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Abstract 

From a muon-proton scattering experiment with a streamer 

chamber at the Stanford Linear Accelerator we present results 

in the ranges 0.3 < Q* < 4.7 GeV* and 1.7 < W < 4.7 GeV for the 

. - reactions i-r+p + ppV where V is a vector meson (p", wI or 4). It 

is shown that in p production the skewing parame,ter and the lon- 

gitudinal-transverse ratio change significantly as Q* increases 

above 1 GeV*. The cross section for p" production as a func- 

tion of Q* falls below the vector-meson-dominance prediction. 

The cross section for exclusive vector meson production as afrac- 

tion of the total cross section, falls by a factor of ten between 

photoproduction and a Q* of 2 GeV*, yet the ratio of wto p pro- 

duction remains constant at the photoproduction value out to 

Q2 > 2 GeV 2 . 
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I. Introduction 

A. Theoretical Background 

The idea that the photon-hadron coupling occurs primarily through the 

- 

vector %esons (Vector Meson Dominance, or VMD) has had remarkable success 

in quantitatively explaining the behavior of the interaction of real photons 

with nucleons, including the total rN cross section, vector meson production 

1) and decay, and Compton scattering , On the other hand, the interaction of 

a virtual photon (y V ) of large negative mass-squared ( Q2) with a nucleon 

is known to exhibit behavior not easily explained 2) by VMD, but rather, most 

easily understood in terms of point-like constituents (partons, or quarks); 

in particular, scaling and jet structure 3) . The connection between these two 

views lies in the low Q2 region, since at the lower end 

(Q2 = 0), VMD must be as valid as it is for real photons, while for Q2 z 1 GeV2, 

the simpler effects of individual partons are revealed. 

A complete picture would unify these two seemingly dis.parate viewpoints, 

perhaps by regarding the fundamental interaction as that of the photon mater- 

ializing into a quark-antiquark pair (analogous to e+e- pair production); the 

qq pair would exhibit the characteristics of a particular vector meson, depending 

on the probability that the q<wavefunction overlapped that of the vector meson4. 

Thus the whole question of confinement, as it relates to the qcwavefunction, 

would have to enter the final unification. 

Within the yvN interaction, the total cross section (measured by single-arm 

spectrometer experiments 5) ) and the exclusive production of vector mesons are 

most directly connected to VMD; the total cross section is related to the 

forward production of vector mesons by a generalized optical theorem 6) within 

VMD. 

A significant difference between photoproduction and virtual-photon scatter- 

ing, aside from the different QL, is the presence of a longitudinal (or scalar) 



3 
component to the photon. The ratio of the total cross sections for longitudinal 

and transverse virtual photons on protons, R = csL/oT,is measured by single- 
-. 

arm spectrometer experiments. The ratio of the cross sections for exclusive 

vectorzeson production by longitudinal and transverse virtual photons, 

% = 'L h,p + 'p> /",(y$ + vp) , can be measured by observing the vector meson 

decay angles, if s-channel helicity conservation (SCHC) is assumed. 

This assumption is associated with diffractive p production. The extra degree of 

freedom provided by longitudinal photons makes the physics of virtual-photon inter- 

actions a rich one, but, unfortunately, introduces largely unknown parameters into 

the theories, making definitive conclusions more difficult. 

The exclusive production of vector mesons by photons 

YVP + VP 

has been treated theoretically from the VMD point of view 73) and by several 

other approaches. 9,101 Because these models do not provide a numerical 

value for RV, their predictions in some cases are not strong, but some 

tests can be made, as will be seen later. 

B. Kinematics and Phenomenology 

Leptoproduction of a vector meson is illustrated in Fig, 1, in which the 

various Lorentz four-vectors are defined. The invariants most commonly used 

in the analysis of this reaction are: 

The total hadronic center-of-mass energy W= & lp+ ,,2j+ 

The negative mass-squared of the photon Q2 = wq2 

The momentum-transfer squared from the virtual photon to 

the vector meson t = (.V - q)' 

The laboratory energy of the virtual photon, v = E-E', can be obtained from 

these invariants by v = (s - M2 
2 + Q )/(2M), where M is the target proton mass. 
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To compare virtual-photon cross sections with those of photoproduction, 

we require a convention for the flux of virtual photons in a leptoproduction - 

11) experiment . We take 
? 

2Q = r(a, + EclL) 
dQ2dW 

where 

r a2 (W2-M2) (E-Q) =- 
41T w2 E(l-E) 

is the transverse virtual photon flux, and E is the polarization discussed below. 

When we give the cross section ov for a particular vector meson to be produced 

via the reaction 

Y V P + VP, 

we mean the combination aT + . ECJ L . 

The transverse component of the virtual photon is polarized in the lepton 

scattering plane with a polarization given by 

1 
E=l+a; a= 

2 (v 2+Q2) 

4E (E-v) -Q2 

Thus, as E -t 00 with fixed v and Q2, we have E + 1; i.e., 100% polarization. 

