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Abstract

This proposal aims at a quantitative study of the dynamics of Final State Interac-
tions, Meson Exchange Currents and Isobaric Currents in the electro-disintegration of
the deuteron in order to investigate the short range structure of this few body system.
The D(e,e'p)n reaction will be studied by measuring the coincidence cross section for
Q? -values of 1.0, 2.5, and 4.0 (GeV/c)? and recoil momenta values (piss ) between 0.2
and 0.5 GeV/c. A complete angular distribution of the recoiling neutron with respect
to the virtual photon will be obtained for each combination of fixed py;ss and Q2 .



1 Introduction

The understanding of the short-range structure of the bound two-nucleon system - the
deuteron, is of fundamental importance for the advancement of the theory of nuclear matter
at short distances. To probe the short-range properties of the deuteron one has to investigate
configurations where the two nucleons come very close together and are essentially strongly
overlapping. The basic problem is to what extent these configurations can be described in
terms of two nucleons with high initial relative momenta (Fermi momenta). Traditionally
three classes of reactions are used to study the high momentum part of the deuteron wave
function: elastic scattering, inclusive and exclusive electro-disintegration reactions.

Elastic electron-deuteron scattering at large transfered 4-momentum @2, being sensitive
to the high momentum component of the deuteron wave function, probes the integrated
characteristics of the wave function via the deuteron form-factors. The analysis of the recent
experimental data [1] showed that, at presently available energies, it is practically impossible
to discriminate between different theoretical approaches [2] used to calculate the deuteron
elastic form-factor A(Q?). The main problem is the lack of an independent determination of
the deuteron wave function at large nucleon momenta (i.e. short distances).

Inclusive, inelastic (e, €') reactions provide a more direct way of probing high momentum
components of the deuteron especially at high @Q* and in the > 1 regime [3]. In this regime
the measured cross section is sensitive to the longitudinal component of the deuteron momen-
tum distribution with respect to the virtual photon momentum ¢ . However the impossibility
to isolate inelastic (nucleon) contributions (growing with ?) and final state interactions at
large x (see e.g. [4, 5, 6]), preclude a direct access to the deuteron wave function at short
inter-nucleon distances (although the high-momentum component is certainly important in
this kinematics).

The most direct way of studying high nucleon momenta is to investigate the quasi-elastic
electro-disintegration of the deuteron via the D(e,e'p)n reaction at high missing momenta
Pmiss - Within the Plane Wave Impulse Approximation (PWIA) py,ss corresponds to the
initial momentum of the target nucleon before the interaction. Thus the strategy in these
studies is to probe the cross section at p,.;ss values as large as possible. However, depend-
ing on the selected kinematics, these studies can be overwhelmed by inelastic (meson and
A-isobar) channels. This has been confirmed by early experiments at low/intermediate en-
ergies of scattered electrons [7]. Also more recent experiments [8] at slightly higher energies
and momentum transfers found that in the regime of large pp;ss medium/long range (soft)
two-body currents such as meson-exchange currents and isobar contributions significantly
dominate the cross section. In general, to suppress processes due to large inter-nucleon dis-
tances and to enhance contributions of reaction mechanisms which probe the short-distance
structure of the deuteron, the transfered momentum in the reaction should typically be larger
than 1 GeV/e.

This experiment proposes to measure the coincidence cross section for the electro-disinte-
gration of the deuteron

e+d—e+p+n (1)

at four momentum transfers of @* = 1.0, 2.5 and 4.0 (GeV/c)? and missing momenta of



Pmiss = 0.2, 0.4 and 0.5 GeV/c. These measurements will be carried out in quasi-elastic
kinematics for which we use the notations: ¢=(qo,§) for the 4-momentum of the virtual
photon (Q% = ¢* — ), and pg=(my,0) and p;=(E;, ;) for the target deuteron and the
detected nucleon 4-momenta respectively. For each value of Q% and p,,;,s the angle of the
recoiling neutron, with respect to the momentum transfer, will be varied to build a complete
angular distribution of the differential cross section over the full available phase space. As
shown in the following sections, this will provide the necessary experimental information on
the D(e,e'p)n reaction at high Q?, covering both < 1 and x > 1 regions, to allow us to
address the problems of:

e the Final State Interactions (FSI) between knock-out and recoil nucleon,
e the Meson-exchange Currents (MEC) and Isobar Current (IC) contributions,
e and the dynamics of the bound two nucleon system.

The quantitative understanding of these processes is the inescapable preliminary step towards
the study of the Short Range NN Correlations (SRC) in the deuteron and the eventual
manifestation of non-nucleonic/quark-gluon degrees of freedom in this nucleus.

