
The ele
tro-disintegration of few body systems revisitedJ.M. Laget1, 21 CEA-Sa
lay, Servi
e de Physique Nu
l�eaire, F91191 Gif-sur-Yvette, Cedex, Fran
e2 Thomas Je�erson National A

elerator Fa
ility, Newport News, Virginia 23606(Dated: July 21, 2004)Re
ent studies of the ele
tro-disintegration of the few body systems at JLab have revived the�eld. Not only re
oil momentum distributions have been determined in a single shot. But also they
on�rm that the diagrammati
 approa
h, whi
h I developed 25 years ago, is relevant to analyzethem, provided that the Nu
leon-Nu
leon s
attering amplitude, determined in the same energyrange, is used. They provide us with a solid starting point to address the issue of the propagationof exoti
 
omponents of hadrons in nu
lear matterPACS numbers:The primary goal of the study of the (e,e0p) rea
tionon nu
lei was, and still is, the determination of the highmomentum 
omponents of the nu
lear wave fun
tion. Inthe past, the spe
tral fun
tions measured at Sa
lay orAmsterdam su�ered from large 
orre
tions (about a fa
-tor two or more) due to Final State Intera
tions (FSI)and Meson Ex
hange Currents (MEC). A survey of thestate of the art at that time 
an be found in ref. [1℄. The
orresponding experiments were performed at low values(� 0:4 GeV2) of the virtuality Q2 of the ex
hanged pho-ton.When it was de
ided to build CEBAF, a 
ommon be-lief was that in
reasing Q2 was the way to suppress FSIand MEC 
ontributions. This is partly true, sin
e boththe FSI and MEC amplitudes involve a loop integral,whi
h 
onne
ts the nu
lear bound and s
attering statesand whi
h is expe
ted to de
rease when Q2 in
reases asform fa
tors do. But this is partly wrong, sin
e the sin-gular part of the FSI integral does not depend on Q2,besides the trivial momentum dependen
y of the elemen-tary operators. It 
omes from unitarity, and 
orrespondsto the propagation of an on-shell nu
leon. It involveson-shell elementary matrix elements and it is maximumwhen the kinemati
s allows for res
attering on a nu
leonat rest [2℄. In the (e,e0p) 
hannel, this happens in quasi-free kinemati
s, when X = Q2=2m� = 1 (� being theenergy of the virtual photon, and m the nu
leon mass).In turn, this kinemati
s provides us with a way to iso-late NN s
attering (or more generally s
attering betweenhadrons) and opens up an original use of the (e,e0p) rea
-tions [3, 4℄: the study of exoti
 
omponents of the hadronwave fun
tion via 
olor transparen
y or 
olor s
reening,for instan
e.Fig. 1 exhibits these features. It shows the angulardistribution, against the neutron angle �R with the vir-tual photon, of the ratio between the full 
ross se
tionof the D(e,e0p)n rea
tion and the quasi-free 
ontribu-tion, when the momentum PR of the re
oiling neutronis kept 
onstant. FSI (dashed 
urves) are maximumnear �R = 70Æ where X = 1 and on-shell res
atteringis maximized. At low values of the re
oil momentum
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FIG. 1: The ratio between the full 
ross se
tion and the 
on-tribution of the quasi-free s
attering.(PR = 200 MeV/
), on-shell nu
leon res
attering redu
esthe quasi-free 
ontribution, as expe
ted from unitarity (apart of the strength of the quasi-elasti
 
hannel is trans-ferred to inelasti
 ones). At high values of the re
oil mo-mentum (PR = 500 MeV/
) the quasi-free 
ontributionstrongly de
reases as the nu
leon momentum distribu-tion: on-shell res
attering takes over and dominates.Similarly, the �, whi
h is produ
ed on one nu
leon andex
hanges a meson with the se
ond nu
leon in the MECamplitude, 
an also propagate on-shell. The 
orrespond-ing singularity appears at larger re
oil angles and shiftsthe NN res
attering peak (full 
urves). In fa
t other bary-oni
 resonan
es 
an be ex
ited and propagate, wideningthe peak further toward larger angles. But the � is themost prominent part of the nu
leon response fun
tion,and the e�e
ts of the higher mass resonan
es are expe
ted