Gn the other hand, if v remains a fixed fraction f of the initial energy, 

then E + &f2/(1-f) as E + 00. The longitudinal photons are coherent with 

the polarized portion of the transverse photons, allowing the possibility 

of observing transverse-longitudinal interference effects. 

To measure polarization effects, the following angles must be defined 

(using the p meson for definiteness) : 

9, = the azimuthal angle between the lepton-scattering 

plane and the vector-meson production plane. 

8 ,$I = polar and azimuthal angles for the rr+ from p-decay. 
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The angles e,$ are defined in the p-meson rest frame. The z axis is taken 

to be the direction of the p in the hadronic center-of-mass system - 

~- _ (helicity frame). See Fig. 2 for a description of these angles and coordinate 
-cI 

systems. We follow Dakin et al. 12) in defining an angle JI E $R + 4. 

The complete description of the vector meson decay matrix elements in terms 

of these angles is given in Appendix A. It is useful here to point out that 

if SCHC is valid, the normalized angular distribution of P decay is given bY 

ww) = 3* 1 
I 
‘z sin2e(1+Ecos2*) + d$cos2e 

’ - kRp(1+~)/2J ’ cosd sin20 cos+ , 

where d is the phase angle between the amplitudes for longitudinal and transverse 

p production. 

C. Exclusive Photoproduction of Vector Mesons 

The photoproduction of vector mesons at laboratory momenta of greater than 

. - 3 GeV/c has been shown to have a roughly energy-independent cross section 

and an exponential momentum-transfer dependence (with an energy-independent 

slope parameter A 2 7 GeVs2)13,14). In addition, natural-parity exchanges 

and amplitudes obeying SCHC have been shown to be dominant. All these 

observations identify the production process as diffractive. 

A definite mass skewing has been observed in the case of the rather broad 

p; the skewing has been fitted by employing an additional factor multiplying 

the p Breit-Wigner form. The factor has been parameterized by (M,/M,,)n(t), 

where n(t) has been experimentally observed 13) to be a rapid function of t 

(n(t) 2 6F+ t/0.6 GeVT ), which, when averaged over the exponential t dis- 

tribution, yields <n>t ; 4. No satisfactory theory has yet explained the 

remarkable t dependence of n(t), despite several attempts. 14-16) 



D. Previous Results on Vector Meson Production by Virtual Photons 

.&number of other experiments have presented results on P production by 

virtual photons in the 0 < Q2 < 5 GeV2 range. 12,17-20) Preliminary versions 

of our data have also been presented. 21) These results ,have demonstrated that 

the cross section for o production decreases as a function of Q2; whether that 

decrease agrees with the predictions of VMD has been a subject of controversy. 

The Q2 dependence of the t-slope for p production is of interest because 

of the question of "photon shrinkage," expected perhaps as the photon more 

efficiently probes the pointlike constituents in the proton. Although a 

number of claims for a decrease in A as Q2 increases have been made in the 

literature (see, for example, Ref. 12), the data are in fact-consistent with 

no Q2 dependence. 22) 

The mass skewing of the p has been measured at Q2 values below 1 GeV2 

and has been found to 

errors. Above Q2 = 1 

Analysis of the 

tudes remain dcminant 

dinally polarized p's 

be identical to the photoproduction result within 

GN2 , few results are available, 

p decay angular distribution has revealed that SCHC ampli- 

out to Q2 values above 1 GeV2. The production of longitu- 

has beenclearly observed. Since the production cross 
3 

section for longitudinally polarized p's must go to zero at Q&=0, the ratio R 

2 2 2 has beenparameterized as R = 5 Q/%Ip. 
P 

(Within the INI picture the quantity 5 

is the ratio of the forward elastic pp cross section for longitudinally and. 

transversely polarized p's; i.e., t=a,(~p -+ PP)/@PP -+ PP)). For Q2<1 @ v2 f 

the data are consistent with c2 between 0.3 and 0.7, but above Q2=1 GeV2 few 

results are available. Thephase angle 6 hasbeenmeasuredto benear zero in 

all experiments where W > 2.5 GeV; that is, maximal longitudinal-transverse 

interference is observed, consistent with both processes being diffractive. 

The leptoproduction of w mesons contains substantial unnatural 

parity exchange 23) for W values below about 2.5 GeV. Hence, for 
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comparisons with VMD calculations, one should restrict oneself to relatively 

high energy. Only Ref. 23 and our experiment have relatively high energy data; - 

hence, all w results will be presented later. 
--h 

Most of the leptoproduction experiments that observe final states have 

at most a few I$ mesons, due to the low cross section for cp leptoproduction. 

HanJever, Dixon et.al.(24.) have observed a substantial nti of $I mesons up to . 

Q2=1GeV2. They observe no photon shrinkage, find SCHC and R+ =RpI ard find a 

Q2 dependence to the cp production cross section consistent with VMD. 

E. Summary of Results from this Experiment 

We have performed a muon-proton scattering experiment at the Stanford 

Linear Accelerator Center (92~2) to study the final-state ha&ons produced. at 

14 GeV/c incident laboratory muon rmrentum. In this paper, we present our final 

results for the reactions 
0 

lip -f LqP + - 
L-4-r IT 

lJp -f llpw 
L-j 7T+TT-710 

Our results cover the kinematic range 1.7 < W < 4.7 GeV, and 0.3 < Q2 <5Ge 3. 