2 Physics Motivations

A comprehensive program of experimental studies of high ? electro-disintegration of the
deuteron will have a significant impact on our understanding of the structure of the NN
interaction at short-distances. Measurements of the D(e,ep)n cross section in a wide range
of missing momenta, recoil nucleon angles, and the virtuality of the exchanged photon will
allow us to eventually disentangle the different processes contributing to this reaction that
are currently discussed in the literature.

2.1 Final State Interactions

Within PWIA, the out-going nucleon does not interact with the residual system after the
interaction with the virtual photon. However in the kinematic region where one expects to
have an enhanced contribution from SRC one may also expect a substantial contribution
from FSI between the knock-out and the spectator nucleon. The main effect introduced
by FSI is that the nucleon momentum (say ppss), carried by the bound nucleon before
the interaction with the electron, is not the same as the one measured in the experiment
Pmiss = Df — ¢. As a result one can not be confident that the condition of large pp;ss ,
automatically guarantees that high momentum components in the ground state wave function
of the deuteron are measured. In all previous D(e,e'p)n experiments at large piss the FSI
were a major contributor to the overall cross section and therefore substantially overshadowed
SRC.

With increasing energies, the situation changes qualitatively. At large angular momenta,
F'SI are dominated by the pn re-scattering and then become strongly anisotropic with respect



to the direction of ¢. The maximal re-scattering happens in directions almost transverse
to ¢ . Consequently, FSI contribute much less for parallel and anti-parallel kinematics and
can be treated there as a correction. However this phenomenon has still to be observed
experimentally for the D(e,e'p)n reaction.
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Figure 1: The angular dependence of R, the ratio of the D(e,e’p)n cross section calculated
including PWIA and FSI terms to the cross section which includes PWIA term only: GEA
(solid line) and according to the conventional Glauber approximation (dashed line).

The dominance of large angular momenta allows to apply eikonal approximations in
calculating FSI. A well known example of the eikonal approximation of FSI is the Glauber
approximation [9]. However the latter was derived for cases where one can neglect the motion
of bound nucleons in the nucleus. For the D(e,e'p)n reaction at large missing momenta, the
eikonal approximation was generalized (GEA) in order to account for finite values of nucleon
momenta [10, 11]. Fig. 1 represents the ratios of the calculated cross sections that include
F'SI to the one within PWIA only. The ratios are shown for different values of recoil momenta
as a function of the angle between the recoiling nucleon and ¢ . The calculations here are
carried out within the conventional Glauber approximation and the generalized Glauber
approximation (GEA). It is shown that while being similar at small values of ppss the
predictions substantially diverge at larger p,.;ss values.

The eikonal approximation is expected to become decreasingly valid for smaller energies.
Indeed, when the center of mass energy of the final pn system decreases, the relative momenta
in the pn system become small and the eikonal approximation should break down to let place
to an intermediate energy regime. However, it is not clear at which (Q2-value the transition
between these two regimes takes place. Data from an experiment on nucleon propagation in
the A(e,e’p)X reaction [12, 13] indicates that this transition happens already at 1 (GeV/c)?%.
However these data are taken for small values of p,;ss < 200 MeV /c and it is quite likely that
this transition depends on py,;ss , especially for the # > 1 kinematics (6,4 < 90° in Fig. 1).
A comparison [10] of calculations carried out within the medium energy approach [14], in
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which the pn final state was calculated by summing all states with angular momenta [ < 7,
and the GEA, indicates that for the case of larger p,,;ss the transition happens already at
Q* ~ 1 (GeV/c)?. This is confirmed by the diagrammatic approach of Laget [15], which deals
with interaction effects (FSI, MEC, IC) without kinematical approximations. The kinematics
is relativistic, and the full angular dependency of the elementary operator is kept in the loop
integrals. Only positive energy components of the wave functions are retained, and are
parametrized by solution of the Lippman-Schwinger equation for the Paris Potential (the
argument of the bound state wave function is the relativistic momentum of the spectator
nucleon). The elementary electromagnetic operator is expanded in power of p/m, up to
and including term in (p/m)? [16]. Instead of the partial expansion of the nucleon-nucleon
scattering amplitude [15, 16], the model is extended to high energy by parameterizing the
scattering amplitude as o< oy exp (bt), with the experimental values of oy and b [17, 18].
Fig. 2 shows that the peak in the FSI occurs at the same place as in the GEA treatment. It is
a straight forward consequence of unitarity, as its maximum occurs when on-shell scattering
is maximized in the FSI loop integral at z = Q*/2mv = 1.
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Figure 2: The angular dependence of the ratio of the D(e,e’p)n cross section calculated within
different approaches to the cross section including PWIA term only: factorized PWIA+FSI
(solid lines) and unfactorized PWIA+4FSI (dashed lines).

