
Three-body mehanisms in the 3He(e,e0p) reations at high missing momentumJ.M. Laget1, 21 CEA-Salay, Servie de Physique Nul�eaire, F91191 Gif-sur-Yvette, Cedex, Frane2 Thomas Je�erson National Aelerator Faility, Newport News, Virginia 23606(Dated: Otober 1, 2004)A partiular three-body mehanism is responsible for the missing strength whih has been reportedin 3He(e,e0p) reations at missing momentum above 700 MeV/. It orresponds to the absorption ofthe virtual photon by a nuleon at rest whih subsequently propagates on-shell and emits a mesonwhih is reabsorbed by the pair formed by the two other nuleons. Its amplitude, whih is negligiblein photon indued reations as well as in the eletro-prodution of an on-shell meson, beomesmaximal in the quasi-free kinematis (X = 1). It relates the amplitude of the 3He(e,e0p)D reationto the amplitude of pD elasti sattering at bakward angles.PACS numbers: 24.10.-i, 25.10.+s, 25.30.Dh, 25.30.FjThe reent study at JLab of the 3He(e,e0p) rea-tions [1, 2℄ represents a text book result. One-body,two-body and three-body mehanisms have been disen-tangled in a single experiment. The two-body break-up hannel, Fig. 1, is partiularly illuminating in thisrespet. One-body mehanisms, where the eletron in-terats with a single nuleon and the deuteron is spe-tator (Plane Wave), dominate below missing momen-tum pm ' 300 MeV/ (the momentum of the outgo-ing deuteron). For missing momenta between 300 and700 MeV/, nuleon-nuleon Final State Interations(FSI) and Meson Exhange Currents (MEC) between twonuleons, take over [3℄. However, the reombination ofone of these two ative nuleons with the third nuleon,to form the outgoing deuteron, strongly redues the or-responding ross setion at high pm: Independent eval-uations [3, 4℄ of the ontributions of one and two-bodymehanisms miss by one order of magnitude the exper-iment at pm ' 1 GeV/. Here, three-body mehanismsdominate and restore the agreement with data. The �rstreason is that sequential meson exhanges is the moreeonomial way to share the large momentum transferamong the three nuleons. The seond reason is that theon-shell nuleon singularity maximizes the ontributionof one of these diagrams in the quasi-elasti kinematis(X = Q2=2m� = 1, Q2 and � being respetively the vir-tuality and the energy of the virtual photon, while m isthe mass of the nuleon), for the same reason [3℄ whythe ontribution of nuleon-nuleon resattering is max-imized. The virtual photon is absorbed by a nuleon atrest whih subsequently propagates on-shell before emit-ting a meson whih is reabsorbed by the two other nu-leons. In real photon indued reations [5, 6℄, the or-responding singularity is suppressed by the high momen-tum omponents of the nulear wave funtion sine, forkinematial reasons, the absorption by a nuleon at rest isforbidden. Also, the intermediate nuleon an not be on-shell in the eletro-prodution of an on-shell meson. Theorresponding three nuleon amplitude has been swithedo� [5℄ in my previous evaluation [3℄. This note is devoted

to the proper evaluation of the ontribution of this dia-gram and its on-shell singularity.