Table I lists the quantities we have measured for these three reactions. 
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Table I. Quantities Measured in this Experiment. The W and Q2 - . 
regions are in some cases divided further into bins. 

Meson 

PO 

Quantity W Region Q2 Region 

GeV GeV2 

ItI Region 

GeV2 

1.7-4.7 0.3-5 

<n> ~0.6 
t 2-4.7 0.3-5 

A 2-4.7 0.3-S ~0.6 

Density Matrix 2.5-4.7 0.3-5 ~0.6 

R 2.5-4.7 0.3-5 ~0.6 
P 

cos 6 2.5-4.7 0.3-S ~0.6 

2.0-4.7 0.3-5 $0.2 

4 Upper limit to CT 9 2.0-4.7 0.3-S 

Our _ results provide further evidence for the picture of vector-meson 

production presented in part D. Additional conclusions which 

have come primarily from this experiment, or which can be reached only after 

consideration of several experiments, including ours, are the following: 

1) The ratio of w to p'production remains constant at the photo- 

production value out to Q2 > 2 GeV2, as expected if naive VMD is valid; 

2) In p'production, both the skewing parameter cn>t and the parameter 

c2 in the exp'ression for the longitudinal-transverse ratio show a 

significant decrease above Q2 = 1 GeV'. 

3) The cross section for p'production as a function of Q2 falls below the 

VMD prediction, when the measured c2 parameter is taken into account. 
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II. Experimental Method 

A. Description of Apparatus 
-h 

A complete description of the apparatus can be found in 

references (25), (26), and (27). Here we provide a brief summary, 

pointing out the principal features of interest. The apparatus 

is shown in Fig. 3. The experiment utilized a 14 GeV positive 

muon beam of intensity 180 muons per SLAC pulse. The beam was 

incident on a 40-cm-long liquid-hydrogen target contained within a 

2 x 0.8x 0.6m3 streamer chamber. The beam traversed the streamer 

chamber in a 5-cm-diameter tube, made of Lexan. The chamber was 

immersed in a 16 kG magnetic field. The target was surrounded by 

a g-cm-wide rectangular box, made of thin mylar walls. The box 

was open to the air, and provided a dead region around the target. 

. - This dead region was necessary due to the intense-rate of delta- 

ray production caused by the fact that the beam pulse was much 

shorter than the streamer chamber memory time. A trigger hodoscope 

consisting of four banks of scintillation counters, interspersed 

with 1.5 meters of lead hadron absorber, was located directly 

behind the chamber. A trigger occurred if a muon penetrated all 

four scintillation planes in the hodoscope. All counters in the 

hodoscope were latched. This information was used for event 

reconstruction to aid in the identification of the -muon. 

B. Scanning and Measuring 

A total of 237,000 event candidates were photographed. All 

pictures were scanned twicerand disagreements were resolved by 

a third (conflict) scan. An event was recorded in the scan if it had 
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one positive track consistent with being a triggering muon, accam- - 

panied by at least one other positive track. The efficiency for a 
4 

single scan was measured to be 98%. All 44,000 event candidates 

were measured on conventional film-plane digitizers. The setting 

error for the measurementswas 300 microns in space (demagnification 

67). The events which failed reconstruction were measured a 

second and, if necessary, a third time. 

C. Track and Vertex Reconstruction 

Event reconstruction was accomplished via a set of programs 

known as SIOUX, consisting of: 1) TVGP(28) , which determined 

track parameters in real space; 2) APACHEt2') , which reconstructed 

the vertex by extrapolating tracks back into the target; and 3) 

SQUAWt3'), which attempted to fit the reconstructed vertex with 

specific kinematical hypotheses. An event candidate survived the 

reconstruction procedure if APACHE could successfully find a 

vertex consisting of a muon and at least one positive hadron. 

The muon in each event was identified by finding a track which could be 

extrapolated through the trigger hodoscope in a manner consistent 

with the counter latch information. The remainder of the tracks 

included in the vertex by APACHE were assumed to be due to hadrons. 

The number of positive final state hadrons in the reaction 

pp -f p+ hadrons should exceed the number of negative hadrons by one. 

However, due to hadronic track losses, some of the vertices 

reconstructed by APACHE did not meet this condition. We refer to 

such vertices as "charge-unbalanced." The overall efficiency for 

detecting charged hadrons was determined to be about 86 percent. 
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The factors contributing to the losses were= 1) tracks which failed- 

to emerge from the target box (9%); 2) scattered tracks which could 

not be e^xtrapolated back to the vertex (2%); 3) tracks obscured 

by the beam exit tube (2%); and 4) errors made in measuring (0.5%). 

The final event sample consisted of 10463 events o-f which 7620 

were inelastic events with Q2 > 0.3 GeV2. 

