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Search for Color Coherent Effects via the Observation
of Double Scattering Events in CLAS

Summary

We propose to investigate Color Coherent effects at intermediate values of Q2(~
few (GeV/c)?) using a new method of measurement. The idea is to measure the Q2
dependence of the final state interactions of recoiling protons in quasi-elastic electron
scattering from light nuclei. This method is complementary to the usual measurement of
the event rate without final state interactions. Calculations show that significant color
transparency effects could occur for this rescattering phenomenon at energies initially
available at CEBAF. The price to pay is the effort needed to detect more than one hadron
in the final state. Such processes have small cross sections, so the use of large acceptance
(47) detectors like CLAS is necessary.

Introduction

Ogne of interesting directions to investigate QCD is to study the interface between
perturbative (short distance) and non-perturbative (large distance) QCD instead of the
study of the reasonably well understood purely perturbative regime. The most popular
reaction, where the relative role of perturbative and non-perturbative contributions has
been actively discussed for a long time, is elastic electron-nucleon scattering. Both the
proponents and opponents of the idea that perturbative QCD effects are dominant have
presented interesting arguments. Another approach to understand this region is to examine
models of the nucleon to determine those that allow a small size configuration or a point-
like configuration (PLC) to develop at not too large @*. (The PLC is a precursor of the
dominance of pQCD.) The result is that realistic quark models of a nucleon which contain a
Coulomb type interaction at smell interquark distances and Skyrmion models both allow a
PLC to form at a momentum transfer as small as 1-2 (GeV/c)? (see analysis made in [1,2]).
The opposite behavior is expected in mean-field quark-models of the nucleon, and in chiral
Lagrangian models where a nucleon is considered as a structureless particle surrounded by
a meson cloud.

Thus, the pressing problem now is to find experimental evidence that helps to distin-
guish between these two classes of models. The ideas of pQCD lead to the suggestion [3,4]
that the A-dependence of quasi-exclusive processes

I(R)+ A-1lh)+p+(A4-1) (1)

could be used to determine the configurations that dominate in hard two-body reactions.
The notion was to explore the color screening phenomenon in QCD - the decrease of
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the interaction with a decrease of the transverse area, S, occupied by the color charge:
o ~ S for § < wr}. For the interaction of a small-sized object, the color screening
effect would allow its escape from the nucleus without further interactions. Hence, the
cross section of reaction (1) would be proportional to A. This is the Color Transparency
(CT) phenomenon. The prediction of a spectacular change of A-dependence of the cross
section of reaction (1) has led to a number of further theoretical analyses [5-9] and to first
attempts to observe the phenomenon using the BNL proton beam [10] and several ongoing
experimental investigations at SLAC [11] and BNL [12].

The practical problem which emerges in looking for this phenomenon is that the
PLC expand rapidly (even if they are selected at the interaction point) to the size of a
normal hadron while propagating through the nucleus. This is because the PLCs are not
eigenstates of the QCD Hamiltonian. This expansion (quantum diffusion) of the wave
packet dominates up to rather large Q% because of the relatively small Lorentz factor of
the struck nucleon [5]. The expansion length L can be estimated as follows [5]:

L(fm) ~ 2 (2)

where §m? characterizes the differences of mass squared that appear in the nucleon exci-
tation spectrum. The realistic range of §m? is between m2 and X (a'=0.9 GeV~? is the
slope of the nucleon Regge trajectory). Thus Eq. (2) can be rewritten as

L(fm) ~ lo(fm) - (pn(GeV/e), Iy =0.35 +0.55fm (2

In the following estimates, we will adopt the more optimistic value of I = 0.5fm.
Choosing Iy in the lower end of the range would correspond to rescaling Q* by approx-
imately a factor of 1.5, say Q% = 4(GeV/c)? to Q? = 6(GeV/c)?. Since in reaction (1)
PN = /Q% + (Q?/2m)? the change of A.ss/A in this process is expected to be rather
small up to Q* ~ 10(GeV/c)?. Therefore, to establish CT in reactions like A(e, e'p), very
large values of @? are necessary. This expectation is consistent with the recent data from
the SLAC experiment NE18 [11] which do not observe a change of A.s;/A at their cur-
rent level of accuracy (~ 20%) up to Q2 ~ 7(GeV/c)?. There are further uncertainties in
the interpretation of the A(e,e'p) experiments due to the role of off-energy-shell effects in
nucleon form factors.

