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ABSTRACT

We propose to measure the Q?-dependence of the electroproduction of mesons
in the reaction ep — e'pM*. This measurement permits s determination of the Q2-
dependence of the transition form-factors for mesons (ywM* vertex). Two-quark
systems are easier to celculate than three-quark system and therefore the meson
transition form-factors, which are very sensitive to the meson structure, allow to
test various quark models. For example, in the framework of non-relativistic model,
the form-factors provide constraints for the g7 wave functions. To separate the
contribution of the One Pion Exchange mechanism, a comparative analysis of the
production of the resonances with I=0 and with I=1 is proposed. At electron
energies up to 3 GeV, one can investigate the 35 states of the ¢g system (p and w
mesons). The measurement of the pw mixing in the #*x~ decay channel permits a
determination of the fundamental value of the mass difference of light quarks. Due
to its high statistical accuracy, the ep — e'prtr~ reaction can be used to analyze
the angular correlations in the #*x~ decay of p meson. This measurement of the
p polarization permits a determination of the spin-flip amplitude in the diffractive
vector meson electroproduction. At energies up to 4 GeV it is possible to investigate
the transition form-factors for ! Py, 3P, 3Py, 3Py, and 235; states of the ¢7 system
which are all known to exist. Future upgrades of the CEBAF accelerator (energy
up to 6 GeV) will allow to study *D;,3Dq, ¥D;, and ! D; states of the g7 system,
half of which have not yet been discovered. The combination of the high quality
CEBAF beam and the large acceptance of the CLAS detector makes it possible to

measure the Q%-dependence of the transition form-factors up to 2 GeV? at 4 GeV
and up to 4 GeV? at 6 GeV.



1. Introduction

The non-relativistic quark model with QCD-inspired improvements successfully
describes the properties of the known mesons {1]. For the description of the meson
mass spectrum the One Gluon Exchange Potential is used. The potential is shown
in Fig.1. At short distances it is similar to the Coulomb potential, and at long
distances the potential is defined by the color string energy. The masses of heavy
quark mesons are only sensitive to the "Coulomb like” part of the potential while
the masses of light quark mesons are sensitive to the "confinement” part of the
potential. The higher the radial excitation of the meson, the larger the radius of
quark-quark interaction. In the framework of this potential model, predictions can
be made for the Q%-dependence of Fy_, p+ transition form-factors for different radial
excitations of mesons. According to the Cabibbo-Radicati sum rule for mesons [2],
the form-factors for p, w, and ¢ mesons decrease with Q?, and the form-factors of
P-, 25-, and D-wave mesons increase in such a way that the sum of the form-factors

is independent of Q2. As a result of this behavior heavy resonance production
dominates at large Q2.

Table 1. Light Quark Mesons

Meson| JPC| I=0{ m,MeV| ', MeV} I=1| m,MeV] I',MeV] 35 | m,MeV| I',MeV]
1159 | 0—+ 5475 | 1.2 | = | 137. n'| 975.3| 0.2
138 [1—— 782. | 84 | p | 768.1| 151.5| 4| 1019.| 4.4
1'Py j1+-| hy| 1170.| 360. | by | 1232.| 155. | Y| 1380.| 80.
13P, |0+t fo| 974.1 | 47. | a0 | 982.7| 57. | fi| 1400.| 270.
13P; | 1++| f| 1282.| 24. | ay| 1260.| 400. | fi| 1426.| s6.

E I3

13p, |2t fa| 1275.| 185. | a2 1318.| 110. | f4| 1525.| 7s.
235 |17~ w'| 1394.] 229. | p'| 1465.| 310. | &'| 1680. | 150.
11D, | 2t w3 | 1670.| 250.

13D; | 17| wi| 1594.] 100. | py| 1700.| 235.

13D; |27

13Ds | 3°~| wy| 1668.] 166. | ps| 1691.| 215. | 5| 1854.| 87.