Finally, a measurement of the D(e,e'p)n cross section as a function of the angle of the
recoiling nucleon will indicate those regions where FSI can be factorized from the initial
~v*N interaction. These regions are very important for isolating the physics related to the
v*N interaction (EMC type phenomena) from the one related to the physics of the NN
interaction at large Q* > 4 (GeV/c)? (Color Transparency). An advantage of the deuteron
is that unfactorized calculations can be realized in a straightforward way depending upon
certain assumptions on the structure of NV interaction. One such calculation based on the
conventional Glauber approximation [19] has been carried out in Ref. [20]. A quantitative
estimate of the effects of factorization has been performed in the framework of Laget’s
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Figure 3: The ratio between the D(e,e'p)n cross section calculated including FSI and PWIA
for Q> =4 (GeV/c)? and pyiss = 0.4 GeV/ec.

approach. As demonstrated in Fig. 2, they are not important and do not alter significantly
the shape and the magnitude of the rescattering peak. On the other hand, the scattered
proton can be off-shell. Contrary to the on-shell part, this part of the rescattering amplitude
is model dependent, since it depends on the half-off-shell pn scattering amplitude which
is poorly known in the GeV energy range. However, as can be seen in Fig. 2 the off-shell
rescattering contribution does not affect the height of the FSI peak (it vanishes here), while it
slightly broadens its tails. Fig. 3 compares the three different approaches. When off-shell pn
rescattering is allowed, the Laget approach is very similar to the GEA. In the following only
the iron clad on-shell rescattering has been retained in Laget’s approach. The measurements
of the D(e,e’p)n cross section at ppiss > 0.4 GeV/c will be able to provide important new
information about these issues.

This experiment proposes to address these problems by measuring, for several Q? and
recoil angles, a ratio like

o (pm = 0.2,0.4,0.5)
o(pm! = 0.05)

which is the ratio of the cross section at given p,,;ss to the cross section at a small reference
missing momentum for which the PWIA is valid. The study of the 8, , dependence of such
a ratio at fixed Q? will allow to isolate FSI effects and investigate the factorization of the
FSI and the v*N interaction. An important goal of these measurements will be to confirm
the theoretical expectation that FSI are generally suppressed in parallel and anti-parallel
kinematics compared to perpendicular kinematics. The experimental verification of this
prediction is very important since it might open a window to directly probe contributions of
SRC to the nucleons wave function.

R(Qza eprq) =

(2)



2.2 Meson Exchange Currents and Isobar Contributions

Experimental D(e,e'p)n data at low @ demonstrated that with increasing py,;;s MEC and
IC become dominant, making it virtually impossible to extract information on short-range
NN correlations. The calculation of MEC and IC at high Q? is very complicated since the

o 0012

0.01 | Pq
F (200/50)
0.008 F

0.006 ;
0004 [ (400/50)

0.002 [

2 225 25 275 3 325 35 875 .4
x 10 Q? Gev?
@ 05
045 [ e =75°
04 [ Pa
sl (200/50)
03 E
0.25 %
ooig 3 (400/50)
T X2

E. )
0.05 1 1.5 2 25 3 3.5 4
Q? Gev?

Figure 4: * dependence of the ratio R (Eq. 2) for pyss =0.2—0.4 GeV /c and 6, = 20—70°.

virtuality of the exchanged mesons greatly exceeds their masses. However it is possible to
estimate the (Q* -dependence of these contributions based on the analysis of the correspond-
ing Feynman diagrams. Theoretically one expects that the MEC contribution will decrease
with increasing @Q?. Indeed it can be shown that MEC diagrams have an additional ~ 1/Q?
dependence compared to the diagrams where the electron scatters from a nucleon. This
suppression comes from two major factors. Firstly, because at the considered kinematics the
knocked-out nucleon is fast and takes almost the entire momentum of the virtual photon g,
the exchanged meson propagator is proportional to (1+Q?%/m?2,,,.). Secondly, an additional

@Q? dependence comes from the NN — meson form-factor ~ (1 + Q*/A?). Thus the overall
additional dependence as compared to PWIA diagram is [21]

1
(Q2 + m?neson)

1 1
Cuen( @) (G ) 9
where m,,e50n & 0.71 and A? ~ 0.8—1 (GeV/c)? '. Thus one expects that MEC contributions
will be strongly suppressed as soon as Q% > m? ., and A ~ 1 (GeV/c)?. As can be seen
in Fig. 4 the Q? dependence of the ratio R (Eq. 2) including FSI is very weak. This is
confirmed by another estimate performed in Laget’s approach (Fig. 5). At low @Q?, MEC
and IC contribution is not negligible, as the invariant mass of the np system spans the

baryonic resonance regime. Their contribution is clearly suppressed at higher Q2. Note also