D. Selection of Particular Final States 

Squaw attempted four-constraint (4C) fits to the hypotheses 

i-lp + l.lpn+n- (A) 

and one-constraint (1C) fits to the reaction 

pp + F]pTr+7r-710. (Cl 
. - 

These fits were attempted for all events containing one negative and 

two positive hadrons. 

We investigated the reconstruction program's ability to exclude 

extraneous tracks from the vertex (mainly beam-halo and delta-rays) 

by attempting to obtain 4C fits to subsets of hadrons emanating 

from higher-multiplicity vertices. The results of this study 

indicated that less than one percent of the 4C fits to reactions 

(A) and (B) above, came from a subset of tracks identified by 

APACHE as constituting a vertex. These events were therefore 

considered to be genuine higher-multiplicity events, and not 

candidates for the reactions under study. 

One-constraint fits to reactions (A) and (B) were attempted 

for all charge-unbalanced event vertices having exactly two charged 

hadrons. 
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1. i-I+p?T+?T- 

This final state appears in both 4C and 1C fits; to 

extract^t-distributions and decay-angle distributions without 

large biases,the 1C fits must be included in the sample. However, 

the 1C fits suffer from substantial background contamination -and 

also from the two-fold ambiguity in determining which positive 

hadron is the proton. A few of the 4C fits also have the two- 

fold proton ambiguity. A special scan was performed to resolve these 

difficulties. All events containing 1C fits or ambiguous 4C fits 

to reaction (A) were examined in a special scan by a physicist for 

consistency with event topology and, where possible,-for ionization 

appropriate to the assumed masses of the particles. A 1C fit was 

retained if: 1) there was evidence for a track consistent with the fit 

hypothesis that, for some reason,did not survive vertex reconstruction I - 

(scattered tracks, measuring errors, etc.); or 2) the fit hypothesis 

predicted a track with parameters that gave it a small probability 

for being observed (insufficient momentum to leave target, etc.). 

Approximately 2/3 of the 1C fits were rejected. The rejected 1C 

fits were mostly events that contain neutrals in addition to the 

missing charged track. The fit hypotheses in these cases predict 

a charged hadron with kinematical parameters that account for all 

the unobserved momentum in the event. Since the charged hadron 

detection efficiency was high, the validity of these fits could 

usually be determined, with a high degree of certainty, by scanning 

the event for evidence of the predicted track in .the streamer 

chamber. 
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A sample of events fitting both reaction A and reaction B 
- 

-. 
-was also included in this scan. From a study of the ionization --h 
in these events, we concluded that contamination from the latter 

reaction is negligible. 

The final event sample consisted of 566 events with a 4C fit 

(X2 < 12.51, and 338 events with a 1C fit (x2 < 7) that survived 

the special scan. The probability distributions for these two 

classes of fits are shown in Fig. 4. 

2. p+pK+K- 

Many of the events that fit this final state may in fact be 

events of reaction (A), but if we concentrate on the 4 meson 

contribution, the narrowness of the $ allows an elimination of 

almost all background. The experimental resolution for the K+K- 

invariant mass in the $-meson region is about 10 MeV (FWHM). 

A total of 24 events fit this final state with K+K- mass less 

than 1450 MeV. 

3. iJ.+pTr+lT-K0 

This final state requires a 1C fit. As in the i_l+pK+K- 

final state, contamination from erroneous fits may be large. 

However if we concentrate on the w meson contribution, the 

narrowness of the w will allow an elimination (or estimation) 

of almost all background. The experimental resolution for the 

7T+Tr-Tr O invariant mass in the region of the w-meson is about 35 MeV 

(FWHM). A total of 451 events fit this final state with W > 2 GeV. 
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III. Exclusive p" Production by Virtual Photons: The Reaction - 

YXP + POP 

A. Introduction 

Exclusive p" production appears in reaction A, along with 

significant contributions from A ++ and A0 production. A scatter 

plot for this event sample is shown in Fig. 5. Both p and A ++ 

signals are clearly present. To extract the p” contribution 

and to measure p" production and decay properties, maximum 

likelihood fits were performed, using OPTIME. (31) A matrix 

element was constructed to account for p” production and three 

"background" reactions; A ++ , A0 production, and phase space. The 

square of the invariant matrix element was taken to be 

1~1~ = al . BW(Mpn+) -eBt7T- -k a2 - Bw(Mpn-) l eBtTr+ 

(1) 

+a . BW(M.,,,) . (SK)n . e At' 
3 * W(cosB) + a4 

In this expression, M +, M pT? and M 
PT 

~~ represent the invariant 
+ 

masses of the two-body combinations p" , p"-, and ~+TT-, respectively; 

%- and tK+ are the squares of the four momentum transfers from the 
+ 

virtual photon to the nr- and IT , respectively; and f3 is the lab 

angle between the pions. The factor SK is inserted to account 

for the skewed p" mass shape mentioned in Section IC. It is 

discussed in detail in the next section on the mass spectra. The 

quantity t' is defined as 
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t’ = t - tmin , 

where the minimum momentum transfer consistent with energy-momentum - 
~- 

_ conservation, t min' is given by - 

t min = (Er - Epj2 - (Pv - Pp,' 

- M2(M; + Q2J2 
= 

S2 

Here E and P 
' Y P 

are the energy and momentum of the virtual photon; 

Ep and P , P 
those of the dipion system: and 14 is the proton mass. 