The diagrams relevant for the production of light quark mesons are shown in
Fig.2. The experiment is aimed at the investigation of the yw M* vertex (Fig.2a).
The first cut for the isolation of this process is —t < M? (M is the mass of the
produced meson). At large —¢, heavy meson exchange and N* formation in the
s-channel diagrams (Fig.2c,d) dominate. The contribution of these diagrams, which
are difficult to separate, to the reaction amplitude can be expressed by a dual
diagram Fig.2e. Note that there exists an already approved CLAS proposal 91-024
aimed at the search for "Missing” Resonances in the Electroproduction of Omega
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Mesons. This experiment will analyze events in the kinematical region where these
dual diagrams dominate.

To study the transition form-factors Fy_,pr+ as a function of Q2 it is necessary
to separate the diffractive from the One Pion Exchange (OPE) contributions. It
is necessary only for 151(1~~) and 3D;(17 ) states for which a diffractive contri-
bution is possible. In the first case, the p(768)(I = 1) and w(782)(I = 0) mesons
and in the second case the p(1700)(I = 1) and w(1594)(I = 0) mesons should be
analyzed. The dominant decay modes for these mesons are nw modes: mt#n— for
the p-meson, #*7~x° for the w-meson, 4 for the p(1700)-meson and +x—x° and
227~ 7° modes for the w(1594)-meson. It should be noted that it is not necessary
to detect four mesons in case of the 5-pion decay of w(1594)-meson because #*+r—x°
mesons are a product of the w-meson decay, and the w-meson can be detected by
determining the missing mass in the ep — e'prt o~ (w) reaction.

In Appendix A it is shown that the diffractive contribution to the production
of isovector mesons is nine times larger than the diffractive contribution to the
production of isoscalar mesons. In contrast, the OPE contribution to the production
of isovector mesons is nine times less than the OPE contribution to the production of
isoscalar mesons. It is known experimentally that the contributions of the diffraction
and the OPE mechanism are comparable for isoscalar mesons and hence one can
neglect the OPE contribution for isovector meson production. As a result the OPE
contribution in the kinematical region, where OPE and diffraction dominate, may
be estimated as ¢OPE = 51=0 _ %crf =1, This method can be used to subtract the
diffractive contribution for isoscalar/isovector meson production.

The Q? range, which is interesting for the transition form factors, can be esti-
mated in the framework of the naive quark model. If the initial ¢ state is considered
to be two quark state with the quark masses y; = .33GeV/c?, and in the final state
one quark acquires an energy E, (Fig.3a) then the squared mass of the final state
meson can be calculated as M? = (py;, + Pafin)? = 2;1.: + 2uqE, and the trans-
ferred momentum as —Q? = (P2fin — P2in)? = 2;1.3 — 2pqE,. Then one can find
that @2 = M? — 0.4 and, in accordance with this estimate, the P-wave mesons
(M = 1.27GeV/c?) should dominate at Q2 = 1.2GeV?, and the D-wave mesons
(M = 1.68GeV/c?) should dominate at Q* = 2.4GeV 2.

The Q? dependence can be estimated more precisely using the oscillator poten-
tial model for mesons. In this case the dual sum of the cross sections of the elec-
troproduction of different mesons can be considered as an interaction with only one
quark of ¢7 pair (Fig.3a). According to the Cabibbo-Redicati sum rule for mesons
the sum of meson production cross sections TdoM /dQ? equals the sum over the
quarks in the meson Zeldo}/dQ?. If one normalizes the meson production cross sec-
tion to the sum of quark cross sections then the Q%-dependence for S-wave mesons is
expected to decrease exponentially with Q2: (das/sz/Eefda'g/sz) = czp(ui%;),
where 8=0.3 GeV is the parameter of the oscillator potential. For P-wave mesons
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2
the transition form-factor is proportional to -s%.;ea:p(——i%-,), and for D-wave mesons

it is proportional to (%,)zea:p(—‘%;). Since the sum of all these terms should be
equal to unit, the coeflicients of the proportionality can be easily found as an ex-
pansion of the exponent. The resulting Q?dependence of the transition form-factors
is illustrated in Fig.3b. The estimated Q? regions where different radial excitations
of meson dominate agree with the estimates of the naive quark model.