'We assume here that different meson-nucleon vertecies have a similar dependence on ? . Assuming the
dipole dependence on Q2 corresponds to neglecting the size of a meson as compared to the size of a baryon
(for large Q* quark counting rules lead to I'nvn(Q?) ~ gs). We also use restrictions on the @ -dependence
of the TNN vertex from measurements of the antiquark distribution in nucleons [22].
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that the MEC seem to be enhanced in the region of 6, , > 90° which is covered by the
proposed experiment. This is the region which is closely connected to the kinematics of
the large angle v + D — pn experiment where the MEC picture seems to break down at
Q? values ~1 (GeV/c)?. In addition, the MEC contribution in the region of maximum FSI
is shown to be small, making the projected measurement of FSI increasingly reliable.
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Figure 5: The angular dependence of R, the ratio of the D(e,e'p)n cross section calculated
within different approaches to the cross section including PWIA term only: PWIA+FSI only
(dashed curves), PWIA+FSI+MEC+HIC (full curves).

Hence getting complementary data sensitive to MEC effects for large momentum trans-
fers is very interesting. One may expect that in the long run such measurements would
permit to discriminate between meson exchange [23] and quark exchange pictures [24] of
large angle emission of nucleon pairs. To estimate the IC contribution, we observe that the
x < 1 and x > 1 regions at the same p,,;ss have different contributions from intermediate A
excitations. In this case the amplitude of the IC contribution is proportional to:

M3% — M?
2q ’

,QZ)D <pmta Pmz — (4)

where p,,; and p,,, are the transverse and longitudinal components of the measured missing

momentum. This equation shows that one can expect more IC contributions in the z < 1
2 ag2

region than in the x > 1 since in that case p,,, — MAQqMN < Pmz- Thus a combined study of

the cross section at constant p,,,;ss but different x regions will be sensitive to IC contributions

in the overall cross section.

2.3 The Dynamics of Deeply Bound Nucleons

Once the contributions due to SRC are isolated, by deconvoluting from FSI+MEC+IC con-
tributions, the fundamental question that remains is the dynamics of the electromagnetic
interaction of deeply bound nucleons in SRC. The investigation of the cross section in near



parallel x < 1 and anti-parallel x > 1 kinematics, where FSI are expected to be a correction,
as discussed above, will yield important information about the structure of vacuum fluctu-
ations. The problem here is that, with increasing missing momentum in nuclei the relative
contribution of vacuum diagrams also increases. By vacuum diagrams one means the process
where the virtual photon splits into a NN pair (Fig. 6). The N is subsequently absorbed by
the nucleus, yielding the same final hadronic state, that the direct knock-out process would
have produced. To solve this known theoretical problem, a number of theoretical prescrip-

U n v n

A NN

Figure 6: Impulse approximation (IA) and vacuum diagrams (NN) diagrams for the electro-
disintegration of the deuteron

tions have been developed [25, 26]. One of the methods is the development of the Light
Cone (LC) dynamics of nuclei, where the contribution of vacuum diagrams are effectively
calculated in the LC reference frame [25]. As a result in this case (similar to the high energy
scattering in QCD) the LC nuclear wave function of the nucleus which emerges [25, 27, 28],
depends on the variables p,,;/p5 = « and p,,;. In the approximation when the deuteron is
described as a two nucleon system there is an unambiguous connection between the LC and
the non-relativistic wave function. In this case the LC wave function essentially depends
only on the invariant mass of the two-nucleon system [25]. If mesonic degrees of freedom
are included in the deuteron wave function, it depends on the two independent variables
«, and pp, and can be explicitly calculated within particular models (see e.g. [29]). The
overall cross section of the D(e,e'p)n reaction is then the convolution of the off-p,, -shell
v*N cross section and the LC deuteron wave function. Another description of the deeply
bound nucleon is the virtual nucleon approximation [30], where the virtuality of the nucleon
has been introduced while in the laboratory frame. In this case the PWIA cross section is
expressed through a non-relativistic deuteron wave function and an off-energy(E,,)-shell v*N
cross section. In the Laget’s approach, an expansion in power of p/m is used, and no LC
correction is made on the argument of the nuclear wave function. Up to Q* ~ 2.5 (GeV/c)?,
this prescription is similar to the popular de Forest’s one but it differs above. Today, there
are many different approaches on how to treat the interaction of an electron with a bound
nucleon at large Q? . A dedicated measurement is mandatory to provide us with a gquide in
this matter. Fig. 7 compares the cross sections calculated with the LC and virtual nucleon
approximations. It shows that for small recoil angles the two approaches predict very sim-
ilar cross sections. This should therefore allow us to directly measure the deuteron wave
function. As an example Fig. 8 shows cross sections calculated using wave functions based
on the Paris and the Bonn potentials. It is very important that these comparisons will be
done at fixed values of Q* which will enable us to isolate the effects related to the modi-
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Figure 8: The D(e,e'p)n cross section for 6, , = 20° calculated within the virtual nucleon
and the light cone approach.

fication of the deeply bound nucleon’s quark-gluon wave function (similar as in EMC-type
effects). The ppiss dependence of the ratio of the D(e,e’p)n cross section in parallel (z > 1)
and anti-parallel (x < 1) kinematics measured at lower and higher values of Q* will test the
form-factor modification of deeply bound nucleons.