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FIG. 1: (Color on line). The momentum distribution in the3He(e,e0p)d reation at Ee = 4:795 MeV, X=1 and Q2 =1:55 GeV2. Dashed line: Plane Wave. Dash-dotted line: 2body FSI, MEC and � prodution inluded. Full line: 3 bodymehanisms inluded. The data are from ref.[1℄.The method [7℄ is based on the expansion of the rea-tion amplitude in terms of few relevant diagrams, whihare omputed in the momentum spae, in the Lab. frame.The kinematis as well as the propagators are relativistiand no angular approximation is made in the evaluationof the loop integrals. The elementary operators whihappear at eah vertex have been alibrated against theorresponding hannels. Its appliation to the 3He(e,e0p)hannels has been disussed in refs. [5, 8, 9℄, and updated



2in refs. [3℄ to the JLab energy range. A omprehensivesummary is given in ref. [10℄ for the 4He(e,e0p)T hannel.For the sake of the disussion, I reprodue the expres-sion of the amplitude of the three-body mehanisms [5℄for the 3He(e,e0p)D reation and the main steps of itsevaluation: T = i Z d3~n(2�)3 Xmn T (3He! npp)� �(12mp 12mnj1m2)UD0 (~n� ~p2=2)p4� + D Wave� (1)where UD0 and UD2 are the S and D omponents of the�nal deuteron wave funtion for the Paris potential [11℄,and where (~n;mn) and (~p;mp) are respetively the mo-menta and magneti quantum numbers of the neutronand the proton whih form the �nal deuteron. The fourmomenta of the inoming photon and the outgoing pro-ton and deuteron are respetively (�;~k), (E1; ~p1) and(E2; ~p2). Only the positive energy part of the nuleonpropagators is retained, and the integral over the energyof the neutron piks the pole in its propagator and putsit on shell.The three-body break-up amplitude T (3He ! npp)orresponds to a two-loop diagram and the integral runsover the the four momenta of the two nuleons whihdo not absorb the photon. Again the energy integrationpiks their poles and put them on-shell. After hangingthe variables of integration we are left with a six fold inte-gration over the relative (~q) and the total (�~p0) momentaof these two nuleons:T (3He! npp) = �p3X� (1�12m0pj12mi)Z d3~p0(2�)3 1p4� �T=00 (~p0)q2� �m2� + i�Tp(~k; ~p0m0p ! ~q�; ~nmn)T�+(np)0( ~q�;�~p0�! ~pmp; ~p1m1) (2)where (~p0;m0p) and (�~p0;�) are respetively the momentaand the magneti quantum numbers of respetively of theproton on whih the pion is photo-produed and the pairwhih absorbs it.The full antisymmetrized three-body wave fun-tion [12℄ is the solution of the Faddeev equation for theParis potential. It is expanded on a basis where two nu-leons ouple to angular momentum L, spin S and isospinT , third nuleon moving with an angular momentum l.A very good approximation [9℄ is to fatorize eah om-ponent into a produt, �TLl = UTL (q)�Tl (p), of two wavefuntions whih desribe respetively the relative motionof the two nuleons inside the pair and the motion of thethird. Sine pion absorption by a T = 1 pair is stronglysuppressed [13, 14℄, only absorption by a T = 0 pair isretained. This prevents the formation of the � in thepion eletro-prodution elementary amplitude, sine the

total isospin of the pD �nal state is T = 1=2. The threerelevant Born terms lead to the three-body graphs whihare depited in Fig. 2.
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cFIG. 2: The three-body graphs. The nuleons whih are puton-shell by the integration over the energies are marked by aross. Dashed lines represent �.In the ontat (a) and the photoeletri (b) graphs,whih were retained in ref. [3, 5℄, the only singularityomes from the pole in the pion propagator. I refer to [5℄for the details of its treatment and of the hoie of the ma-trix elements of the various elementary amplitudes whihenter Eq. 2. The nuleon Born term () exhibits an ad-ditional singularity whih needs a di�erent treatment.After expanding the pion eletro-prodution amplitudeTBp!n�+ and retaining the nuleon Born term, the or-responding part of the three-body break-up amplitudetakes the form:TN(3He! npp) = �32 eg�NNp62m X� (1�12m0pj12mi)GpM (Q2)" (mnj~� � ~q�~� � ~k � ~�jm0p)q2� �m2�T�+(np)0( ~q� ; 0�! ~pmp; ~p1m1)�~p0=0Z d3~p0(2�)3 1p4� �T=00 (~p0)2EN(p0N �EN + i�) (3)where the pion propagator, the pion absorption ampli-tudes and the spin-momentum part of the of nuleonBorn amplitude [15, 16℄ have been fatorized out theintegral whih an be expressed in a ompat analytiform aording to ref [7℄. Besides �+ exhange, �Æ ex-hange ontributes also and the ombination of the twoamplitudes leads to the fator 3=2. The on-shell ando�-shell energies of the intermediate nuleon are respe-tively EN = q(~p0 + ~k)2 +m2 and p0N = � + m3He �q~p02 + 4m2. Eq. 3 displays the Transverse (magneti)part of the urrent. Its Longitudinal (Coulomb) partexhibits a similar form but ontributes weakly to the dif-ferential ross setion at the high virtuality Q2 relevantto this experiment.