The kinematics of meson production is considered in Appendix B. The electron
acceptance of the CLAS detector for the beam energies 2, 3, 4, and 6 GeV is shown
in Fig.4 for the full field of the toroidal magnet (dashed lines). With the magnetic
field reduced by a factor two the Q2 threshold is reduced by the same factor. In
the same figure one can see the thresholds for the production of S-, P-, and D-wave
mesons (solid lines, the kinematical regions of the reaction are to the right of these
lines). One can see that the CLAS acceptance covers the kinematical region where
P- and D-resonances are expected to be dominant. The diagrams of the intermediate
N* production mechanism and heavy meson exchange (Fig.2¢,d) dominate at large
—t. The —t = M? kinematical boundary (dotted line in Fig.4) can be considered
as an additional constraint for the kinematical region of the reaction.

The comparison of the kinematical restrictions and the detector acceptance
shows that, at electron energies less then 3 GeV, it is possible to investigate 35,
states of ¢ system (p, w - see Tab.1) only, at energies up to 4 GeV it becomes
possible to investigate ! Py, 3By, 3P, 3P;, and 235, states all of which are presently
known. A future upgrade of the CEBAF accelerator (up to the energy 6 GeV)

will allow to study 3Dy, 3D, 3Dj, and 1Dy states half of which have not yet been
discovered (Tab.1).

2. Existing Data

There are a number of papers describing the investigation of photo- and elec-
troproduction of mesons: (S-states} p and w mesons production [3-17], (P-states)
a,b and h mesons production [18-19], and (D-states) p' and w' mesons production
in [20-28]. In the recent work of Condo et al. (chanpnels yp — nxtxtx~ and
yp — prtatr—w—) an interesting g7 state m(1775)1~(?~*) has been found. This
finding requires confirmation.

For the photo- and electroproduction of p and w mesons, the only existing model
was developed by H.Fraas [31]. The diffractive production was parametrized in [30];
later, an accurate consideration of the phase shift analysis was done in [32]. This
model was used for data analysis in most experiments that measured the cross
sections of photo- or electroproduction of mesons. Later, the form-factors Fyy and

F, for NwN an 7w vertices respectively were introduced [7]. Details of the model
are described in Appendix C.
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The diffractive part of the model has been tested in [16] where exclusive p°
production has been investigated in deep inelastic muon-proton scattering. The Q?-
dependence of the reaction is shown in Fig.5. In (16] the old version of the model {30]
was used for the analysis. The solid line in the figure corresponds to the prediction
of the model. The dashed line corresponds to the transverse part of the cross
section only. The comparison of the experimental data with the model calculations
shows that the longitudinal part of the cross section is less than predicted by the
model. The description of the same data with the new version of the model [31,7]
is shown in the same figure. The calculated curve (dotted line in Fig.5) comes close
to the experimental data, but the cross section without longitudinal contribution
(dash-dotted line in Fig.5) still describes the data much better, especially for large
Q2.

The analysis of the p meson polarization shows that, at large Q?, the p meson
becomes longitudinal (cos?(8)-like angular distribution of the secondary pions -
Fig.6a). In Fig.6b, the Q? dependence of the p polarization is shown. At present

this anomalous effect (high spin-flip amplitude in p-meson electroproduction at large
Q%) is not explained.

In the decay channel M* — x*x~, the pw mixing can be studied. In Fig.7
the effect of pw mixing is demonstrated [33]. Experiments on the pw mixing de-
mand high statistics, therefore most experiments have been carried out in inclusive
M* production on nuclei [33,34].For the analysis of the pw mixing the p meson

propagator m has to be replaced by the mixing propagator
1 I

M2 —mg+i1"mp + M? —mﬁ,+i1‘mw.

The result of the description by the mixing propagator is shown in Fig.7. The fit to
the data corresponds to the parameters { = 0.01 and x = 100°. These parameters
are significant for determining the mass difference of light quarks [35]. Only a small
part of the pw mixing is due to the w — v — p transition while the bulk of the effect
is caused by the mass difference between u and d quarks. As was shown in [35], the

pw mixing in photoproduction is one of the clearest ways to determine the quark
mass difference.