3 A Look Into the Future

Upon the quantitative understanding of the role of FSI, MEC, and IC in the electro-disintegra-
tion of the deuteron, one can start to address the important question of quark-gluon degrees
of freedom in the deuteron.

The following projects may be part of a future experimental program, however, the
proposed experiment might allow us first glimpses of these physics issues.
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3.1 Onset of Quark-Gluon Degrees of Freedom

Upon verification of the smallness of FSI in (near) parallel and anti-parallel kinematics, the
measurements of the cross section at larger values of py,ss (up to 700 MeV/c), where one
expects that the two nucleon picture of the nucleon may still be valid, allows to study the
nature of the core of the NN interaction. It is well known that the wave function of the
deuteron diverges substantially in the region where the large repulsion of the NN interaction
becomes important when calculated using different parameterizations of the NN potential.
One of the reasons for this is that the current models do not fit phase-shifts in the region
Tn > 300 MeV were meson production is allowed and which is very important for the
calculation of the deuteron wave function for £k > 0.5 GeV/c.

The high Q? domain and the x > 1 region allow to explore the very large missing
momenta region where we expect that the nucleonic picture of the deuteron will break down.
The onset of quark degrees of freedom will be dominated by quark-interchange mechanisms
in short range interactions. Although it is impossible at this point to predict the absolute
values of such contributions, the scenario for a different number of quark exchanges will
provide different deuteron momentum distributions.

Extending the cross section measurement to the region of high and very high missing mo-
mentum (pss > 700 MeV/c) will allow to reach the region where quark-exchange diagrams
play a dominant role in SRC in the deuteron.

3.2 Quark-Gluon Structure of Deeply Bound Nucleons

Experiments of inclusive Deep Inelastic (DIS) electron scattering from nuclei demonstrated
the modification of the nucleon quark-parton density as compared to that of the free nucleon
(the EMC effect [31]). This effect unambiguously demonstrated that nuclei can not be
described merely as a collection of unmodified nucleons. Moreover the proportionality of the
EMC effect to the nuclear density was an indication that the modification of the quark-parton
structure of nucleons depends on how strong nucleons are bound in a nucleus. Although
the effect is observed in the DIS region, one should expect a similar modification for the
elastic form-factors of bound nucleons. However, inclusive data alone will not allow one
to conclusively check the existence of EMC type phenomena for the elastic form factors.
One problem is that with the increase of 9, inelastic channels dominate the inclusive cross
section and are thus obscuring elastic contributions [6].

One mechanism of the bound nucleon’s form-factor modification is described in the color
screening model [32, 33], where at sufficiently high values of Q? > Q2 (Q3 ~2-3 (GeV/c)?) the
nucleon form-factor becomes sensitive to quark correlations. In this regime the bound nucleon
will have suppressed quark correlations as compared to the free nucleon. The reason of such
a suppression is the color-screening between quark-correlations which tends to minimize the
nuclear binding. In this model the bound nucleon form-factor in the regime of scattering off
a small size configuration is suppressed by a factor f:

_ 1/[1 + kZJNZJg’J)r (5)
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where AE ~ mpy- —mpy ~ 600 MeV and £ is the spectator momentum. This factor strongly
depends on k and hence could be tested in the discussed process. Note here that some
indications of such an effect were found [34] in the z > 1, Q* > 4 (GeV/c)? kinematics for
the SLAC = > 1 data. In parallel and anti-parallel kinematics where FSI are small, one can
search for the possible bound nucleon modifications, by measuring the p,,;ss dependence of
the ratio of two D(e,e'p)n cross sections measured at the same p,, but different values of Q?

(@3 > Qf and QF < Q7).

4 Experimental Program

As a first step into the investigation of the D(e,e’p)n reaction at large values of @* we will
measure the D(e,e'p)n cross section at the following values for @* : 1.0, 2.5 and 4.0 (GeV/c)?.
At each momentum transfer the D(e,e’p)n cross section will be measured for the recoil mo-
menta Ppss = 0.2, 0.4 and 0.5 GeV/c. Keeping the recoil momentum constant, the an-
gle of the recoiling neutron with respect to ¢ will be varied. For p,;ss =0.2 GeV/c and
Pmiss =0.4 GeV/c the recoil angle will be varied between in the domains 20° - 150° and
20° - 110° respectively. This corresponds to a variation in x-Bjorken between typically 0.7
and 1.5. This variation of the neutron angle allows us to study in detail the effect of final
state interactions as has been outlined in the previous sections. Small recoil momentum of
the order of 50 MeV /¢ will be measured as a normalization measurement since at these val-
ues contributions of FSI, MEC and IC are small. This has been confirmed by measurements
at much lower Q? values [8, 12, 35].