In a few of the fits we have used t, rather than t'. In expression (1) 

BW represents a relativistic Breit-Wigner resonance term. The 

forms of the resonances were the same as those used in photo- 

production (13) and include an energy-dependent width. The function 

w(cose), the angular distribution of p"decay, is defined in Appendix A. 

The quantities althrough a4 measure the fractional contributions 

for the A++, A', p", and phase-space background,respectively. 

Table II lists the results for the fractional contributions of each 

channel obtained from fits to a number of different W and Q2 bins. 

The p" parameters that went into these fits will be discussed in 

detail in the following sections. The only unknown A parameter 

is the t-slope B. Photoproduction experiments indicate that the 

t dependence of A production .for 0.2 < t < 1 GeV2 can be 

parametrized by a factor of e Bt , with B between 3 and 5 GeV -2 , 
-2 

depending on energy. We have fixed B in most of our fits at 4 GeV . 

In a few cases,we reran the fitting program with B variable or with 

B fixed at 3 or 5 GeV -2 . Our p" results are insensitive to such 
. 
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changes in the fitting procedure. 

4 

B. Mass Spectra 

The mass spectra for the pn+r- hadronic final state are 

shown in Figs. 6 and 7 for W > 2 GeV. Clear p" and A +4 signals 

are seen, and a small A" signal is observed. A marked skewing 

of the p is observed in photoproduction. In our data we see 

clear evidence for skewing at low Q2 (Fig. 6a), a result compatible 

with other virtual-photon experiments. 
12,18-20 At Q2 > 1 GeV 2 

we see an absence of skewing (Fig. 6c), a result previously only 

suggested by Ref. 12. If we attempt to parametrize - the p" shape 

with SK = Mp/MrT and the exponent n either a constant (n = 4) or 

n(t) = 6[1-lt1/0.6 GeV2], we find that the high Q2 distribution is 

. - very poorly fitted. Thus some Q2 dependence of the skewing is 

required by our data. We have tried fits with two different 

types of Q2 -dependent SK factors: 

SKII = {(M; + Q2)/(M;, + Q2) p/2 

SKIII 
= {(M; + Q2 + jtj,/cM;, + Q2 + ltl)11'2 

15 
The factor SKII was suggested by Ross and Stodolsky and 

9 
the factor SKIII was proposed by Kramer and Quinn. Unfortunately, 

neither of these models has an explanation for the sharp t- dependence 

observed in photoproduction. We have found no significant difference in 

the fits to our data using SKII or SKIII; both fit adequately with 

a constant exponent n = 4 or with a t-dependent exponent. We have 
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also separately fitted in t bins for all events (0.3 < Q2 < 4.7 GeV2)- 

and have found results consistent with our overall fits; 

the lowIt bin (0 < ItI < 0.25 GeV2) requires skewing whereas the 

high-t bin does not. 

To summarize we show the fitted exponent, n, as a-function of 

Q2 from fits with SK = Mp/M 
TrlT l 

Since we have taken n as 

independent of t we may regard the result as <n> t- 

Skewing Exponent <n>t- 

Q2 (GeV2) <n> t 
0.3-0.6 4.720.8 _ 

0.6-1.0 5.OkO.8 

1.0-4.5 O.Ok1.3 

Fig. 8 shows our results along with similar fits from other 

experiments. Our high-Q2 result, along with that of Dakin et al., 
2 

establishes a significant change in <n> t for Q2 > 1 GeV 2 . 

Cross sections and other p properties have all been obtained 

with fits using SKI1 and n = 4. No significant difference in 

cross sections or other properties was found for fits using 

other satisfactory skewing parametrizations. 

C. Momentum Transfer Distributions 

The t dependence of exclusive p” production is parametrized 

At by the factor e . It has been suggested that the coefficient, A, 

may fall with Q2, due to shrinkage of the hadronic "size" of the 

virtual photon. 
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We investigated the slope, A, as a function of Q2. To assure - 

that a diffractive mechanism dominates, the data were restricted to 

2.2 < WT 4.7 GeV and t < 0.6 GeV2. They were then divided into three - 

Q2 bins in such a way that these bins have approximately equal statis- 

tical weight. Fits were best performed using both t and t' = (t-tmin); 

the results for the slope are presented below. 

Q2 - 

0.3-0.6 GeV2 

0.6-1.0 

1.0-4.5 

Exponential t slope, A 

t fit 

6.2 k 1.0 GeVa2 

6.2 + 1.2 

4.9 + 1.0 

t' fit 

6.1 Ir 1.0 GeV -2 

6.6 f 1.2 

5.,8 f 1.1 

Fig. 9 shows our results for A as a function of Q2, along with 

those of other experiments. We see no significant-change with Q2 in 

the A slope, although the data are consistent with a slight decrease 

with Q2. Fractional cross sections given in Table II were determined 

from fits with A fixed at 6 GeV2. 