We propose to investigate Color Coherent effects at intermediate Q%(~ few
(GeV/c)?) using a new method of measurement. The idea is to measure the Q? dependence
of the number of final state interaction events (instead of non-interacting events) of the
outgoing protons in reaction (1). Our calculations show that, for this reaction, the (rela-
tive) Color Transparency effects are enhanced to a measurable value at Q2 < 4(GeV/c)?
using the lightest nuclei. Due to the small cross sections and the need for detecting more
than one hadron in the final state of the reaction (1), the use of large acceptance (4w)
detectors is necessary. These problems may be solved using the CLAS detector.
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2. Physics Motivation

2.1. The Idea

To observe CT at intermediate values of Q? it is necessary to suppress the effects of
wave packet expansion. This can be achieved by using the lightest nuclear targets, where
distances are small. Then, color coherent effects manifest themselves as a decrease of the
probability for final state interactions with increasing Q2. The classical method to cbserve
this phenomenon is the measurement of the number of the non-interacting recoiling protons
in reaction (1) (Fig. 1a) as a function of Q3.

>A-1

a) | -]

Fig. 1

Experiments of this type are technically feasible, but the effect to be measured is
small, especielly at Q? < 4 — 5(GeV/¢)3. For illustration, the Q? dependence of the ratio

R= et (3)

for “*He and **C is displayed in Fig. 2a and 3a. (For the 12C nucleus, similar results have
been obtained by others [6,8,9,13]). The solid histogram represents results without color
transparency effects (Glauber approach). One can see that the effect to be measured is no
larger than 10% at Q? = 4(GeV/¢)? growing to only 30% at 10 {GeV/c)?. Therefore, the
effect will be difficult to measure at a beam energy of 4 - 6 GeV, and to distinguish the
CT effect from off-shell-effects in the elementary amplitudes.

We propose a different way to detect the final state interaction in (1), suggested in
[14], in which the expected effect is enhanced. Instead of looking for events where no
secondary interaction has occurred (Fig. 1a), one can look for events where the struck
nucleon interacts with the residual nucleus (Fig. 1b). In the first case, we seek an effect
that increases asymptotically by no more than a factor ~ 1.5, while in the second case
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we may observe an effect of the cross section decreasing from some finite value to zero in
asymptotia, i.e. for an effect which is changing by a large factor.

One can expect a significant effect at finite values of Q2 if the expansion length L
becomes comparable to the nuclear size. For instance, at Q2 = 4(GeV/c)? (accessible with
a8 4 GeV energy beam), L ~ 1.5 fm (see eq. (2)), which is comparable to the radius of
the “He nucleus (1.7 fm), while at Q% = 6(GeV/c)? (feasible for the 6 GeV beam energy),
L & 2 fm which is close to the radius of the '2C nucleus (2.2 fm). Thus, the suggested
regime can be achieved using the lightest targets at Q? < 4+6(GeV/c)?. This is illustrated
in Fig. 2b and 3b [15], where the Q? dependences of the quantity

1-R

are presented, (1-R) is proportional to the fraction of interactions where the struck protons
scatter off the residual (A-1) nucleus.

One can see that CT effects are larger for (1-R) than for R (for 4He, by a factor ~ 2
at Q% ~ 4(GeV/c)?, and by a factor ~ 1.5 at Q2 > 6(GeV/c)?).

A further increase of the CT effect can be achieved [15] by measuring events involving
both interacting and non-interacting recoil final state protons, i.e. by the investigation of
both reactions:

e+ A—e+pr+A-1 (4)

e+A—»e'+p}+p,+A—2 (5)

In (4) and (5) py, P}y and p, represents non-interacting recoil, elastically scattered and
secondary protons, respectively. In this case, the ratio

1-R

& (€
can be obtained. This quantity is evidently more sensitive to the Color Transparency effect.
In addition, uncertainties in the off-energy-shell eN amplitudes cancel out to a large extent
in this ratio. The same is true for the suppression of point-like configurations in bound
nucleons which significantly changes the @Q3-dependence of R [16]. This is illustrated in
Fig. 2c and 3c. One can see that in this case, the CT effects increase, e.g. for ‘He, by
a factor of ~ 3 (relative to the R-dependence) at Q? ~ 4(GeV/ c)? and by factor ~ 2 at
Q? > 6(GeV/c)? (the corresponding deviations from the Glauber predictions are 40% and
65%).