As can be seen in Fig. 9 at pnss =0.2 GeV/c, FSI reduce the cross section by approx-
imately a factor of two at a neutron angle around 70° while at p,,;ss =0.4 GeV/c the cross
section is enhanced by a factor of about 2.5 and even larger at higher missing momenta.
It is the goal of this experiment to measure this behavior qualitatively and quantitatively
for various Q% -values. We will measure the cross section in a bin of missing momentum of
+ 20 MeV/c and in a bin of #,, = £5° for the recoil angle (the angle between the recoil-
ing neutron and the momentum transfer) with an expected statistical precision of 5 %. In
the region of the large cross section enhancement, data will be taken in 6,,-steps of 10° .
This should permit us to extract the location and the strength of this structure for various
momentum transfers.

Fig. 10, 11 and 12 show the calculated cross sections with and without FSI effects. The
points with error bars indicate the projected experimental data including statistical errors.
Since no previous experiment has been carried out in these regimes the figures also show
the projected data if PWIA were valid. For both projections the same amount of beam
time has been assumed. It is important to note that at the lowest Q? value of 1.0 (GeV/c)?
the eikonal approach is not expected to be valid for neutron angles below 60° and missing
momenta of 0.2 GeV/c, 0.4 GeV/c, and 0.5 GeV/c, since the proton momenta are still well
below 1 GeV/c in these cases. This limit has been marked with a dashed vertical line on
each relevant graph.

The measurements at p,,;ss =0.5 GeV/c are of a more exploratory nature. The effects
due to FSI in perpendicular kinematics are predicted to be even larger than for 0.4 GeV/c.
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Due to the reduced cross section we will therefore measure those with a statistical precision

5 T T T T T T T 5 T T T T T T

,,,,,,,,,,, pm:O,Z GeVic
——- p,=0.4GeVic
_ pm:0,5 GeVlc

O-RESCAT / 0-PWIA

Figure 9: The ratio between the D(e,e'p)n cross section calculated including FSI and PWIA
for Q* =4 (GeV/c)?. The Calculations are by S. Jeschonnek, J.M. Laget, and M. Sargsian.
The points with error bars indicate the projected experimental data.

of 7.5 %. This will reduce the necessary beam time considerably and still provide an excellent
measurement.

The detailed kinematics can be found in Tab. 1, 2, 3, 4,5, 6,7, 8 and 9. At Q? =4 (GeV/c)?
the hadron and the electron arm will have to be interchanged in order to allow the measure-
ment of the high proton momenta for the large recoil angles. The detector systems however
will not have to be interchanged since both spectrometers have a gas Cherenkov detector.
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0, Ef 0. P, 0,
20 3.95 1391 088 67.21
40 391 13.98 0.94 68.74
60 3.85 14.09 1.02 67.71
70 381 1416 1.07 66.33
80 377 1423 1.12 64.48
90 3.73 1431 1.18 62.25
110 3.64 14.49 129 57.12
130 3.55 1467 14 5175
150 3.48 14.82 148 46.87

Table 1: Kinematics for E;,, = 4.32 GeV/c,Q* =1.0 (GeV/c)?, ppmiss =0.2 GeV/c

6y Er 6. P, 6,
20 3.30 24.19 1.70 48.09
40 3.23 2444 177 4825
60 3.13 24.85 1.89 46.76
70 3.06 25.12 1.96 45.46
80 2.99 2543 2.04 43.86
90 2.91 2577 213 42.02
110 274 2656 231 37.94
130 2.58 27.41 249 33.82
150 2.44 28.16 2.63 30.23

Table 2: Kinematics for Ej,, = 4.32 GeV/c,Q? =2.5 (GeV/¢)?, pmiss =0.2 GeV/c

0., Ef 0. P, 0,
20 3.71 2583 243 39.66
40 3.62 2615 2.53 39.44
60 347 26.70 2.68 37.88
70 3.38 27.07 2.78 36.66
80 3.28 27.49 2.89 35.20
90 3.17 27.98 3.00 33.56
110 2.93 29.11 3.25 29.99
130 270 30.39 350 26.44
150 2.50 3157 3.70 23.40

Table 3: Kinematics for Ej;,. = 5.4 GeV/c, Q? =4.0 (GeV/c)?, pmiss =0.2 GeV/c
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6y Er 6. P, 6,
20 401 13.79 0.68 77.72
40 394 1393 081 80.85
60 3.82 14.15 0.98 77.00
70 374 14.29 1.09 73.16
80 3.65 14.47 1.20 68.45
90 3.55 14.66 1.32 63.16
110 3.33 1516 159 51.81

