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Abstract

Recent studies of the electro-disintegratiothaffew body systems ai_abhave revived the field. Not only recoil momentum
distributions have been determined isiagle shotBut also they confirm that the diagrammatic approachich | developed
25 years ago, is relevant to analyde=m, provided that the nucleon—nucleon scattering amplitude, deterniinggt same
energy rangeis used. They provide usith a solid starting point to addregbeissue ofthe propagation oexoticcomponents

of hadrons in nuclear matter.
0 2005 Elsevier B.VOpen access under CC BY license.

PACS: 24.10.-i; 25.10.+s; 25.30.Dh; 25.30.Fj

The primary goal of thestudyof the (e, ¢’ p) reac-
tion on nuclei was, and still is, the determination of
the high momentuncomponent®f the nuclearwave
function. In the past, thepectral functionsneasured
at Saclay or Amsterdam suffered from large correc-
tions (about dactortwo or more)due to final state in-
teractions (FSI) and mes@xchangeurrentg MEC).

A surveyof thestateof the art at that time can be found
in Ref.[1]. The correspondingxperimentavereper
formed at lowvalues(~ 0.4 Ge\?) of the virtuality
02 of theexchangeghoton.

When itwasdecided tobuild CEBAF, a common
belief was that increasingQ? was the way to sup-
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press FSI and MEC contributions. This is partly true,
since both the FSI and MEC amplitudes involve a
loop integral,which connects the nuclear bound and
scattering states and which éxpectedto decrease
when Q2 increases as fornfactors do. But this is
partly wrong, since the singular part of the FSI inte-
gral does not depend 002, besides the trivial mo-
mentum dependency of the elementary operators. It
comes from unitarity, and corresponds to the propa-
gationof an on-shell nucleon. It involves on-shelt
ementarymatrix elements and it is maximurwhen
the kinematics allowsfor rescattering on a nucleon
at rest[2]. In the (e, ¢'p) channel, this happens in
quasi-freekinematicswhenX = 02/2mv =1 (v be-

ing the energy of theirtual photon, andn the nucleon
mass).
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Fig. 1. The ratio between the full cross section and the contribution
of the quasi-free scattering.

In turn, this kinematics provides us with a way
to isolate NN scattering (or more generally scatter-
ing between hadrons) and opens up an original use of
the (e, ¢’ p) reactiong3,4]: the study of exotic com-
ponents of the hadron wave function via color trans-
parency or color screening, for instance.

Fig. 1 exhibits these features. It shows the angular
distribution, against the neutron angle with the vir-
tual photon, of the ratio between the full cross section
of the D(e, ¢’ p)n reaction and the quasi-free contribu-
tion, when the momenturRy of the recoiling neutron
is kept constant. FSI (dashed curves) are maximum
nearfg = 70° whereX = 1 and on-shell rescattering
is maximized. At low values of the recoil momen-
tum (Pgr = 200 MeV/c), on-shell nucleon rescatter-
ing reduces the quasi-free contribution, as expected
from unitarity (a part of the strength of the quasi-
elastic channel is transferred to inelastic ones). At high
values of the recoil momentumPg = 500 MeV/c)
the quasi-free contribution strongly decreases as the
nucleon momentum distribution: on-shell rescattering
takes over and dominates.

Similarly, theA, which is produced on one nucleon
and exchanges a meson with the second nucleon in
the MEC amplitude, can also propagate on-shell. The
corresponding singularity appears at larger recoil an-
gles and shifts the&/ N rescattering peak (full curves).

In fact other baryonic resonances can be excited and
propagate, widening the peak further toward larger an-
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gles. But theA is the most prominent part of the nu-
cleon response function, and the effects of the higher
mass resonances are expected to be smaller, except
maybe at higher recoil momenta.

Experimentg5,6] recently performed at JLab con-
firm this behavior, which was already predic{étland
measured8] in the 7 N rescattering sector at lower
energy.

To be more specific, the meth{2] is based on the
expansion of the amplitude in terms of few relevant di-
agrams, which are computed in the momentum space,
in the Lab frame. The kinematics as well as the prop-
agators are relativistic and no angular approximation
is made in the evaluation of the loop integrals. The el-
ementary operators which appear at each vertex have
been calibrated against the corresponding channels. Its
application to the D(e,'p)n channel has been dis-
cussed in Refg9,10] and to the’He(e, ¢’ p) channels
in Refs.[11,12] A comprehensive summary is given
in Ref.[13] for the*He(e, ¢’ p) T channel.