3. Proposed Experiment

3.1 Isolation of Meson Resonances

We propose to detect all charged final state particles in meson production re-
action (Tab.2). One residual neutral hadron can be reconstructed using a missing
mass distribution. When a final state baryon is reconstructed as a missing mass
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(1a,2b,3a,4b,58,6¢,7a - Tab.2) it is possible to separate M*N* production from M*N
reactions. This information can be used to estimate the background when one of
the pions of N* decay is interpreted as a product of the M* decay.

Table 2. Reactions under investigation.

1. ep =+ e'ntn~(p)/e'mtp(r) /e p(xt)
fo(mm — 78%), fa(mwm — 85%), fo(xx — 93%), pa(rm — 24%)
p(mr — 100%), w(mrm —~ 2%), p1(71 — seen)

2. ep = vt p(7, 7%, n)/ ettt (n)
w(ntr~x® — 80%), n(xtr~ 70 — 24%), n(rtx—y — 5%),n'(xt 77 — 44%)
p(rtx"y — 30%), d(pr — 13%), p(rt 70 — 2.4%), h1(pr — seen)
bi{(rtx"n ~ seen), a1 (pm — 100%), fi(v+m~n ~ 13%), az(p7 — 70%)
wy(pm — seen),ws(pm — seen), ma(far® — 56%), w2 (pr — 31%)

3. ep o 2 2x(p)/ e 2nt rp(7 ) /e' 2wt p(7t)
fa(2m+2m— — 3%), fi(4m — 38%), p1 (41 — 100%), pa{ 4 — 24%)

4. ep — '2nt 2 p(x%, 1) /e'3x 2 (n)

az{wrm — 11%), wi(wrr — seen),ws(wrr — seen)

5. ep o e KYK~(p)/e' K*p(K~)/e K~ p(KT)
fo(KK — 22%),a0( KK — seen), (KK — 49%), ¢3(K K — seen)
fUKEK — %), f5( KK —T1%), ¢ (KK — seen),aa( KK — 5%), p3( KK — 2%)

6. ep — e’K+K‘p(1r°/e’K+1r‘p(K°)/e'K+K‘“1r+(n)]
[I{KKn — 12%), fi{ K Kx — 100%), p3( K K7 — 4%)

7. ep — e KYK—ntn~(p)/e' KT K ~ntp(nT)/en~nt KEp(KF)
(2K 2m — 4%), ' (2K 27 — dominant), (2K 27 — seen)

A typical example for the missing mass technique [5] is presented in Fig.8.
In Fig.8a, it is shown how 7°’s can be identified. The distribution in missing mass
squared for E,=2.8 GeV is similar to the expected distribution of the events detected
by CLAS, but the resolution of the CLAS detector is expected to be an order of
magnitude better (aﬁ%fg = 0.0025GeV? instead of aﬁ'ﬁf;'ﬂ‘*c = 0.025GeV?). In
Fig.8b, one can see the identification of the w meson. In the CLAS experiment
it will be possible to achieve a statistical accuracy which is an order of magnitude
higher than the previous experiments [5]. In addition the effective w mass resolution

of the CLAS detector is expected to be four times better (6145 = 4MeV instead
of oLBL-SLAC — 17MeV).
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In [36] it was shown that coherent photoproduction of vector mesons on deu-
terium can proceed only via I=0 exchange; this can help to separate heavy reso-
nances with large decay multiplicity from light meson production together with the
baryon resonance production. So the meson production in the reaction ed — e'dM*
may be necessary to isolate the heavy vector mesons. On the other hand, the
investigation of the ed — e'ppM* reaction gives information about negative me-
son production. This is significant for the direct measurements of the transition
form factor for p mesons because, in the neutral channel, the dominating diffractive
contribution has to be subtracted.

3.2. Experimental Procedure for the Vector Meson Production

The proposed experiment will use the CEBAF Large Acceptance Spectrometer
to measure meson electroproduction from proton and deuteron targets. The main
goal of the experiment is to measure differential cross sections for the production of
qq states as a function of Q2. The high efficiency of the CLAS detector will allow to
identify mesons not only by the missing mass in the ep — ¢'pX reaction but also via
the analysis of the angular distributions of the decay products. This is necessary
for the investigation of the meson decay angle correlations.