Thus, Color Coherent effects increase to measurable values in the momentum transfer
region around 4(GeV/c)?. The effect can be studied by measuring the flux of the (fi-
nal state) interacting and non-interacting protons, produced in the quasi-elastic electron
scattering. These measurements can be carried out even at the first stage of CEBAF
beam energy (4 GeV). The price to be paid is the necessary measurement of a small total
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cross section (due to the small probability of rescattering in the lightest nuclei) which also
decreases with increasing Q2. The experimental problems can be solved using 4x-type
detectors, in particular the CLAS detector at CEBAF.

2.2. Measurement Method

It is difficult to measure the total proton-nucleon cross section for all interaction
channels, e.g. the excitation of the (A-1) system, the production of neutral particles,
and the production of a meson and nucleon resonances. A more practical approach is to
study some selected reaction channels. This does not lead to a reduction of the Color
Transparency effect, since one could study Color Transparency for any of the channels.

It is reasonable to start by considering the elastic channel of recoil proton interaction
with individual nucleons in the A-1 nucleus. To obtain the ratio (6) for this channel, one
may relate the elastic to the total cross section for non-zero momentum transfer ¢ in a
manner consistent with the optical theorem:

a'el(t, l, Qz) = 139-!]-:(;’—;.—3—) . 3“ . G:}V(t . a"é}gl(’t)qz)/a’tot) (7)

Here o.(2,1, Q’) is the cross section of elastic scattering for the PLC at momentum transfer
t, at distance ! from the point where the photon was absorbed, &, is the proton-nucleon
total cross section, b is the slope of the elastic NN amplitude, Gn(t) is the Sachs form
factor, and Gn(t) ~ W. We fixed o.(t,!,Q?) using the optical theorem, and the
difference between elastic scattering in PLC and in an average configuration was taken into
account, based on the observation that do(*+N—A+N) /gt ~ @2(1). G (4) at intermediate
energies (the last factor in Eq. (7)). In (7) 0u0:(l, @) is the effective total cross section of
the interaction of the expanding PLC at the distance [ from the interaction point. It can
be estimated as [5]

Tiol, @) = [0(@) + (0ot = 51es( @) - TIL =D+ e - 01 = L) (8)

The cross section at the interaction point, o(Q?) =~ &40 - g—i, where we take Q2 =
1(GeV/c)?. The calculated results are not sensitive to Q2 for Q? 3> Q2, since in this case
uncertainties of the expansion parameters are dominant.

If we select the kinematics such that || <« 0.71(GeV/c)?, it is easy to see that for

[ < L the cross section o is suppressed much stronger than o¢,¢. Therefore, the effect of

CT for
Net

Ng

should be significantly larger than for
N tot

Ng
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This is illustrated in Fig. 4 (*He) and Fig. 5 (12C) via the Q? dependence of the
quantities R, = %:I‘- (48,5a) and Zg = %’.;l (4b,5b). Calculations were carried out for
| > 0.1(GeV/c)2.

Ratios of computed cross sections are displayed in Fig. 6 and 7. The cross sections
obtained with CT effects are divided by those obtained from the conventional Clauber
approach. In each case, the ratio drops significantly if Q2 > 2GeV2.

We also present results for the reaction

e+ He — ¢ + PH(NE) + pr(400MeV/c) + n. (10)

Here the kinematics are chosen such that the final fast proton or N* is produced
quasi-elastically and that the recoil proton has a momentum p, = 400M eV/e. At this
fairly large momentum value, the recoiling proton is almost certainly produced as a result
of a final state interaction.

The conventional theoretical approach is to compute the matrix element of T2GJ,,
where the photon is absorbed on nucleon 1 (with the operator J1) leading to the nucleon
propagating to the position of the second nucleon where the final state interaction takes
place.