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FIG. 3: The angular distribution of the deuteron emittedwith a onstant momentum pm = 1 GeV/ in the 3He(e,e0p)dreation when Q2 = 1:55 GeV2 and Ee = 4:795 GeV. Dash-dotted line: without nuleon Born term () in the three-bodyamplitude. Dashed line: prinipal part of the nuleon Bornterm inluded. Full line: singular and prinipal part of thenuleon Born term inluded. The datum is from ref.[1℄.As in the NN sattering amplitude [3℄, the singular(on-shell) part of the integral exhibits a sharp maximum,while its prinipal (o�-shell) part stritly vanishes, in thequasi-elasti kinematis at X = 1 (Fig. 3). Here, thevirtual photon is absorbed by a proton at rest in 3Hewhih propagates on-shell before emitting a (o�-shell)pion whih is reabsorbed by the pair, formed by the twoother nuleons, also at rest in 3He. This justi�es the fa-torization of the elementary matrix elements, as well asthe pion propagator, in eq. 3 and their evaluation assum-ing that the ative nuleon and the spetator deuteronare at rest in 3He. This is an aurate and parameter freeway to evaluate the nine-fold integral (eq. 1) sine it relieson the low-momentum omponent of the 3He wave fun-tion and on-shell elementary matrix element whih havebeen alibrated independently against the orrespondingreations. For instane, eqs. 1, 2 and 3 relate the two-body disintegration of 3He to bakward pD elasti sat-tering. From studies performed at Saturne and Dubna,it is dominated by the exhange of an interating �Npair (see e.g. ref [17℄). Away from X = 1, the nine-fold integral must be evaluated ompletely, but the three-body amplitude is not dominant and ontributes at thesame level as others: one enters into the land of uner-tainties (o�-shell extrapolations, high-momentum om-ponents, et. . . ) whih I avoid in this note.

Not only the magnitude of the three-body, as well asof the two-body, amplitudes are well under ontrol inthe quasi elasti kinematis, but also the sharing of themomentum transfer between the three nuleon is respon-sible for the attening of the ross setion at high missingmomenta in Fig. 1. The rise at the highest missing mo-mentum reets the inreasing probability of forming afast deuteron with two fast nuleons: this is only pos-sible beause their momentum mismath is strongly re-dued in the three-body mehanisms, ontrary to one-and two-body mehanisms (where one nuleon at leastis almost spetator). The experimental on�rmation ofthe high missing momentum part of the distribution ishighly desirable. This an be best ahieved by detetingthe fast deuteron in oinidene with the eletron (theLorentz boost fouses more deuterons than protons inthe detetor). A preliminary results [18℄ on�rms thepredition at pm ' 1.20 GeV/, and on�rms the trendof the (e,e0p) data. A new experiment may use a thirdlarge aeptane magneti spetrometer [19℄ in Hall A atJLab. One may also dig into the data already availableat CLAS [20℄ in Hall B at JLab, if the statistis per-mits. Also, the determination of the angular distribution(Fig. 3) of the fast deuteron at onstant missing momen-tum pm � 1 GeV/ will map out the harateristi rapidvariation of the three-boby amplitude against X .The virtual photon may also ouple diretly to two a-tive nuleons whih propagate before reinterating withthe third. However, suh a mehanism is suppressed bythe eletromagneti form-fator of the pair, whih fallsdown faster than the nuleon form fator when the vir-tuality Q2 inreases. Also, at X = 1, the kinematis pre-vents the proton to be emitted at rest and onsequentlythe photon interats with a moving pair. A measure ofthese two e�ets is the strong redution of the small bak-ward peak (highest pm) with respet to the forward peak(pm = 0) in the Plane Wave urve of Fig. 1. On theontrary, the orresponding ontributions are maximizedat X = 2 sine the proton an be emitted at rest. Theirexperimental study remains to be done at high Q2.Turning to the ontinuum, Fig. 4 shows typial miss-ing energy (the internal energy Em of the undeteted pnpair) spetra at high reoil momentum (the total momen-tum pm of the pn pair) in the 3He(e,e0p)pn reation [2℄.At pm = 600 MeV/ and below, the peak in the ontin-uum emphasizes two nuleon mehanisms [3, 21℄: Its toporresponds to the kinematis of the disintegration of apair of nuleons at rest, while its width reets the Fermimotion of the spetator nuleon. Again, on-shell nuleon-nuleon resattering dominates in the quasi-free kinemat-is (X=1) ahieved in this experiment. At higher miss-ing momentum, this two-nuleon peak appears on top ofa broad ontinuum, whih is dominated by the nuleonBorn part (Fig. 2) of three-body mehanisms. It hasbeen implemented aording to eq. 3 in the ontinuumthree-body amplitude [22℄: besides the two other Born
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