The data acquisition system should be triggered by the detection of the scat-
tered electron, thus giving an unbiased data sample for the hadronic final state. A
typical w electroproduction event at 4 GeV is sown in Fig.9. The ¢ distribution
of the secondary particles is shown in the small hexagonal graph and two triples
of the combined sectors are shown as a middle plane projections. The first con-
straint for the efficiency is the electron acceptance of the detector. We estimated
it roughly when we considered the kinematical region under investigation. The ef-
ficiency distribution in the kinematical regions is shown in Fig.10-15. In Fig.10 the
acceptance for a 2 GeV energy beam (half field) is shown. Events were accepted in
the histogram shown in Fig.10a under the following conditions:

(1) the electron was detected by all 6 drift chambers, by TOF scintillator counters,
by Cherenkov counters and by the electromagnetic calorimeter,

(#3) at least 3 more hadrons have been detected,

(#4i) the positive hadron is detected by all 6 drift chambers and by TOF scintillator
counters,

(tv) the negative pion is detected by all 6 drift chambers,

(v) the neutral pion is accepted if both gammas are detected by the electromag-
netic calorimeter.

A special group of events are those that have 4 detected particles in the final
state including a neutral pion. For this type of event the angular resolution for the
37 decay in the w C.M.S. is worse than for where all charged particles are detected
because the angular and momentum resolutions for n° is worse than for charged

8
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Fig.10. CLAS efficiency for w electroproduction at E=2 GeV (half field)

N N~ O~

J—y

0.8 .

1.4 gg 1.4 09
(a) Efficiency for 5 and 4 (inctuding e) (b) Efficiency for e + ©° + 2 hadrons



particles. Therefore, this part of the acceptance is shown separately in Fig.10b.
One can see that for a 2 GeV energy beam one third of the detected events will
include a detected #°. The efficiency for a beam energy 2 GeV and for the same
conditions have been calculated for the full field (Fig.11). One can see that for the
full field the efficiency is lower by a factor of two. Therefore half of magnetic field
should be used at 2 GeV. For a 3 GeV energy beam the efficiency for full and half

magnetic field is approximately the same(Fig.12). In this case because of the better
resolution the full field is preferable.

For a 4 GeV energy beam events with detected 7% correspond to 2/3 of the total
efficiency (Fig.13) because the w energy meson increases and angular decay cone of
the #° becomes narrower. In Fig.13a the efficiency for 4 detected particles including
7~ is shown. Because of the small acceptance for 7~ this efficiency is approximately
equal to the efficiency for all 5 detected particles including #° (Fig.14b). For a 6
GeV energy beam the efficiency is even slightly higher then for 4 GeV (Fig.15), but
the percentage of events with detected 7° is approximately the same.

3.3. Cross Section Calculation

For the description of the cross section, we fixed the diffractive part without a
longitudinal contribution and added the one-pion exchange contribution to describe
w production. The description of the Q? dependence of the e ratio is shown in

[4
Fig.16. The constant 1/9 corresponds to the contribution of the diffractive mech-
anism to the w electroproduction. One can see that, at the present level of the
experimental accuracy, the description is rather good. Hence, as the p meson pro-

duction is described by the model (Fig.5), the simulation of the w production must
be reliable too.

The experimental data of [4] and [5] for the w photoproduction are shown in
Fig.17. One can see that the model describes the experimental data except for low
photon energies (E,=1.6 GeV, W=2.17 GeV) and large momenta transferred to
proton(—t > m2). One possible explanation of the enhancement is the production
of an wN resonance with a mass around 2 GeV.

The situation is more complicated for electroproduction. The cross section for
a w-meson electroproduction was measured in one experiment, only [7]. The ¢ de-
pendence is shown in Fig.18. The curve in the figure demonstrates the calculations
in the framework of the model described above. For low W, an additional contribu-
tion at large —t (—¢ > m?) is clearly seen. It would be interesting to check if this
additional contribution will disappear at large W (as for the photoproduction), or

it may be determined by the dual diagram (Fig.2e) and hence depends only slightly
on W,