2to be smaller, ex
ept maybe at higher re
oil momenta.Experiments [5, 6℄ re
ently performed at JLab 
on�rmthis behavior, whi
h was already predi
ted [7℄ and mea-sured [8℄ in the �N res
attering se
tor at lower energy.To be more spe
i�
, the method [2℄ is based on theexpansion of the amplitude in terms of few relevant dia-grams, whi
h are 
omputed in the momentum spa
e, inthe Lab. frame. The kinemati
s as well as the prop-agators are relativisti
 and no angular approximation ismade in the evaluation of the loop integrals. The elemen-tary operators whi
h appear at ea
h vertex have been
alibrated against the 
orresponding 
hannels. Its ap-pli
ation to the D(e,e0p)n 
hannel has been dis
ussed inrefs [9, 10℄ and to the 3He(e,e0p) 
hannels in refs. [11, 12℄.A 
omprehensive summary is given in ref. [13℄ for the4He(e,e0p)T 
hannel.For the sake of the dis
ussion, I reprodu
e the PlaneWave (PW) and FSI amplitudes for the D(e,e0p)n 
hannelTPW =Xmp hm1jJp(q2)jmpih12 mp 12 m2j1MJiU0 (~p2) 1p4�+Xmn hm2jJn(q2)jmnih12 mn 12 m1j1MJiU0 (~p1) 1p4�+D Wave (1)TFSI = X�p�nmlms Z d3~n(2�)3 mEp(p0 �Ep + i�)�(�p j Jp(q2) j ms � �n)(~p1m1~p2m2 j TNN j ~p�p~n�n)+(�p j Jn(q2) j ms � �n)(~p2m2~p1m1 j TNN j ~p�p~n�n)	�(12�n 12(ms � �n) j 1ms)� 1p4�U0(j ~n j)ÆMJmsÆml0+U2(j ~n j)(2ml1ms j 1MJ)Y ml2 (b~n)o(2)where Ep = qm2 + (~k � ~n)2 and p0 = MD + � �pm2 + ~n2. The momenta and magneti
 quantum num-bers of the outgoing proton and neutron are respe
tively~p1, ~p2, m1 and m2, while the magneti
 quantum num-ber of the target deuteron is MJ . The S and D partsof the deuteron wave fun
tion are respe
tively U0 andU2. The relativisti
 expressions of the proton Jp(q2) andneutron Jn(q2) 
urrents are used in both the PW andFSI amplitudes, 
ontrary to [13℄ where their expansionup to and in
luding terms of order 1=m3 was used: thedi�eren
e does not ex
eed a few per 
ent, ex
ept at veryforward or ba
kward re
oil angles. The FSI integral runsover the momentum ~n of the spe
tator nu
leon. Sin
ethe energy is larger than the sum of the masses of thetwo nu
leons, the kno
ked out nu
leon (~p; �p) 
an prop-agate on-shell. Due to the dominan
e of the S-wave partof the wave fun
tion, the 
orresponding singular part ofthe integral is maximum when the s
attering of the ele
-tron on a nu
leon at rest is kinemati
ally possible (see

ref. [2℄ for a full dis
ussion): This happens in the quasi-elasti
 kinemati
s, X = 1. The width of the on-shell peakin Fig. 2 re
e
ts the Fermi distribution of the target nu-
leon, while the o�-shell (prin
ipal) part of the integralvanishes at X = 1.
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FIG. 2: The angular distribution of the on-shell (dot-dashed)and o�-shell (dashed) parts of the ratio of the FSI to the PW
ross se
tions.The physi
al pi
ture is the following. The ele
trons
atters on a proton at rest whi
h propagates on-shelland res
atters on the neutron whi
h is also at rest. Inthe Lab. frame, the soft neutron re
oils at 90Æ with re-spe
t to the fast proton whi
h is emitted in the forwarddire
tion. Two body kinemati
s imposes that the angleof the res
attering peak (dip) moves with the re
oil neu-tron momentum: around 70Æ when pR = 500 MeV/
,80Æ when pR = 200 MeV/
. The same o

urs, in a di�er-ent part of the phase spa
e, when the ele
tron intera
tswith the neutron. In the 
lassi
al Glauber approxima-tion, the nu
leon propagator in Eq. 2 is linearized andre
oil e�e
ts are negle
ted: Therefore the res
atteringpeak stays at 90Æ [14, 15℄. This drawba
k has been 
uredin the Generalized Eikonal Approximation (GEA) [16℄whi
h takes into a

ount higher order re
oil terms in thenu
leon propagator, and negle
ts only terms of the orderp2?=m2. It 
omes as no surprise that GEA predi
ts theFSI peak at the same pla
e as in my diagrammati
 ap-proa
h whi
h takes into a

ount the full kinemati
s fromthe beginning [2, 13℄. While it is valid at forward angles,the 
lassi
al Glauber treatment is simply not 
orre
t foranalyzing the (e,e0p) rea
tions at large angles and largere
oil momentum.Sin
e it involves on shell matrix elements and relies on



