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REAL AND VIRTUAL BREMSSTRAHLUNGIN FEW-BODY SYSTEMS�J.C.S. BaelarKernfysish Versneller InstituutZernikelaan 25, 9747AA Groningen, the Netherlands(Reeived February 7, 2002)The real- and virtual-photon emission during interations between few-nuleon systems have been investigated at KVI with a 190 MeV protonbeam. Here I will onentrate the disussion on the results of the virtual-photon emission for the proton�proton system and proton�deuteron ap-ture. Preditions of a fully-relativisti mirosopi-model of the proton�proton interation are disussed. For the proton�deuteron apture proessthe data are ompared with preditions of a relativisti gauge-invariantimpulse approximation and a Faddeev alulation. For the virtual photonproesses, the nuleoni eletromagneti response funtions were obtainedfor the �rst time and are ompared to model preditions.PACS numbers: 25.20.Lj 1. IntrodutionThe study of photon emission during nuleon�nuleon ollisions providesa sensitive and unobtrusive way to study the nuleon�nuleon interation.The photon ouples diretly to the eletromagneti urrents assoiated withthe dynamis of the ollision. Reent aurate measurements [1, 2℄ of thisproess provided exiting developments [3�6℄ in the theoretial attempts todesribe the interating nuleons. Most of the preise data are assoiatedwith proton�proton ollisions, for obvious experimental simpliities.At KVI we have performed [2℄ the most aurate measurements to dateon the reation pp! pp. Here I disuss the virtual-bremsstrahlung, pp!ppe+e�, yields [7, 8℄. The proton beam is polarized, with the energy of190 MeV. A liquid H2 target is used to redue bakground. The forwardangle hodosope SALAD (Small Angle Large Aeptane Detetor) was usedto measure the energies and the traks of the two protons, within sattering� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(805)



806 J.C.S. Baelarpolar angles of 6Æ and 28Æ. It onsists of two wire hambers (with a total of�ve wire planes) and two staked planes of sintillator detetors (see Fig. 1).This detetor is equipped with a speially designed trigger system whihallows it to deal with the unwanted 14 MHz rate of the elasti hannel atthese small angles. The virtual photon was deteted with TAPS, an arrayof 384 BaF2 rystals whih for the data disussed here were plaed in themedian plane around the target in bloks of 8�8 rystals. The experimentalsetup shown in this �gure is ommon to all the experiments disussed in thispaper.
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pFig. 1. Left: Shemati view of the experimental setup onsisting of SALAD (twowire-hambers and 50 plasti sintillators) and TAPS (384 hexagonal BaF2 rys-tals). Not drawn are the thin plasti sintillators plaed in front of eah BaF2rystal. An example of a ppe+e� event originating from the liquid-hydrogen tar-get is indiated. On the right panel the hosen oordinate system to desribe thedynamis of these events is given.2. Proton�proton bremsstrahlungDuring this experiment we measured [7, 8℄ for the �rst time the virtual-photon emission proess, whih in the laboratory means the measurementof the positron�eletron pair. Suh an event is shown in Fig. 1. The addedinformation provided by the virtual photon is the deomposition of the ele-tromagneti response of the nuleon in omponents related to the polariza-tions of the photon. The six nuleoni response funtions are related tospei� angular distributions of the two leptons. Following referene [9℄ thereation ross setion for the virtual bremsstrahlung proess, pp! ppe+e�,



Real and Virtual Bremsstrahlung in Few-Body Systems 807is proportional to the following amplitude:jAj2 = 1M2 (WT �1� `22M2 sin2 ��+WL�1� `2k20 os2 ��+`2 sin2 �2M2 �WTT os 2�+W 0TT sin 2��+`2 sin 2�2k0M �WLT os�+W 0LT sin��); (1)whereM and k0 are the invariant mass and the energy of the virtual photon,respetively. The polar (�) and azimuthal (�) angles of the momentum-di�erene vetor, `, of the two leptons are shown in Fig. 1. The ross-setionfor the virtual bremsstrahlung proess as a funtion of the invariant mass ofthe photon, as well as its angular distribution are plotted in Fig. 2.The data are ompared with preditions of the fully-relativisti miros-opi-alulation [6℄ (solid line) as well as a low energy (LET) alula-tion [9, 10℄ (dashed line). The mirosopi-model, based on the Fleisher�Tjon potential [11℄, inludes the o�-shell dynamis of the interating protons.It inludes virtual �-isobar exitations, meson exhange urrents, negativeenergy states and resattering diagrams expliitly. The LET alulationuses an expansion proedure for the on-shell T -matrix in order to aountfor the o�-shell dynamis of the interating protons. Furthermore, it takesinto aount only the resattering ontributions, meson-exhange urrentsand the virtual �-isobar exitation by enforing harge and urrent onser-vation. The mirosopi alulation overpredits the virtual photon data byapproximatelly 30% over the full aeptane of the experimental setup. TheLET alulation on the other hand reprodues the data rather well. Wenote that the ross-setion depited in Fig. 2, is integrated over the leptoniangles and is therefore a measure of the transverse (WT) and longitudinal(WL) nuleoni response funtions. The interferene terms anel out inthe integration over the leptoni phase-spae (see equation (1)). A similardisrepany was observed for the real photon di�erential ross-setions. Inmany regions of the phase spae, the mirosopi model overpredits thedata, whereas the LET alulation is, in all regions of the phase spae ov-ered in the experiment, in exellent agreement with the data. We note thatwhereas the LET alulations use a proton�proton potential whih is �t-ted to the worlds elasti data (phase-shifts), the mirosopi model uses aFleisher�Tjon relativisti potential whih does not desribe the elasti datawith the same degree of preision. Work is at the moment in progress to �tthis potential to the worlds proton�proton elasti data. The di�erent am-plitudes of the orthogonal osine and sine funtions of the leptoni dihedral
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Fig. 2. Top left: di�erential ross setion as a funtion of the invariant mass (M)of the virtual photon integrated over the entire detetor aeptane. Bottom left:virtual-photon angular distribution in the laboratory frame for invariant massesintegrated from 15 to 80 MeV/2. Right: The experimental values of the protoneletromagneti interferene response funtions WTT, WLT, W 0TT and W 0LT. Thesolid lines present the results of a mirosopi model and the dotted lines the resultsof a LET alulation.angle � (see Fig. 1 and equation (1)) were extrated from the data. Theyare diretly related to eah of the four interferene nuleoni response fun-tions: WTT, WTL, W 0TT and W 0TL. The experimentally extrated responsefuntions are shown in Fig. 2. They are integrated over the full aeptaneof our experimental setup, and shown for two regions of the invariant massof the photon. The preditions of the fully relativisti alulations are alsoshown as solid lines. Within the auray of the data the model preditionsare in general good. These response funtions are sensitive to the di�erentdiagrams inluded in the alulations, and with an aurate dataset one willbe able to disentangle the e�ets of individual diagrams.