Fig.11. CLAS efficiency for w electroproduction at E=2 GeV (full field)
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Fig.12. CLAS efficiency for w electroproduction ¢t E=3 GeV
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Fig.13. CLAS efficiency for w electroproduction at E=4 GeV (full fielg)
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Fig.14. CLAS efficiency for w electroproduction at £=4 GeV (full field)
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Fig.15. CLAS efficiency for w electroproduction at E=6 GeV (full fieid)
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4. Expected results

4.1. Monte Carlo Simulation of w Electroproduction

For the simulation of the meson production events the model described in Ap-
pendix C has been used. Figures 19-21 show v-, t- and Q? dependences for different
primary electron energies (2, 3, 4, and 6 GeV). The transferred energy dependence
is shown in Fig.19. The black points correspond to diffractive production, empty
triangles to the longitudinal part of the OPE production, and empty squares to
the transverse part of the OPE production. The number of events in each bin
corresponds to 300 hours of beam time at a luminosity of 10*cm~2sec—1 and an
efficiency of 10%. In the figure one can see that, at low primary electron ener-
gies, the OPE mechanism dominates and can be easily separated. A large primary
electron energies, diffraction dominates at least at high transferred energies.

In Fig.20 the t-dependence of the event rate calculated in the framework of
the Fraas model is shown. It is clear that, at large momenta transferred to the
proton, the OPE mechanism dominates. On the other hand, at large transferred
momenta the s-channel resonances can contribute to the cross section of the reaction.
Fortunately, the contribution of exotic resonances, which could decay to w meson
and nucleon, is expected to be large at low energies, only.

In Fig.21 the Q*-dependence of the event rate is shown. One can see that the
shape of the Q? dependence is similar for the diffraction and OPE mechanisms. This
is a model prediction that has never been checked experimentally. But it permits
to estimate of the accuracy of the expected experimental data which are necessary
for the calculation of the transition form factors. For the comparison, exponential
transition form-factors of the naive quark model (curvesin Fig.21) have been used in
the simulation instead of the Wolf [37] transition form-factors. These approximate
the known experimental data and have have been used in the framework of Fraas
model. One can see that at Q* <1 GeV, where the naive quark model is verified, the
differences between the form-factors are small. At large Q?, relativistic corrections
to the nave quark model should be taken into account [38]

4.2. An anomalous Longitudinal Polarization in p Electroproduction

In the CEBAF Q? region it is possible to measure more than half of anomalous
effect of the longitudinal polarization in p electroproduction (Fig.6). High angular
resolution and high rate of p-meson electroproduction permit to measure the Q2
dependence of p-meson polarization with high accuracy. Polarized hydrogen target
and polarized electron beam could give additional information about the anomalous
spin-flip amplitude in diffractive p-meson electroproduction.
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Table 1. Light Quark Mesons

Meson{ Mean efficiency |2 GeV |3 GeV {4 GeV |6 GeV
w 10% 90 130 90 40
p 20% 140 310 300 200

4.3. Measurement of the pw Mixing Effect

At a beam energy of 4 GeV the number of events in the 7+ 7~ mass distribution
presented in Fig.7 can be collected by CLAS during 100 hours of beam time. So in
the CLAS experiment, it is possible to investigate not only the pw mixing but its

Q?-dependence too. Large acceptance of CLAS permits to have uniform statistical
errors for all region of the #t 7~ effective mass.

5. Future Developments

The main future development of the experiment is associated with the investi-
gation of high radial excitations of ¢§ system. The future upgrade of the CEBAF
accelerator (6 GeV energy beam) will open the possibility to study the D-states
of gg system, half of which have not yet been discovered. The perspective of this
investigation will be made clear after the first measurements at 4 GeV which should
give information about P- and 2s-states of ¢ system.

The other direction of the development is an investigation of the electropro-
duction of vector mesons on nuclear targets. Because of the high efficiency for the
detection of #0 it is possible to detect not only p mesons via their 7%, w~ decay mode
but w mesons by 7+, 7, %% decay mode, too. The vector meson electroproduction
permits an analysis of pionic degrees of freedom in nuclei, secondary interactions of

w mesons with nuclei (wN resonances), and effect of color transparency for meson
states,

Finally, for the complete analysis of Q?-dependence of the meson electroproduc-
tion & number of Q?=0 (tagged photons) measurements may be needed.