D. p"- Decay Angular Distributions 

The density matrix elements for p production can be obtained 

from an analysis of the angular distribution of the pions 

resulting from the p decay. The coordinate system and angles 

have been defined in Section IB, and the density matrix elements 

are defined in Appendix A. 

The density matrix elements have been determined for events 

lying in the p resonance region,using the method of moments. (It 

should be noted that this method does not properly treat background 

events lying underneath the p.) The results obtained for the 
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matrix elements are shown in Table III. 

For the case of s-channel helicity conservation (SCHC), 
- 

- 

matrix elements composed of helicity flip amplitudes should be 0. 

These are indicated by an asterisk in Table III. The results are . 

reasonably consistent with SCHC; however small violations cannot 

be ruled out. We note that in p photoproduction, where there are 

sufficient data to study the helicity flip terms in detail, there 

is evidence for small violations of s-channel helicity conserva- 
tion l3 I l4 . 

If SCHC is correct, and if p" production proceeds via 

natural parity exchange in the t-channel, then the angular distribu- 

tion for p decay can be written in terms of R 
P 

and the phase 

angle 6. The expression for the normalized angular distribution is 

given in Section IB. 

We have performed maximum-likelihood fits utilizing this 

decay distribution. The results for R and cos 6 as a function 

of Q2 are shown in Table IV. The fact that the amplitudes are 

nearly in phase can be observed in the scatter plot of Fig. 10, 

which shows the effect of the interference term in the expression 

for W(cOsO,$). 

Fig. 11 shows our results for R 
P 

and6 along with the results 

of other experiments. We see a very clear 

indication that the parameter 5 is not constant, but decreases 

significantly at Q2 of order 1 GeV2. In the VMD model this would 

imply a decrease in c L (PP -f pp) relative to aT(pp -f pp). 
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E. Q2 Dependence of the p" Cross Section 

In the previous four sections,all the parameters necessary 4 
to define the full matrix element for exclusive pOproduction 

.were discussed in detail, and the procedure 

the fractional p cross sections in Table II have 

explained. We now extract the absolute cross 

reaction u+p -f j~+pp'. We define 

u 
P 

= (up/o;in) (‘nT/aTot) (‘T + EcJL) 

The fractional cross section op/onn. is obtained from Table II. 

for obtaining 

thus been 

section for the 

To obtaino,,/cTot I we must consider events of all topologies within 

the particular W and Q2 bins of interest. We assign a weight, w, 

. - equal to the inverse of the muon detection efficiency for each 

event, at its particular W, Q' value. We assign an additional 

weight, h, to theone-prong events. The ratio of o to the 
PTT 

total inelastic cross section oTot is then defined as 

3s. 
-7’ w L i = 

'Tot C wi +I wihi 

where 1' is a sum over all pp~1~ events and 1 is a sum over all 

events. The w's account for possible differences in-the way the 

vector meson events and the total inelastic data sample populate 

the Q2 -W bins. The weight, h, corrects the inelastic sample for 

lost one-prong events, since these do not survive the analysis 

procedure if the hadron goes unobserved. The average value of 

the weight, h, is 1.15. 
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The combination of aT + ~a~ is a function of Q2 and W. 

We have obtained cT + saL from a multiparameter fit to the -h 
single-arm spectrometer data. 32 The bar over oT + ~0~ refers 

to an average over the Q2 and W bin in question. 

The resulting absolute cross sections for exclusive p" 

production are given in Table v. These cross sections, along 

with those of other experiments are plotted as a function of Q2 

in Fig. 12. On each plot are shown curves predicted by the VMD 

model, 22 in a version that treats 5 as an unknown parameter. The 

predicted curves are given by: 

up (Q2 

where K = (W2-Mz)/{(~2-~z-Q2)2 + 4w2Q2]li2 

The K factor is always very close to unity for reasonable W 

and Q2, as is the exponential factor. We have taken ap(0), the 

pOphotoproduction cross section, from experimental data. 13,14,20 

The p propagator yields a significant decrease with Q2! but that 
2 decrease is considerably modified by the factor involving 5 . 

Figure 11 shows that 5 2 is significantly greater than 0.1; 

near Q 2 = 1 GeV2 it,is probably near 0.5. In view of this information, 

the data in Fig. 12 indicate that the observed cross sections are 

significantly lower than the VMD prediction. 
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IV. Exclusive w Production by Virtual Photons: The Reaction - 

Y,P + UP -. 
-h 

Exclusive w production appears in reaction C. As mentioned 

in Section ID, unnatural-parity-exchange contributions substantially 

affect low-energy w production: we therefore restrict the 

events to W > 2 GeV. The three-pion mass distributions for all 

events that fit reaction C are shown in Fig. 13. The curves are 

from fits over the mass range 600-1010 MeV with a resonance at the 

known u mass. The resolution at the u mass was calculated for each 

event by SQUAW, and the resolution function formed from these cal- 

culations was found to fit a Breit Wigner function with I? = 35 MeV. 

This function was used in the fits, which also assumed a linear back- 

ground. (It was found that use of a quadratic background did not 

. - change the number of w mesons more than one standard deviation.) 