Table 4: Kinematics for E;,, = 4.32 GeV/c,Q* =1.0 (GeV/c)?, ppmiss =0.4 GeV/c

0y E; 6. P, 0,
20 3.47 2358 1.43 55.99
40 334 24.02 1.57 56.43
60 3.14 24.80 1.81 52.85
70 3.00 25.35 1.96 49.80
80 2.85 26.04 2.13 46.12
90 2.68 26.89 2.32 41.98
110 2.26 29.31 2.76 33.04

Table 5: Kinematics for Ej,, = 4.32 GeV/c,Q* =2.5 (GeV/c)?, pmiss =0.4 GeV /c

0., Ef 0. P, 0,
20 3.96 2497 2.09 4651
40 380 2552 227 46.15
60 352 2652 2.57 42.69
70 334 2725 276 39.96
80 3.12 28.18 2.99 36.72
90 2.88 20.39 3.24 33.11
110 229 33.08 3.86 25.28

Table 6: Kinematics for Ej,. = 5.4 GeV/c, Q% =4.0 (GeV/c)?, pmiss =0.4 GeV /¢

18



6y Er 6. P, 6,
20 4.02 13.79 0.60 82.98
40 3.92 13.96 0.76 86.30
60 3.77 14.24 0.99 79.95
70 3.66 1444 1.13 74.48
80 3.55 14.68 1.28 68.06
90 3.41 14.96 1.44 61.06
110 3.08 1577 1.83 46.48

Table 7: Kinematics for E;,, = 4.32 GeV/c,Q* =1.0 (GeV/c)?, ppmiss =0.5 GeV/c

b, E; 6. P, 0,
20 352 2341 1.32 59.41
40 3.36 2395 1.50 59.91
70 293 25.67 1.99 50.79
90 249 27.91 247 40.44

Table 8: Kinematics for Ej,, = 4.32 GeV/c,Q? =2.5 (GeV/¢)?, pmiss =0.5 GeV/c

0y Ey 0. P, 0,

20 4.04 2471 1.95 49.41
40 3.84 25.37 2.18 48.95
70 3.26 27.57 2.80 40.70
90 2.64 30.69 3.44 31.70

Table 9: Kinematics for Ej;,. = 5.4 GeV/c, Q? =4.0 (GeV/c)?, pmiss =0.5 GeV/c

5 Count-Rates

The coincidence count-rates have been estimated using the Hall-A monte-carlo program
MCEEP [36]. We have used a momentum acceptance of +4.5% and an angular acceptance
of A¢p = +£30 mr and AP = +65 mr. Cuts in the recoil angle, and the missing momentum
have been defined as mentioned above. No cuts have been applied to @ . A 15 cm liquid
deuterium target and a current of 100uA have been assumed, which results in a luminosity
of L = 4.7-10%® cm? - sec™!. The results of these estimates are shown in Tab. 10, 11 and 12.

Singles rates have been estimated using the programs QFS and EPC and have been
averaged over the acceptances. The accidental rates (Tab. 13) in a missing mass range from
-5 MeV to 10 MeV have been estimated using a coincidence time window of 5 ns and a phase
space volume, calculated using MCEEP. For accidental events one can define an effective
cross section as follows:

Oacc — LTUepUee

where 7 is the coincidence time, L is the luminosity and o, and o, are the inclusive proton
and electron cross sections respectively. The accidentals cross section is a six-fold differential
cross section in the electron and proton solid angles and the electron and proton momenta.
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0., Q*=1.0(GeV/c)? Q? =25 (GeV/c)? Q% =4.0 (GeV/c)?
20 3800 740 124
40 4000 840 175
60 6000 960 120
70 4780 870 150
80 5800 670 180
90 11600 830 155
110 12800 1320 200
130 30500 1200 170
150 27000 1070 120

Table 10: Counts per hour and bin for p,,;ss =0.2 GeV/c.

0., Q*=1.0(GeV/c)? Q? =25 (GeV/c)? Q% =4.0 (GeV/c)?
20 360 68 15
40 530 110 24
60 810 200 36
70 1130 280 52
80 2680 190 36
90 3000 150 24
110 3230 96 11

Table 11: Counts per hour and bin for p,,;ss =0.4 GeV/c.