For the sake of the discussion, | reproduce the plane
wave (PW) and FSI amplitudes for the D(épon
channel
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v/'m? + n2. The momenta and magnetic quantum num- 4.5

) eD—epn
bers of the outgoing proton and neutron are, respec- 4 Q? = 2.35 GeV?
tively, p1, p2, m1 andm, while the magnetic quantum E =47 GeY

number of the target deuteron ;. The S and D 3.5
parts of the deuteron wave function are respectively
Up and Uz. The relativistic expressions of the proton
J,»(¢?) and neutron/, (¢%) on-shell currents are used T o5
in both the PW and FSI amplitudes, contrary[13]
where their expansion up to and including terms of
order 1/n? was used: the difference does not exceed 15
a few per cent, except at very forward or backward
recoil angles. The conventional dipole expression is

3

Pr = 500 MeV/c
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used for the magnetic form factors of the proton and 0.5
the neutron, while the Galstgr4] parameterization is | | | | |

. 0 11 | | |- | —— | |
used for the_ neutron electric form factor and the latest 20 40 60 80 100 120
JLab experimental valugd5] are used for the pro- 0, (Degrees )

ton electric form factor. The FSl integral runs over the
momentun: of the spectator nucleon. Since the en- Fig. 2. The angular distribution of the on-shell (dot-dashed) and
ergy is larger than the sum of the masses of the two off-shell (dashed) parts of the ratio of the FSI to the PW cross sec-
nucleons, the knocked out nuclegp, »,,) can propa- oS-
gate on-shell. Due to the dominance of fhevave part
of the wave function, the corresponding singular part p%/m?. It comes as no surprise that GEA predicts the
of the integral is maximum when the scattering of the FSI peak at the same place as in my diagrammatic ap-
electron on a nucleon at rest is kinematically possible proach which takes into account the full kinematics
(see Ref[2] for a full discussion): this happens in the ~from the beginning2,13]. While it is valid at forward
quasi-elastic kinematics{ = 1. The width of the on- angles, the classical Glauber treatment is simply not
shell peak inFig. 2 reflects the Fermi distribution of ~ correct for analyzing thée, ¢’ p) reactions at large an-
the target nucleon, while the off-shell (principal) part gles and large recoil momentum.
of the integral vanishes a = 1. Since it involves on shell matrix elements and re-
The physical picture is the following. The elec- lies on the low momentum components of the wave
tron scatters on a proton at rest which propagates function, the FSI amplitude is founded on solid ground
on-shell and rescatters on the neutron which is also nearX = 1, provided the correct parameterization of
at rest. In the Lab frame, the soft neutron recoils at the NN amplitude is used.
90° with respect to the fast proton which is emit- In the pre-CEBAF era, the relative kinetic energy of
ted in the forward direction. Two body kinematics the two outgoing nucleongd{, = Q2/2m ~ 200 MeV)
imposes that the angle of the rescattering peak (dip) was low enough to rely on the partial wave expansion
moves with the recoil neutron momentum: around 70 of the nucleon—nucleon scattering amplitudg, (),
whenpgr =500 MeV/c, 80° whenpr =200 MeV/c. see, for instancd12,13] of which both the on-shell
The same occurs, in a different part of the phase and half off-shell parts were solutions of the Lippman—
space, when the electron interacts with the neutron. Schwinger equation with the same potential (Paris) as
In the classical Glauber approximation, the nucleon for the bound stat§l9]. S, P and D waves were re-
propagator in Eq(2) is linearized and recoil effects tained and the FSI loop integral was done analytically
are neglected: therefore the rescattering peak staysaccording to Ref{21], fully taking into account Fermi
at 90" [16,17] This drawback has been cured in the motion effects (unfactorized calculation). When this
generalized eikonal approximation (GERB] which is done, and the momenta expressed in the rest frame
takes into account higher order recoil terms in the nu- of the neutron—proton system, E@&) coincides with
cleon propagator, and neglects only terms of the order Eq. (C.8) of[13].
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However, this description of th&¥ N scattering am-
plitude is strickly valid below the pion production
threshold {7, ~ 280 MeV). It leads to real phase shifts

and has to be supplemented by an absortive part above éz 30

this threshold.

At higher energies (let us say when the relative
kinetic energy of the outgoing fragments exceeds
500 MeV or so), too many partial waves enter into
the game and their growing inelasticities prevent us to
compute the scattering amplitude from a potential. It
is better to use a global parameterization of tha
scattering amplitude. On general grourid®,22] it
can be expanded as follows

Tyy = o +iy (61 +d2) - k1 + spin-spin terms  (3)

wherek | is the unit vector perpendicular to the scat-
tering plane.