The sample of w mesons found in this manneris incomplete due 

to losses of slow protons in the streamer chamber target box, and 

other track losses. We cannot recover these events in a manner 

similar to the recovery of the analogous p meson events, due to 

the lack of constraints resulting from the missing no. However, 

we can calculate the ratio of w to p production within the 

particular kinematic region imposed by the track losses by 

comparing the w signal to the p signal obtained from 4C events 

only. Table VI and Fig. 14 show this comparison and the resulting 

up'aU as a function of Q2. We see the striking result that the 

p/w ratio remains essentially constant out to Q2 above 1 GeV 2 . 

This seems to imply that the fraction of the hadronic part of the 

photon that couples to vector mesons, while decreasing in strength 

with Q2, retains its SU3 coupling ratios. The data of P. Joos 
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et al.1gr23 are apparently in contradiction with this result, 

indicating instead approximate equality of CT and 0 near 
P 0 

Q2 = 1 G;V2. 

V. Upper Limits to Exclusive @ Production by Virtual Photons 

Exclusive (I production appears within Reaction B. Fig. 15 

shows the K+K- mass distribution for the-4C events fitting 

Reaction B. A few events are within the experimental resolution 

(~10 MeV) of the 4 mass. However, the Chew-Low plot (Fig. 16) 

reveals that only one event in that region has a reasonably low 

momentum transfer and hence a possibility of being a peripherally 

produced $ meson. Within this same region there are 180 p's 

(and 38 w's). In photoproduction, l3 the ratio of (4 -t K+K-) to 

(P + TT+T-) production is about 1.2% in a comparable W range. 

If this ratio remained constant at high Q2, we would have 

expected to observed 2 $ -+ K+K- events. Our observation 

is statistically consistent with this expectation. 
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Appendix A 

--h Density matrix elements for the p meson 

The decay distribution can be written, for the case of an 

unpolarized lepton beam, in terms of 15 independent decay matrix 

quantities: (10) 

w(cose,w~) = & c +(l-r~~)++(3r~~-l)cos26-?~Re 
04 r10sin2 Bcos$ 

04 - r1 lsin26 cos2@ 

- scos2$P1r:lsin20+r~ocos20- JZRe rtOsin20 cos$ 

- ssin2$U{JZ Im r2 
2 

10 sin20 sin$+ Im r l_1sin26 sin2@1 

+ v/2s(l+e)cos~Ufr~lsin26+r~Ocos26-/%Re rzosin28cos$ 

5 -rl lsin29cos 2$) 

+ J~E(~sE) sin~~{~~Imr~oSin2Bsin~ + Im r! lsin26sin2@ 

The upper index in the matrix elements r?. refers to the state 17 
of virtual photon polarization (a = 0, 1, 2 transverse; Q = 4 

longitudinal; cx = 5,6 L-T interference terms). The bottom indices 

represent the P helicity states. 
04 Terms of the form r.. represent 13 
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the sum of two matrix elements which cannot be separated for - 

fixed W and Q2 unless the relative contributions from longitudinal _ 
4\ . . 

and transverse virtual photons is varied (i.e., lncldent lepton 

energy). 

If W(COS~,$,$~) is integrated over 4 and averaged over $V 

one obtains 

04 04 w(cos0) = +[l - roe + (3roo - ~l)Cos2el 

so that rit is the only matrix element affecting W(cos8). 
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Table III. Density matrix elements for exclusive p production. - 

Selections are W > 2.5 GeV, Q2 > 0.6 GeV2, 
-. 

0.6 < MTn 
-c, 

< 0.9 GeV, ItI < 0.6 GeV2. Average values are i = 

3.14 GeV, B2 = 0.90 GeV2, It/ = 0.87 GeV2. There 

are 93 events in the sample. Elements with an 

asterisk should be zero of SCHC is valid. 

4 
'00 0.45 1 0.08 

4 * 
Re rO1 0.05 +_ 0.05 

04 * 
rl-l 0.10 + 0.07 

1 rOO * 0.12 + 0.15 

Re 1 r10 * -0.03 2 0.07 

1 * 
rll 0.05 5 0.07 

1 
rl-l 0.10 1 0.12 

2 * 
Irn '10 

2 
Irn r1-1 

5 * roe 
5 

r10 
5 * 

'11 
5 

'1-l * 
6 

rlo 
6 * 

'l-1 

-0.07 + 0.09 

-0.33 * 0.12 

0.09 f 0.07 

0.14 k 0.03 

-0.02 2 0.04 

-0.03 t 0.06 

-0.09 + 0.04 

0.00 f 0.06 
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Table IV. Values for R and 6 for different Q2 bins. The - 
P 

-. W selection is W > 2.5 GeV. 
-h 

Q2 (GeV2) R cosd 

0.3-0.6 0.63 t 0.35 0.24 3 0.26 

0.6-1.0 2.4 l!c 1.4 0.79 + 0.20 

1.0-5.0 0.52 2 0.29 0.88 2 0.13 
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Table V. 