3the low momentum 
omponents of the wave fun
tion, theFSI amplitude is founded on solid ground near X = 1,provided the 
orre
t parameterization of the NN ampli-tude is used.In the pre-CEBAF era, the relative kineti
 energy ofthe two outgoing nu
leons (TL = Q2=2m ' 200 MeV)was low enough to rely on the partial wave expansionof the nu
leon-nu
leon s
attering amplitude(TNN ), seefor instan
e [12, 13℄, of whi
h both the on-shell and halfo�-shell parts were solutions of the Lippman-S
hwingerequation with the same potential (Paris) as for the boundstate [17℄. S, P and D waves were retained and the FSIloop integral was done analyti
ally a

ording to ref. [20℄,fully taking into a

ount Fermi motion e�e
ts (unfa
tor-ized 
al
ulation). When this is done, and the momentaexpressed in the rest frame of the neutron-proton system,Eq. 2 
oin
ides with Eq. C.8 of [13℄.
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FIG. 3: The variation of �NN and � with energy.At higher energies (let's say when the relative kineti
energy of the outgoing fragments ex
eeds 500 MeV orso), too many partial waves enter into the game and theirgrowing inelasti
ities prevent us to 
ompute the s
atter-ing amplitude from a potential. It is better to use aglobal parameterization of the NN s
attering amplitude.On general grounds [18, 19℄, it 
an be expanded as followsTNN = �+ i
( ~�1 + ~�2) � ~k? + spin� spin terms (3)where ~k? is the unit ve
tor perpendi
ular to the s
atter-ing plane.Above 500 MeV, the 
entral part � dominates. It isalmost entirely absorptive, and takes the simple form� = �Wp
m2m2 (�+ i) �NN exp[�2 t℄ (4)

In the forward dire
tion its imaginary part is related tothe total 
ross se
tion �NN , while the slope parameter� is related to the angular distribution of NN s
attering.Both 
an be determined from the experiments performedat Los Alamos, Saturne and COSY. Fig. 3 shows thevalues whi
h I use. Below 500 MeV, I have extrapolatedthem in su
h a way the absorptive part of the amplitudevanishes at the pion produ
tion threshold. The ratio �,between the real and imaginary part of the amplitude,is small: I keep it 
onstant (� = �0:2) above 1 GeV,and smoothly extrapolate it down to zero at the pionthreshold.Su
h a parameterization is very 
onvenient to 
omputethe res
attering amplitude. It adds its absorptive part,whi
h dominates at high energy, to its expansion in termsof the real part of phase shifts (of whi
h I use the exper-imental values, above TL = 500 MeV), whi
h dominatesat low energy. However, at high energies, it leads only toan a

urate predi
tion of its singular part (on-shell s
at-tering). Contrary to low energy, there is unfortunately noway to 
onstrain the half-o� shell behavior of the absorp-tive part of the NN s
attering amplitude, and one 
an getonly an estimate of the prin
ipal part of the res
atteringamplitude. It turns out that it vanishes at X=1 (Fig. 2)and it does not dominate at high energy. So, the methodis founded on solid grounds in the quasi-elasti
 kinemat-i
s (X�1). Away, it tells us in whi
h kinemati
s FSI areminimized.
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tionat X=1 and Q2 = 5 GeV2. Dashed line: PW. Dash-dottedline: with FSI. Full line: MEC and � in
luded.The � formation and MEC amplitudes are 
omputeda