Above 500 MeV, the central past dominates. It is
almost entirely absorptive, and takes the simple form

e @

In the forward direction its imaginary part is related
to the total cross sectiosy, while the slope para-
meter 8 is related to the angular distribution &fN

(e +i)onn exp[ﬁ ]

o= —
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Fig. 3. The variation oy 5 andg with energy.

ergy range: the absorptive part, which dominates at
high energy, and the potential description, which dom-
inates at low energy. However, at high energies, it
leads only to an accurate prediction of its singular part

scattering at forward angles. Both can be determined (on-shell scattering). Contrary to low energy, there is

from the experiments performed at Los Alamos, Sat-
urne and COSYFig. 3shows the values which | use.

| have added the amplitudéto the expansion in
terms of the SPD waves of the Paris potential (which
contribute little abovel; = 500 MeV). In order to
avoid double counting, | have extrapolategly and
B, below 500 MeV in such a way that the absorptive
part of the amplitude vanishes at the pion production
threshold. The values iRig. 3are very close to those
which have been obtained in a similar previous treat-
ment[23]. At high energy, the ratie, between the real
and imaginary part of the amplitude, is small: | keep
it constant ¢ = —0.2) above 1 GeV, and smoothly ex-
trapolate it down to zero at the pion threshdld.

Such a parameterization is very convenient to com-
pute the rescattering amplitude. It links two expres-
sions, which are valid at the two extremes of the en-

1 This extrapolation is given for completeness and to keep con-
tact which traditional treatments at low energy. However, the numer-

unfortunately no way to constrain the half-off shell
behavior of the absorptive part of théN scattering
amplitude, and one can get only an estimate of the
principal part of the rescattering amplitude. It turns
out that it vanishes aX = 1 (Fig. 2) and it does not
dominate at high energy. So, the method is founded on
solid grounds in the quasi-elastic kinematiés~ 1).
Away, it tells us in which kinematics FSI are mini-
mized.

The A formation and MEC amplitudes takes into
account bothr andp exchanges and are computed ac-
cording to Egs. (C.1) and (C.2) in R¢13], with the
same parameters (coupling constants, hadronic form
factors, etc., ...). | only implemented the full rela-
tivistic expression of thec NN vertex, instead of the
Galilean expression in Eq. (C.2) (small effect). Also,
| used the fitF, y o = Faip(Q?)(1 — 0?/9) to the lat-
est values of th&v — A electromagnetic form factor
[24]. Since it falls down more rapidly than the nucleon
dipole form factor §yip), the A formation amplitude

2
ical results presented in this note concern energies above 500 Mev, IS suppressed at hig<. Also the unitary singular-

and are driven by the absorptive part of thié&/ amplitude.

ity associated with then propagation is weaker than
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body mechanisms included.

in the FSI amplitude since tha pole is distant from
the energy axis by its half width. Again th® propa- (X = 1). The wave function is the solutid28,29] of
gates almost on shell in the kinematicsFaf). 1, and the Faddeev equations for the Paris poteifiti@]. The
it is worth to emphasize that the parameters are thosenucleon single scattering (FSI) and two body MEC
which reproduce th& N — N A cross section in the  amplitudes are implemented as describeld 8). Both
few GeV range (see, e.425]). pp aswellasl’ = 0 andT = 1 np active pairs are con-
Fig. 4 shows the full angular distribution of the sidered. At such a high virtuality, the relative kinetic
D(e, ¢’ p)n reaction forQ?2 =5 Ge\?, at the top of the energy between the outgoing proton and deuteron is
unitary peak inFig. 1, X = 1. The A formation term T; =830 MeV, where theV N cross section reaches
contributes little up top,, ~ 800 MeV/¢, but domi- its maximum and becomes flat arousgy = 45 mb.
nates above. At the extreme backward proton emission Again, FSI reduces the quasi-free contribution below
angles (large momentum of the neutron but vanishing 300 MeV/c and overwhelms it by more than a fac-
momentum of the proton) the interaction of the elec- tor five around 500 MeYc. Above 1 GeVe¢, MEC
tron with the neutron takes over and is modified, as the and A production enhance the cross section, but are
forward proton peak, by FSI, MEC and formation unable to reproduce the last three experimental points
term. These findings are reproduced by the prelimi- around 1 GeYc. Here, one enters into the kinemati-
nary analysis of the D(e,'p)n reaction[6] recently cal regime where the deuteron is fast and emitted in
recorded in the full phase space with CLAS at JLab. the forward direction while the proton is slow and be-
We must await its final analysis for a detailed compar- comes a spectator: this is responsible for the small