6. Count Rate Estimates and Run Time Request
The following assumptions were used in estimating the w and p count rate due
to resonance formation:
(i) Luminosity: L = 1034 em—2sec™!,

(#7) CLAS average efficiency for the detection of e'pr*tx~ final state particles =
0.1

(#it) CLAS average efficiency for the detection of three charged particles in the
final state (p meson) = 0.2.
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Appendix A Observables and Response Func-
tions

The kinematics for pion electroproduction are illustrated in Fig. 17. The angle
between the leptonic scattering plane (containing the initial and final electron 3-
vectors) and the hadronic reaction plane (containing the 3-momentum transfer q
and the final nucleon 3-momentum py,) is denoted by ¢y = ¢, ~ 180°. The angles
between the 3-momentum transfer and the laboratory momenta of final nucleon
momentum and the pion are denoted by &y and 8,, respectively. Note that for
én = 0° and Oy > 0°, the nucleon recoils at a more forward angle than the 3-
momentum transfer. The hadronic center of momentum frame is defined by the
condition q* + py, = py, +p; = 0. The response functions can be considered
functions of the invariant quantities

Qz = —q2 = —(k,' - ]cf)z = Qk,'kf sin2(03/2)

W =5 = /(¢ +p%) = /(o +75,)7 = E; + Ey,

and the c. m. recoil nucleon angle 8} = 180° — 4.
The recqil polarization is usually measured with respect to the helicity frame
defined by the basis vectors

PN
Ip¥|
q° X i
qQ* x i]
x 1.

|t d

n =

~

t =

=13

This basis is well defined when 8} is not equal to 0° or 180°, but difficulties arise
when q" and pj; are either parallel or antiparallel and ¢n loses physical meaning.
These cases are conventionally handled by first rotating the reaction plane to dn
as it would be in non-parallel kinematics, and then taking the limit 83 — 0° or
8% — 180° as required.

The electroproduction cross section can be expressed in the form

do

. 1 = B! =
m—ad‘o 1+P0’+h(A+PO’)] (A.l)

where oq = K&p is the unpolarized cross section, P is the induced-polarization
coefficient, A is the beam analyzing power, P’ is the polarization-transfer coefficient,
h is the electron helicity, and & is the nucleon polarization vector. Thus, the net
polarization of the recoil nucleon I has two contributions of the form

fl=F+hP. (A.2)
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Appendix A: Diffractive and OPE contributions to M* production.

It is possible to calculate the relative contribution of the diffractive and OPE
mechanisms in isoscalar and isovector meson production by analyzing the La-
grangians for the myM* and PyM* interactions (P means Pomeron exchange and
symbolizes the diffractive process). The general form for the Lagrangians is:

L = ey iy*u + egdy™d,

where e, is the charge of the u-quark, and e is the charge of the d-quark. It can
be rewritten as a superposition of the I=1 and I=0 terms:

2

ey + eq4

L= (Gv*u — dy*d) + ——é———(ﬁ*y“u + dvy#d)

The charge 22384 = % is three times larger than the charge a}ed = %, and hence

the contribution of the first term is nine times larger than the contribution of the
second one.

For the pry vertex (I, = 1 and I, = 1), only the isoscalar part (second term)
of the Lagrangian describes the vertex. In the case of the wmy vertex (I, = 0 and
I = 1), only the isovector part (first term) should be taken into account. In analogy,
one should take the isoscalar part of the pPy vertex (I, = 1 and Ip = 0) and the
isovector part of the wPy vertex (I, = 0 and Ip = 0). This simple consideration
leads to the conclusion that the contribution of the diffraction to the production
of the isovector mesons is nine times larger than the diffractive contribution to the
production of the isoscalar mesons and, on the contrary, the OPE contribution to

the production of isovector mesons is nine times less than the OPE contribution to
the production of isoscalar mesons.

The other possibility to estimate the same relative contributions is a VMD
method. Let us consider the photon as a superposition of p and w mesons. It is
2
known from the experiment that the yw coupling constant ({: = 18.4) is nine times
2
larger then the 4p coupling constant (% = 2.18) {39]. For the diffraction this ratio

of coupling constants defines the relative contributions of w and p mesons. The
OPE mechanism transforms w into p and p into w, so the ratio should be reversed.