ording to eqs C1 and C2 in ref [13℄. I updated them by



4implementing the full relativisti
 expression of the �NNvertex and using the latest Q2 dependen
y of the N ! �ele
tromagneti
 form fa
tor [21℄. Sin
e it falls down morerapidly than the Nu
leon form fa
tor, the � formationamplitude is suppressed at high Q2. Also the unitarysingularity asso
iated with the � propagation is weakerthan in the FSI amplitude sin
e the � pole is distantfrom the energy axis by its half width. Again the �propagates almost on shell in the kinemati
s of Fig. 1,and it is worth to emphasize that the parameters arethose whi
h reprodu
e the NN ! N� 
ross se
tion inthe few GeV range (see e.g. [22℄).Fig. 4 shows the full angular distribution of theD(e,e0p)n rea
tion for Q2 = 5 GeV2, at the top of theunitary peak in Fig.1, X = 1. The � formation term
ontributes little up to pn � 800 MeV/
, but dominatesabove. At the extreme ba
kward proton emission angles(large momentum of the neutron but vanishing momen-tum of the proton) the intera
tion of the ele
tron with theneutron takes over and is modi�ed, as the forward pro-ton peak, by FSI, MEC and � formation term. These�ndings are reprodu
ed by the preliminary analysis ofthe D(e,e0p)n rea
tion [6℄ re
ently re
orded in the fullphase spa
e with CLAS at JLab. We must await its �nalanalysis for a detailed 
omparison.
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FIG. 5: The momentum distribution in the 3He(e,e0p)d rea
-tion at X=1 and Q2 = 1:55 GeV2. Dashed line: PW. Dottedline: with FSI. Dash-dotted line: 2 body MEC and � in-
luded. Full line: 3 body me
hanisms in
luded.So far, only the analysis of the ele
tro-disintegrationof 3He and 4He have been 
ompleted at JLab. Fig. 5shows how well the diagrammati
 method reprodu
es

the 
ross se
tion of the 3He(e,e0p)d rea
tion re
entlymeasured [23, 24℄ with two magneti
 spe
trometers, atQ2 = 1:55 GeV2, in the quasi-free kinemati
s (X=1).The wave fun
tion is the solution [25, 26℄ of the Fad-deev equations for the Paris potential [17℄. The nu
leonsingle s
attering (FSI) and two body MEC amplitudesare implemented as des
ribed in [13℄. Both pp as wellas T = 0 and T = 1 np a
tive pairs are 
onsidered. Atsu
h a high virtuality, the relative kineti
 energy betweenthe outgoing proton and deuteron is TL = 830 MeV,where the NN 
ross se
tion rea
hes its maximum and be-
omes 
at around �NN = 45 mb. Again, FSI redu
esthe quasi-free 
ontribution below 300 MeV/
 and over-whelms it by more than a fa
tor �ve around 500 MeV/
.Above 1 GeV/
, MEC and � produ
tion enhan
e the
ross se
tion, but are unable to reprodu
e the last threeexperimental points around 1 GeV/
. Here, one en-ters into the kinemati
al regime where the deuteron isfast and emitted in the forward dire
tion while the pro-ton is slow and be
omes a spe
tator: this is responsi-ble for the small deuteron kno
kout peak at the extremeright of the �gure. In order to a

ommodate the experi-ment around 1 GeV/
 and above, one needs a me
hanismwhi
h shares the photon momentum between the threenu
leons. Three body meson res
atterings, 
omputed asin ref. [27℄, go in the right dire
tion but fall short. It isvery likely that nu
leon double s
attering will �nish thejob: It provides a way to share the momentum trans-fer in su
h a way that a slow proton re
oils while twofast nu
leons are emitted in the forward dire
tion, with asmall enough relative momentum to re
ombine into thedeuteron. This study remains to be done.In the same experiment, the np 
ontinuum has beenre
orded. Two body short range 
orrelations are the pri-mary sour
e of high momentum 
omponents in the nu-
lear wave fun
tion. They are strongly 
oupled to highenergy states in the 
ontinuum, where they indu
e a peak(dot-dashed line in Fig. 6) 
hara
teristi
 of the disinte-gration of a NN pair at rest in 3He [1℄. The width ofthe peak re
e
ts the Fermi motion of the pair. Again,FSI between the two nu
leons of the pair (dotted line)dominate the 
ross se
tion. The subsequent s
atteringof one of these nu
leons with the spe
tator third nu
leon(dashed line) shifts the peak toward the experiment [28℄,but is not dominant. MEC and � formation (full line)brings down the 
ross se
tion in good agreement with theexperiment. In the 
ontinuum, one measures the transi-tion between a 
orrelated pair in the 3He ground stateand a 
orrelated pair in the 
ontinuum. It turns out thatpn pairs (in T = 0 and T = 1 isospin states) as well aspp pairs 
ontribute by roughly the same amount.Triple 
oin
iden
e studies [29, 30℄ of the rea
tion3He(e,e'NN)N have been 
ompleted in the full phasespa
e with the large a