ison. deuteron knockout peak at the extreme right of the fig-
So far, only the analysis of the electro-disintegration ure. In order to accommodate the experiment around
of 3He and*He have been completed at JL&tg. 5 1 GeV/c and above, one needs a mechanism which

shows how well the diagrammatic method reproduces shares the photon momentum between the three nu-
the cross section of thitHe(e, ¢ p)d reaction recently  cleons. Three body meson rescatterings, computed as
measured26,27] with two magnetic spectrometers, in Ref.[30], go in the right direction but fall short. It
at 02 = 1.55 GeV, in the quasi-free kinematics is very likely that nucleon double scattering will fin-
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ish the job: it provides a way to share the momentum
transfer in such a way that a slow proton recoils while
two fast nucleons are emitted in the forward direction,
with a small enough relative momentum to recombine
into the deuteron. This study remains to be done.

In the same experiment, th@ continuum has been

J.M. Laget / Physics Letters B 609 (2005) 49-56

space with the large acceptance spectrometer CLAS
at JLab. The model reproduces also the cross section
for various cuts in the phase space. | refer to my talk
at the Lisboa conferend®4] for a comparison with
preliminary data.

Finally, the model gives a good account of the cross
section of the reactiofiHe(e, € p)T', which has been
recently determined at JLab: see R&6] for a com-
parison with preliminary data.

It is remarkable that the cross sections of so many
channels are reproduced, in the JLab energy range,
with the simple choice (Eq4)) of the central part of
the nucleon—nucleon scattering amplitude. While its
value at the very forward angle is fixed by unitarity,
the slope parametet has been determined by fitting
the angular distribution of the unpolarized nucleon—
nucleon scattering cross section. It turns out that this
form reproduces fairly well the modulus of the central
part of the NN amplitude extracted form the SAID
data basd37] up to four momentum transferr =
0.4 Ge\, i.e., p ~ /—t = 0.63 GeV/c in the quasi-
elastic kinematics. However, the SAID ratidbetween
the real part and the imaginary part of the scattering
amplitude varies from about zero a}, = 0 to about
one aroundp,, = 200 MeV/c and back to zero in the
range 300< p,, < 700 MeV/c. Thus, the parameteri-
zation(4) is very good in the recoil momentum range

recorded. Two body short range correlations are the where FSI dominate. Above) formation and MEC

primary source of high momentum components in the
nuclear wave function. They are strongly coupled to
high energy states in the continuum, where they in-
duce a peak (dot-dashed linefig. 6) characteristic of
the disintegration of & N pair at rest irfHe [1]. The
width of the peak reflects the Fermi motion of the pair.
Again, FSI between the two nucleons of the pair (dot-

take over, and the details of thé N amplitude are
less important here. In particular, charge exchange
scattering is not fully taken into account by the popu-
lar parameterizatio(¥) of the N N amplitude at high
energy. While its contribution is small at forward an-
gle, it may play a role at larger angles. Only the full
implementation of the actual SAID amplitudes will

ted line) dominate the cross section. The subsequentaddress these issues, but it poses the problem of their

scattering of one of these nucleons with the specta-

tor third nucleon (dashed line) shifts the peak toward
the experimen{31], but is not dominant. MEC and

A formation (full line) brings down the cross section
in good agreement with the experiment. In the contin-

extrapolation in the unphysical region (off-shallv
scattering) which is under study.

While the spin—orbit and spin—spin terms are taken
into account in the phase shift expansion (low energy)
they have not yet been implemented in the absorp-

uum, one measures the transition between a correlatedive amplitude (high energy). The spin—orbit term has

pair in the®He ground state and a correlated pair in
the continuum. It turns out that: pairs (in7 = 0 and
T = 1 isospin states) as well @@ pairs contribute by
roughly the same amount.

Triple coincidence studieg32,33] of the reaction
3He(e, ¢/ NN)N have been completed in the full phase

been found to give small contribution to unpolarized
observables in thée, ¢’ p) channeld35]. The present
version of the model predicts deviations from PW of
the ratio of spin transfer coefficients (as defined in Ap-
pendix A of[13]) of a few % in the direction of exper-
imental value$38] recently recorded at JLaFig. 7).
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The good agreement with the induced polarizaﬁtﬂ‘n

gives confidence on the treatment of various inter-
action effects. However, before drawing any definite
conclusion, one has to wait until the full implementa-
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as the numerous discussions which | had with D. Hig-
inbotham, K. Egiyan and E. Voutier over the past few
years and which have shaped this project.
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