W (GeV) 

1.7-2.0 

2.0-2.5 

2.5-4.7 

. - 

2.0-4.7 

Absolute cross sections for exclusive p production. 

The absolute total cross section D~+E~', was obtained 

- 

from Reference 32. 

Q2 (GeV2) 

0.3-0.6 

0.6-1.0 

1.0-5.0 

$/a TOT 
0.082t0.017 

0.077+0.018 

0.041cO.016 

aT+cuL (I-lb) up (I.lb) 

101.8 8.4k1.7 

73.7 5.6k1.3 

21.28 0.87kO.33 

0.3-0.6 0.064+0.014 81.8 

0.6-1.0 0.056+0.014 59.9 

1.0-5.0 0.059+0.012 20.79 

0.3-0.6 0.055~0.009 

0.6-1.0 0.052+0.008 

1.0-5.0 0.033+0.005 

63.8 3.4920.55 

45.85 2.37kO.38 

19.28 0.64t0.10 

0.3-0.6 0.061+0.008 

0.6-1.0 0.055+0.007 

1.0-5.0 0.045+0.005 

67.3 4.08t0.55 

48.61 2.65kO.34 

19.61 0.88kO.10 

5.2kl.l 

3.320.8 

1.23kO.25 
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Table VI. Comparison of w production to four-constraint-fit p 

production. This comparison gives the ratio of P 
-cI 

to w production in the kinematic regions determined 

by track losses in the streamer chamber. The most 

important 'losses occur at It/ 7 0.2 GeV2. The 

selection is W > 2 GeV. 

Q2 (GeV2) 

0.3-1.0 

1.0-5.0 

4C p events 

105 + 12 

75 If: 9 

w events 

23 2 5 

15 2 4 

up’aCA 
4.6 * 1.1 

5.0 k 1.5 
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FIGURE CAPTIONS 

1. Thz reaction pp -f ppV, assuming mediation via a single virtual photon. 

2. Coordinate systems‘and angles used in the density matrix decomposition 

for p decay. 

3. Plan view of the detection apparatus. The hodoscope and lead wall had 

openings for the unscattered beam and the streamer-chamber pulsing 

system. 

4. Confidence-level distributions for fits to the reaction up + ~~IT+T-. 

a) 4-C fits with x2 < 12.5; b) 1-C fits with x2 < 7. The shaded 

region shows those events that passed the special l-C-fit scan. 

5. A scatter plot of MT, vs. Mp,+ for the reaction up -t vp.rr+n-. 

6. Histograms of Mnn for events of the reaction up + ~PIT+~- with 

W > 2 GeV. The curves are explained in the text. 

7. Histograms of M + and M 
PT 

I"- for the reaction up + P~IT+~- with 

W > 2 GeV. 



36 

8. Skewing exponent for the p mass shape as a function of Q2. The curve - 

is based18 on the theory of Kramer and Quinn (Ref. 9) who predict the SKILL -. 

sk&ng factor with n = 4. The experimental points come from: 0 this 

experiment; A Joos et al., Ref. 19; 0 Ballam et al., Ref. 18; 0 Dakin 

et al., Ref. 12; 0' Ballam et al., Ref. 13. 

9. Experimental t-slope for p production as a function of Q2. The experimental 

points come from: l this experiment; A Joos et al., Ref. 19; 0 Ballam 

et al., Ref. 18; b Dakin et al., Ref. 12; X Francis et al., Ref. 20; 

0 Ballam et al., Ref. 13. 

10. Scatter plot of case vs $I for p decay. Selections are 0.6 < MTn < 0.9 GeV, 

Q2 > 0.6 GeV', and W > 2.5 GeV. 

11. Longitudinal-transverse interference parameters for p production, deter- 

mined from p decay angular distributions. Our results are from maximum 

likelihood fits to events with W > 2.5 GeV. The experiments are 

indicated by the same symbols as those used in Fig. 9. (a) Longitudinal- 

transverse ratio, R p; (b) Phase angle, 6 . 

3 
12. Cross sections for p production as a function of Q" for a number of 

experiments at different W values and at different incident lepton energies 

E. The curves are the predictions of the VMD model (see text) for 

different values of t2, a parameter whose independent measurements are 

shown in Fig. lla. The open squares at Q2 = 0 are photoproduction 

points from Refs. 13, 14, and 20. 
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13. 

14. 

15. 

Histograms of E"T-T' mass for events that fit the reaction 

up + ~~+T-TT' with W > 2 GeV. The curves are fits over the range 

0.;3 < M3n < 1.03 GeV to a linear background plus an w resonance 

at known mass and of Breit-Wigner form with r = 35 MeV (this 

simulates the calculated resolution function). 

The cross section ratio of ap/aw as a function of Q2. The photo- 

production value is from an experiment with the corresponding W value 

(~3.1 GeV) given in Ref. 13. 

Histogram of K+K- mass for events that fit the reaction up + ppK+K- 

with W > 2 GeV. The experimental resolution in the $-meson region 

is calculated to be 10 MeV (FWHM). 

16. Chew-Low plot for K+K- events (the same events that appear in Fig. 15). 
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