eptan
e spe
trometer CLAS atJLab. The model reprodu
es also the 
ross se
tion forvarious 
uts in the phase spa
e. I refer to my talk at the
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FIG. 6: The re
oil energy distribution in the 3He(e,e0p)nprea
tion at pm= 622 MeV/
, X=1 and Q2 = 1:55 GeV2.Lisboa 
onferen
e [31℄ for a 
omparison with preliminarydata.Finally, the model gives a good a

ount of the 
rossse
tion of the rea
tion 4He(e,e0p)T, whi
h has been re-
ently determined at JLab: see ref. [33℄ for a 
omparisonwith preliminary data.It is remarkable that the 
ross se
tions of so many
hannels are reprodu
ed with the simple 
hoi
e (eq. 3)of the 
entral part of the nu
leon-nu
leon s
attering am-plitude. While its value at the very forward angle is�xed by unitarity, the slope parameter � has been de-termined by �tting the angular distribution of the unpo-larized nu
leon-nu
leon s
attering 
ross se
tion. It turnsout that this form reprodu
es fairly well the modulusof the 
entral part of the NN amplitude extra
ted formthe SAID data base [34℄ up to four momentum transfer�t = 0:4 GeV2, i.e. pm � p�t = 0:63 GeV/
 in thequasi-elasti
 kinemati
s. However, the SAID ratio � be-tween the real part and the imaginary part of the s
atter-ing amplitude varies from about zero at pm = 0 to aboutone around pm = 200 MeV/
 and ba
k to zero in therange 300 < pm < 700 MeV/
. Thus, the parameteriza-tion 3 is very good in the re
oil momentum range whereFSI dominate. Above, � formation and MEC take over,and the details of the NN amplitude are less important.The full implementation of the a
tual SAID amplitudesposes the problem of their extrapolation in the unphysi-
al region (o�-shell NN s
attering) whi
h is under study.While the spin-orbit and spin-spin terms are taken intoa

ount in the phase shift expansion (low energy) they
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FIG. 7: The ratio of the spin transfer 
oeÆ
ients (top) and theindu
ed proton polarization (bottom) in 4He(e,e0p)T. Dashedlines: PW. Dash-dotted lines: FSI. Dotted lines: 2 body MECand � in
luded. Full lines: 3 body me
hanisms in
luded.have not yet been implemented in the absorptive ampli-tude (high energy). The spin-orbit term has been foundto give small 
ontribution to unpolarized observables inthe (e,e0p) 
hannels [32℄. The present version of themodel predi
ts deviations from PW of the ratio of spintransfer 
oeÆ
ients (as de�ned in Appendix A of [13℄)of a few % in the dire
tion of experimental values [35℄re
ently re
orded at JLab (Fig. 7). The good agreementwith the indu
ed polarization P 0Y gives 
on�den
e on thetreatment of various intera
tion e�e
ts. However, beforedrawing any de�nite 
on
lusion, one has to wait untilthe full implementation of spin dependent terms as wellas the averaging over the experimental a

eptan
e.To summarize, a fair agreement with the re
ent JLabdata has been rea
hed around X = 1, up to re
oil mo-mentum of the order of 1 GeV/
, provided that the NNs
attering amplitude relevant to the same energy rangeas well as realisti
 few body wave fun
tions are used. Theperpendi
ular kinemati
s o�ers a robust starting point tostudy the evolution with Q2 of the re-intera
tion of nu-
leons, but also of hadrons, in view of determining theirstru
ture at short distan
es [3, 4℄. It is not the rightpla
e to determine the high momentum 
omponents ofthe nu
lear wave fun
tion. One has to go away fromthe quasi-elasti
 kinemati
s: as demonstrated in Fig. 1,this o

urs in parallel or anti-parallel kinemati
s, whereon-shell nu
leon res
attering is suppressed.I a
knowledge the warm hospitality of Je�erson Lab-oratory, where this work was 
ompleted, as well as the
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ussions whi
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