�0 (7)where J�(q) = �v(p+)�u(p�) is the leptoni urrent and Oi�Oi� = Fp�(q) �p̂1 + q̂ +M(p1 � q)2 �M2 (i) + p̂2 � q̂ +M(p2 � q)2 �M2Fp�(q) (8)(where (i) = 5 for a pseudosalar resonant state and (i) = 1 for a salar state) ontainsthe hadroni struture: Fp�(q) = F p1 (q2)� + F p2 (q2)4M (q̂� � �q̂); (9)whih is parametrized in terms of the Pauli and Dira proton form fators, F1 and F2 (intime-like region).Let us note that the hadron urrent J h� = �v(p1)Oi�u(p2) obeys the gauge invariane:J h� q� = 0.In Eq. (7), the oupling onstant g2 is related to the width of the deay hannel:�0n� = 12M 0 g22 Z d�(n�)Q ; (10)4



where �0n� is the width of the deay of the p�p state to n� pions, g1 represents the ouplingonstant at the �pp vertex to the resonant state. When the resonane is heavier than twiethe nuleon mass its value an be related to the �pp deay width:(gi1)2 = 8���ppM 0Ai ; (11)with Ai = � for JP = 0�, and Ai = �3 for JP = 0+ and � =p1� (4M2=M 02).The orresponding di�erential ross setions are:d�idq2ds1 = 2�23� �0n��i�pp(s1 �M 02)2 +M 02�2i p�(s; s1; q2)s2r 1q2Di; for M 0 > 2M; (12)and d�idq2ds1 = �2M 0�0n�12�2q2 (gi)2(s1 �M 02)2 +M 02�2i p�(s; s1; q2)s2r Di; for M 0 < 2M; (13)with r =p1� (4M2=s) andDi = Z d os �q �q�� � q�q�q2 �S(i)�� ; (14)and S(i)�� = 14Tr(p̂1 �M)Oi�(p̂2 +M)Oi�� : (15)Two dimensionless variables, X = q2=s and Y = s1=s an been de�ned, using the invariantmass of the lepton pair, q2, Eq. (2), and the invariant mass of the pion jet , s1, Eq. (3).The kinematial region sanned by the reation, is de�ned by the onditions �(s; s1; q2) > 0and it orresponds to Y � (1�pX)2, as it is shown in Fig. 2.The angular integration entering in Di, Eq. (14), an be alulated with the help of thefollowing relations:Z d os �qd21 = Z d os �qd22 = 2sq2ss1 +M2�(s; s1; q2) ;Z d os �qd1 = Z d os �qd2 = 2rp�(s; s1; q2) log �����q2 + s1 � s+ rp�(s; s1; q2)q2 + s1 � s� rp�(s; s1; q2)����� ; (16)with d1;2 = q2� 2p1;2q and d1+ d2 = s1 + q2� s. The integration is performed in the enterof mass of the initial partiles.The di�erential ross setions for heavy salar and pseudosalar states have been al-ulated for the reation �p + p ! `+ + `� + n��, as a funtion of the s and of the totalmomentum arried by the pions. Sine the oupling onstant g1 and the partial width ��pp5



FIG. 2: Allowed kinematial region, as a funtion of X = q2=s and Y = s1=s (shaded area).are not known, the results for the di�erential ross setion are resaled by these quantities.For the numerial appliation, we fous on the salar resonane f0(980) (Figs 3) and on thepseudosalar resonane, with �(1405) (Fig. 4). The eletromagneti nuleon form fatorshave been parametrized aording to [7℄.The two dimensional plots show a strutured landsape, limited by the kinematial utdue to the physial aessible region. Peaks appear in the projetion to the q2 axis (inte-gration over s1), and are due to the vetor meson resonanes oming from enhaned photonvetor meson oupling inluded in the FFs model. The projetion to the s1 axis (integrationover q2) shows a bump whih is due to the exitation of the p�p resonant state.The absolute value of the ross setion is in general about two orders of magnitude smallerthan in the ase of one pion prodution, as alulated in Ref. [1℄, but still measurable in theresonane region.To avoid double ounting, we do not onsider diret emission of a virtual photon fromthe resonane, as well as from harged omponent from its deay, as we imply that it isimpliitly taken into aount in the resonane width.Let us disuss now the possibility for the reation of an atomi state of �pN type. In thease of a harged atom (N = n) the situation is similar to the deuteron ase, with a weaklybound state. One may expet several narrow states with masses � 2M and binding energy6
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FIG. 3: (Color online) Double di�erential ross setion for the reation �p + p ! M� + n��,M� � f0(980), as a funtion of q2 and s1.of ' 2� 3 MeV. The experimental observation of suh states has been reported [4℄.The oupling onstant g1 related to the reation of the bound state (�pn) an be related(following [6℄) to the wave funtion of this state:g1 =M�3=2j	(0)j; Z j j2d3r = 1; 	(0) = �M Z r00 V (r)r	(r)dr; (17)where 	(r) and r0 are the wave funtion and the radius of the �pn bound state and V (r) isthe potential of the �p� n interation.The reation �p + n ! �1 + ::: + �n� an be alulated using a similar formalism withevident modi�ations, replaing the proton FFs with the neutron FFs and adding a ontatterm proportional to (F n1 � F p1 )q�=q2. One may expet that the general behavior of thedistributions will be similar to the ase of �pp ollisions. The size of the relevant resonaneshould be be muh smaller than for �pp one (several fermi), as for a deuteron-like objet.Neutral atoms, (N = p) are of eletromagneti nature, their typial size an be estimatedto 25 fm, and their binding energy of the order of 20 keV. The width of these resonanesin S state is rather large. Suh resonanes, with orbital momentum L = 0 have typiallystrong interation width of order of 100 MeV. For L 6= 0, the width should be smaller, seeEq. (1). 7
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FIG. 4: (Color online) Double di�erential ross setion for the reation �p + p ! M� + n��,M� � �(1405) as a funtion of q2 and s1.In onlusions, we have alulated the double di�erential ross setion for the multipionprodution in proton antiproton ollision, with emission of a leptoni pair. Numerial esti-mations show that the ross setion is measurable in the kinematial region whih will beaessible at FAIR and will allow to investigate the formation and the resonant struture ofa possible N �N system.
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