13



Appendix B: Kinematics of the ep—e'pM* reaction.

Let (v, 7) be the 4-momentum of the virtual photon and (4/P? + m2 —my, p) be
the 4-momentum transferred to the proton (m, is a mass of the proton). Then the
threshold condition for M* production is W? = (v +m,)? — g% > (mp + M)?, where
M is a mass of the M* meson. To obtain the minimum momentum transfer one
can write the equation: (v +mp — (/md + p?)? — ¢* — p* + 2pg = M2. The solution
of this equation is

g(* - M+ ml) — (v + m,,)\/(W'2 - M? — ml)? — 4M?m}
2W3 )

Then, the minimal —¢ can be found as —tp = 2my(4/ anin + mg —mp).

The diffractive and OPE mechanisms for M*-production dominate when —¢ <
M?. The condition —t = M?, c0s(Bpg) = 1 may be written as follows: (v +- ﬁ)z -
(p — ¢)* = M?. To define the Q* = Q2 ,.(v) dependence one can use the equation
Q! + 2Q2ﬂ—:(lf - %) + 4M2(%I- + M2 — %) = 0. It may be solved under the

threshold condition v > -;NM;(M + /M2 + m}). The solution of this equation is

Pmin =

2 _ M2 M? M? Mm?
Qmaz(v) = M\/(4 + ;E)[(V - ﬁ;)z — M?) - m—p(" ™ Smg

To know (—tmin) and (—tmaz) for given values of W and Q? one should
know the initial (p1) and final (p2) momenta of the proton in the rest frame
of the yp — pM* reaction. The momenta can be calculated as p; =
\/(Wz + Q% —mi)? 4 4Q?ml/2W and p; = ‘/(’W2 — M? —m2)? —4M2ml/2W.
The corresponding energies of the initial and final protons can be calculated as
follows: E; = (W? + Q? + m:)/ZW and By = (W? - M? + m:)/ZW. Then
(—tmin) = 2(E1Eq — p1p2 — m;) and (~tmqz) = 2(E1E2 + mp2 — m;)

14



Appendix C: A Model for Vector Meson Electroproduction.

Following [31] the differential cross section for the vector meson production may

be expressed in terms of or and o, cross sections corresponding to transverse and
longitudinal photons:

d*o mpdle a(W? — m3) (dO'T + Eda'L)
dQ%dvdt ~ WdQ2dWdt  4nE’m,Qi(1— )" dt dt

where e = [1 + Zmﬁ%]_l.

The diffractive contribution is a parametrization of the data for Q? = 0:

O'D .
G = g R+ s Ss e,

where p(0) = E;-;V"—‘i and p(Q?) = m—’@E are the ¥ momenta in the hadron

C.M.S. frame, (W - p(Q?) and W - p(0) are the flux factors for off-shell and on-shell

reactions respectively), E, = E;%?i, and R = fz;?"',; (¢ = 0.4).

Following (7] the OPE contribution can be written as:

4
(1+€R)

do™ 2(B - C')2 - DQ? DQ?
a4 2C ted—
where
= [W2ut — (m2 + Q*)(md — m2) - m3(Q? + m?2)?]/4,
withu=2mp—Q2+mw—t—W2,

C = (W — mp)? + QYW +my)? + QY)/4,
B = ~QXt — 2m2)/2 + (m2 — Q* — W¥)(m2 + m2 — W — 1)/4,

p(0)p(Q)W2(mf — ml)} (t —mi)2(Q? + 2)
with [ury = 0.9 MeV (recent measurements show I',r, = 0.72) being the partial

width for w — v decay, and Fy, F,, are form-factors for 7N and ynw vertices,
respectively:

A =146

2F FN’

= [m} + 8.41m%(m2 /4 - m3)]/[m3 + 8.41¢(t/4 — m)),

F, = V(2.3P,(Q%))/V(2.3P,(0)),

with P,(0) = H'%"—"'?! and P,(Q?) = y/(md—t+@")1/4+ Qi are ¥ momenta in the w

My

rest frame, and V(z) = [—‘4’—!og(4z + 1) —0.5]/z4.
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