In color transparency physics, the absorption of the photon leads to the formation of
a PLC which propagates to a second nucleon and interacts. The PLC is a wave packet
which can, if so desired, be described as a coherent sum of baryonic states. In the present
evaluation, the model of Ref. [16] has been used. The PLC are described as a coherent
sum of three states: the nucleon N, a low mass baryon resonance N *, and a “resonance” of
higher mass N**, The latter term is meant to provide a representation of the continuum.
In this model, the final state interaction is a baryon-nucleon interaction represented by
a three-by-three matrix. Thus, one can compute processes involving the quasi-elastic
production of resonances (N*, N**) as well as protons.

The results are shown in Figs. 8 and 9. The difference between the figures is that two
different sets of resonance masses have been used: 1.4 GeV and 1.8 GeV in Fig. 8, and
1.7 GeV and 3 GeV in Fig 9. In each case, the ratio of cross sections ocT/CGlauber drops
rapidly as Q? increases. (We denote the conventional cross section as ?Glauber”, but use

the exact propagator (not the eikonal approximation) to describe the propagation of the
PLC.)

Thus, Color Transparency phenomena can be investigated already at relatively small
momentum transfer (< 4+-6GeV?) in the quasi-elastic electron scattering process with light
nuclei via the direct detection of the (finel state) non-interacting and elasticelly scattered
recoil protons.

Note that there are interesting problems left for future discussion. For example, other
channels of the recoil proton interaction, e.g. the A-production channel that has a larger
partial cross section than the elastic channel. Another aspect which requires further study
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is the contribution of the nucleon-nucleon correlations in final state interactions [9]. We
will return to these problems in the future development of this propossl.

3. Kinematics
We propose to study the reactions (4) and (5):

-in the quasi-elastic scattering region,
-in the Q? =1 + 4(GeV/c)? interval,
-at 4 GeV beam energy,

-with the CLAS detector.

In Fig. 10, we show the variation of the main kinematical parameters of scattered
electrons and recoil protons (py).

For more detailed information, as well as for including the effects of Fermi motion,
a Monte-Carlo calculation was carried out. Since the Q? = 4(GeV/¢)? point is most
important, we consider the results obtained for this case, only.

In Fig. 11, the angular distributions (with respect to the direction of the virtual
photon) of the recoil protons before (py) and after (Py) secondary elastic scattering under
different conditions are displayed for Q% = 4 + 1(GeV/ ¢)?. For both processes - electron
quasi-elastic scattering (0.76 < W? < 0.92GeV?) and secondary elastic scattering of the
recoil proton - the same Fermi momentum distribution (with pp = 0.16GeV/c) for the
*He nucleus was used. One can see an angular spread (mainly due to the Fermi motion) of
~5 +3° which is almost the same for both non-interacting and elastically scattered protons.
In Fig. 11d, the distribution of the protons from inelastic electron-nucleus interaction is
displayed. One can see that contribution from this process in the quasi-elastic region does
not exceed 1%.

In Fig. 12, the same angular distributions are given for the elastically scattered (r%)
and secondary recoil (p,) protons, with and without cuts in the momentum of the secondary
recoil proton. Setting an upper limit of p, < 0.55GeV/c eliminates the contribution
from the inelastic proton-nucleon interaction (Ef + m — E} < my). The lower limit
Pr 2 0.3GeV/c is necessary to eliminate evaporation protons. These cuts do not change
the shape of the angular distribution of the scattered protons. There is a small suppression
of secondary recoil protons at large angles. Note that the contribution from nucleon pair
correlations (which is the main background process) is expected to be small due to the
small Fermi momenta considered (p; < 0.16GeV/c). For the further suppression of this
contribution the angular region 6,4 < 90° can be used. Thus, the kinematic region for the
secondary recoil protons is defined: 1026, < 90° and 0.3 < p, < 0.55GeV/e.

To obtain the momentum region of the elastically scattered protons, the dependences
of the Monte-Carlo generated events on the quantity p; — ¢ are displayed in Fig. 13.

In Fig. 14, the same momentum spectra are given with the cuts to the momentum p,
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mentioned above. This shows that the momentum interval for scattered protons is about
150 MeV/c wide (namely, the interval (g — 0.1) < ps(p}) < (¢+0.05)GeV/c).