0n, Q% =1.0 (GeV/c)? Q* =25 (GeV/c)? Q? =4.0 (GeV/c)?
20 130 37 9

40 390 86 17

60 1260

70 1330 250 45

80 1150

90 1590 96 15

110 1860

Table 12: Counts per hour and bin for p,,;ss =0.5 GeV/c.
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Piss (GeV/c) 0,y Q=10 Q*=25 Q*=4.0

0.2 40 8 0.01 4-10~*
0.2 70 192 0.2 5.1073
0.2 110 16 0.12 1.1-102
0.4 40 9 41073 3-107°
0.4 70 40 0.4 1.6-1072
0.4 110 30 0.3 4-1072
0.5 40 142 51073
0.5 70 73 0.5
0.5 100 31 0.4

Table 13: Accidental counts per hour and bin estimated using QFS and EPC. The signal to
noise ratio for all settings is above 10 with the exception of pp;ss =0.5 GeV/c and 6,, = 40°
where it is around 3. This setting is quite close to the deuteron threshold and QFS is not

expected to be valid. (all Q* in (GeV/c)?

Proton and electron singles rates are well within the capabilities of the spectrometer de-
tector systems. The resulting signal to noise ratio is generally large and we do not anticipate
any background problems.

The Pion rates are generally well below the singles rates for electron and protons. In
the electron arm, pions will be rejected with the Cherenkov detector. For the majority of
kinematic settings pions in the hadron arm can be rejected using time-of-flight measure-
ments since the momenta involved are below 3.5 GeV/c and the corresponding time-of-flight
difference between pions and protons is > 2.9 ns. Above 3.5 GeV/c an aerogel Cherenkov
detector will be used.

6 Beam Time Request

We plan to measure a total of 63 different kinematical settings. Table 14 shows the summary
of the requested beam time. The beam time on target required to achieve the necessary
statistics includes the following items:

e Time to check the spectrometer pointing.

Time for target changes.

Measurements on the dummy target cell.

Time for field changes.

4 hours for elastic scattering at each values of Q? .
e A factor of 1.3 has been applied to account for radiative losses.

The time allocations for the various items above are from experience gained in the experi-
ments £89-044 and E97-111 when all systems were working smoothly. We have not included
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time for changes of the spectrometer polarity since this depends on the run plan. Also no
efficiency factor for Hall A has been taken into account.

Q? (GeV/c)? Pmiss (GeV/c) Data Taking Overhead Subtotal
1.0 0.2 5.9 21.3 27.2
0.4 7.7 15.9 23.6
0.5 8.1 17.8 25.9
2.5 0.2 5.8 21.3 27.1
0.4 28.6 13.9 42.5
0.5 12.2 8.2 20.4
4.0 0.2 31.3 21.3 52.6
0.4 164.3 13.9 178.2
0.5 60.6 8.2 68.8
Optics Commissioning 16
Target Commissioning 16
TOTAL 498.3

Table 14: Beam Time Overview
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A Relation to Experiment E94-004

The goal of experiment E94-004 is to determine the individual response functions Ry, ,
Ry and Rpp of the D(e,e'p)n reaction in quasi free kinematics (z = 1). One set of mea-
surements aims at determining the Ryz response function for Q? =0.81 (GeV/c)? and for
recoil momenta up to 0.5 GeV/c. A set of data at Q* =2.1 (GeV/c)? will be used to deter-
mine Rp7 for p,ss values of 0.1,0.2 and 0.3 GeV/c. In addition the Q* dependence of the
R;, and the Ry response function at ppss =0 (GeV/c) will be determined.

The proposed experiment differs from this experiment in the following main points:
e We are NOT proposing to determine individual response functions.

e The goal of the proposed experiment is to measure the D(e,e'p)n cross section at con-
stant pmiss and Q? values but at various angles of the recoiling nucleon with respect
to q .

e We want to determine the Q> -dependence of these angular distributions between Q? =
1 (GeV/c)? and Q* =4. (GeV/c)2

e The selection of the p,,;ss values in the proposed experiment has been driven by the
expected rescattering behavior in the np system. It is therefore crucial that these
DPmiss values are measured.

The data expected from experiment E94-004 at Q? =0.8 (GeV/c)? could only provide
one point in the angular distribution at low @Q? for pss =0.2,0.4 and 0.5 GeV/c and at
Q* =2. (GeV/c)? one point in the angular distribution for py,;s =0.2 GeV /c.

B Relation to Experiment E94-102

This experiment studies the d(e, e'p) X reaction, detecting the recoiling proton. The range
in x studied lies between x = 1 and x = 0.2. The focus of this experiment is inelastic
scattering off the neutron. Due to statistical limitations, this experiment does not allow the
fine binning in the relevant kinematical variables as proposed in this experiment. In contrast
the proposed experiment will provide valuable data for the interpretation of the experimental
results of E94-102.

C Relation to Experiment E94-019

This experiment measures the e, e’p reaction on a series of nuclei including the deuteron
using CLAS. The focus of this experiment is to determine the Q% dependence of the nuclear
transparency using rescattering. Due to statistical limitations, this experiment does not
measure angular distributions. The proposed experiment will provide complementary data
which will form a baseline for a clear interpretation of the transparency phenomenon — the
subject of E94-019.
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