Real and Virtual Bremsstrahlung in Few-Body Systems 8093. Proton�deuteron apture proessAnother reation investigated was proton-deuteron sattering. All exithannels were measured. Here I will only disuss the proess pd!3He bothfor real as well as virtual photon apture [12℄. The experimental setup is thesame as in the proton-proton studies. The experiment was performed withan integrated luminosity of 370 � 40 pb�1. We have identi�ed 12000 real-photon apture events and 300 events from the pd !3He+e+e� reation.Only events with invariant mass M > 15 MeV were seleted [7, 8℄.The di�erential ross-setions as funtion of the photon angle are shownfor the real and virtual photon apture in Fig. 3. For the real photon aptureour data are ompared with previously published data from IUCF [13℄ mea-sured at a proton beam energy of 150 MeV, and an experiment performed at

Fig. 3. The real- (top) and virtual-photon (bottom) apture ross setions of thepd !3He+(�) reation as a funtion of �CM . Present data are shown as fulldots. Empty dots, and full and empty diamonds are data from Refs. [5,6℄ and [7℄,respetively. The lines are the results of alulations using a relativisti gauge-invariant model (solid and dotted urves) as disussed in the text. For the virtual-photon ase the data and alulations are integrated for M > 15 MeV.



810 J.C.S. BaelarTSL [14℄ at 176 MeV. Furthermore, the data are ompared to alulationswith a relativisti gauge-invariant model [15℄ (dotted urve) and a reentFaddeev alulation [16℄ (not shown). The latter inludes initial-state in-terations as well as � and � meson exhange urrents expliitly, with themethod outlined in Ref. [17℄. The solid lines are disussed below.In the impulse approximation, radiation from all external legs are in-luded, and a ontat term, onstruted by applying gauge-invariane, isused to aount for other ontributions suh as meson-exhange urrents,et.The disrepany noted for the real-photon apture ross setion is alsoobserved for the virtual-photon apture proess in the angular range70Æ < �CM < 140Æ (see dotted lines in �gure 3).In an attempt at �tting the real-photon ross setions, Ref. [18℄ intro-dues an ad-ho parameter (�) whih enhanes the magneti ontribution.Calulations of this model with � = 1:2 are shown as solid lines in Fig. 3.This value of � is hosen suh that it best �ts the real-photon apture rosssetions at 190 MeV. The large disrepany between theoretial preditionsand experimental data for both the real- and virtual-photon apture rosssetions implies enhaned transverse radiation whih ould be attributed tomagneti ontributions. An example of suh a proess is the virtual exi-tation of the �. This proess is not taken into aount in the theoretialpreditions shown as dotted lines in Fig. 3, and also not in the Faddeevalulations [16℄. 4. Future plans at KVIAt KVI this whole program is going to enter its seond phase, wherebythe Plasti Ball detetor [19℄, originally developed at GSI, is used as a pho-ton/dilepton spetrometer. This detetor has an almost omplete overageof 4� for the eletromagneti radiation, and inreases the e�ieny of theexperiments reported here by a fator of 25. It is highly granular, with atotal of 654 phoswih elements. At KVI this detetor has been modi�ed(see Fig. 4) to operate with a liquid H2 target. Furthermore, modi�ationsare underway to inlude an inner-shell of Cherenkov-detetors whih willprovide a highly seletive trigger for dilepton events. The eletromagnetiresponse funtions of the proton will be studied with a preision suh thatthe e�ets of di�erent diagrams entering in the nuleon�nuleon interationan be disentangled.
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