The intervals for the kinematic parameters of the reactions (4) and (5) are now com-
pletely defined:

15° < B < 43°, 1.5< E. < 4GeV
0, —5° <850 <6, +5° (g-0.1)<ps <(g+0.05)GeV/e (10)

10° < 0, < 90°, 0.3 < p, < 0.55GeV/c

In Fig. 15, the kinematic conditions discussed above are illustrated. In the "forward”
cone of the proton arm both the non-scattered or the elastically (once) scattered pro-
tons have to be detected, whereas the secondary recoil protons will be recorded in the
"backward” comne.

4. The Counting Rate

For counting rate estimates, experimental data for the quasi-elastic 12C (e, ¢'p) reaction
obtained at Yerevan {17] can be used. In Fig. 18, the E.s spectra at E, = 2.0GeV and
Q? = 0.25(GeV/c)? are presented. The solid curve shows theoretical calculations [18]in the
Light Cone approximation. According to these data, the cross section at the quasi-elastic
peak is ~ 6 - 1073%m?/sr . GeV /nucleus = 1-10"3%m?/sr - GeV /proton.

Since in the proposed experiment the counting rate rate limitation occurs at Q? =
4(GeV/e), the counting rate must be determined for this Q2 point. To obtain the corre-
sponding cross section we use the dipole form-factor to describe the Q? dependence:

do N_I_‘]_:,_' cos?0 /2 (11)
d0,dEs Q' [+ @/0.11)¢

According to Eq.(11), d?¢(@* = 4) = 0.7-107% . &?0(Q? = 0.25), since E.,(Q? =
0.25) = 1.84GeV, 0,(Q* = 0.25) = 15% E.(Q? = 4) = 1.88GeV, 8,,(Q* = 4) = 43°.
Therefore,

d?o 2
————(Q* =4) = 0.7.1073% /sr . GeV/prot
a5, @ =9 /st - GeV/proton
For the bin sizes AE, = 0.2GeV, Af, = 2°, and A¢des = 27 which correspond
to Afder & 0.15s7, AQ? ~ 0.6(GeV/c)? (at Q? = 4(GeV/c)? and 8, = 43°), and at a
luminosity of L = 1034/cm2sec [19],



Ne’elp! ~ 7.2/’101!.1‘ (12)

The corresponding counting rate for three-particle coincidence events is

N¢1¢'PJP1- 2 0.1/hour

The reduction (by a factor ~ 30) of the rate Ne,e'p,p, With respect to N, .ip ; is due
to:

Niot = {5 -Ng; N, = 3 Nws Ngi=1-Ng, Npp(10° < 6,4 <90°, 0.3<p, <
0.55GeV/c) ~ % - N5, (see Fig. 11 and 12), and due to the 50% acceptance of the CLAS

5
at Q?= 4 GeV (see below).

4. Acceptance

The topology of double-scattering events is shown in the single event display in Fig. 17.
The proton from the initial electron scattering is emitted with high energy into the forward
cone. The second proton is of lower energy but is detected with high efficiency since it
scatters through larger angles. The CLAS geometry is well suited for the detection of this
event topology, as shown in Fig. 18. The uniform acceptance for double-scattering events
is shown as a function of Q% and momentum transfer t. At the highest Q2, where the rates
are low, the efficiency reaches 50%.

5. Beamn Time Request

To accumulate 50 events at Q2 = 4(GeV/c)? (+£15% statistical error bars) 2 run time
of 300 hours of beam time is required. A 60 hour run under similar conditions has already
been approved previously (Multi-hadron Working Group proposals PR-89-015, -017, -027,
-031, -032 and -036), so this request is for an additional 240 hours. In Fig. 19, we show
the expected experimental results due to Color Transparency in a * He nucleus which can
be obtained during this running time.
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Fig.15 Kinematics of the reaction (5). In the "forward” cone the nonscattersd and/or
(once) elastically scattered protons have to be detected, as in the "backward” cone the
secondary recoil protons will be registered.
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Fig.16 Experimental data [17] of the quasielastic (e,e'py) measurements at the E, =
2.0GeV,@? = 0.25(GeV/c)?. Solid line represent the theoretical calculations [18] in the
Light Cone approximation. measured simultaneously.
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