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Exclusive vector-meson profluction in muon-proton scattering
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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 & 8' & 4.7 GeV for the reactions p, +p~p, pV
where V is a vector meson (p, c», or P). It is shown that in p production the skewing parameter and the
longitudinal-transverse ratio change significantly as Q' increases above 1 GeV . The cross section for p
production as a function of Q falls below the vector-meson-dominance prediction. The ratio of the cross
section for exclusive vector-meson production to the total cross section falls by a factor of 10 between

photoproduction and a Q' of 2 GeV, yet the ratio of v) to p production remains constant at thp

photoproguction value out to Q & 2 GeV .

I. INTRODUCTION

A. Theoretical background

The idea that the photon-hadron coupling occurs
primarily through the vector mesons (vector-me-
son dominance or VMD) has had remarkable suc-
cess in quantitatively explaining the behavior of
the interaction of real photons with nucleons, in-
cluding the total yN crops section, vector-meson
production and decay, and Compton scattering. '
On the other hand, the interaction of a virtual pho-
ton (yv) of large negative mass-squared (Q2) with
a nucleon is known to exhibit behavior not easily
explained by VMD, but rather, most easily under-
stood in terms of pointlike constituents (partons or
quarks), in particular, scaling and jet structure. s

The connection between these'two views lies in the
low-Q2 region, since at the lower end (Qs =0),
VMD must be as valid as it is for real photons,
while for Q ~ l GeV, the simpler effects of indi-
vidua1. partons are revealed.

A complete picture would unify these two seem-
ingly disparate viewpoints, perhaps by regarding
the fundamental interaction as that of the photon
materializing into a quark-antiquark pair (analo-
gous to e'e pair production); the qq pair would ex-
hibit the characteristics of a particular vector me-
son, depending on the probability that the qq wave
function overlapped that of the vector meson. Thus
the whole question of confinement, as it relates to
the qq wave function, would have to enter the final
unific ation.

Within the y~N interaction, the total cross sec-
tion (measured by single-arm-spectrometer ex-
periments ) and the exclusive production of vector
mesons are most directly connected to VMD; the
total cross section is related to the forward pro-

duction of vector mesons by a generalized optical
theorem within VMD.
, A significant difference between photoproduction
and virtual-photon scattering, aside from the dif-
ferent Q2, is the presence of a longitudinal (or
scalar) component to the photon. The ratio of the
total cross sections for longitudinal and transverse
virtual photons on protons, R =err/err, is measured
by single-arm- spectrometer experiments. The ra-
tio of the cross sections for exclusive vector-me-
son production by longitudinal and transverse vir-
tual photons, R v=trL(yvp- Vp)/rrr(y„p- 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 free-
dom provided by longitudinal photons makes the
physics of virtual-photon interactions 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,

has been treated theoreti. cally from the VMD point
of view'~ and by several other approaches. ~'0 Be-
cause these models do not provide a numerical
value for 8&, their predictions in some cases are
not strong, but some tests can be made, as wi1.1 be
seen later.

B. Kinematics and phenomenology

Leptoproduction of a vector meson is illustrated
in Fig. 1, in which the various Lorentz four-vec-
tors are defined. The invariants most commonly
used in the analysis of this reaction are
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p = (Ep, p)

FIG. 1. The reaction pp —ppV, assuming mediation
via a single virtual photon.

the total hadronic center-of-mass energy 8'=s'
[(P + q}2]t /2

the negative mass-squared of the photon Q' = —q',

the momentum-transfer squared from the virtual
photon to the vector meson f = (V- q) .
The laboratory energy of the virtual photon, v

=Z —E', can be obtained from these invariants by
v = (s -M2+ Q )/(2M), where M is the target-pro-
ton mass.

To compare virtual-photon cross sections with
those of photoproduction, we require a convention
for the flux of virtual photons in a leptoproduction
experiment. " We take

d' o)~
2

dQ~dW

a (W'-M') (E- v)
4v' MQ Z(I - ~)

is the transverse-virtual-photon flux, and e is the
polarization discussed below. When we give the
cross section o'v for a particular vector meson to
be produced via the reaction

&v- ~P

we mean the combination v~ +ca ~.
The transverse component of the virtual photon

is pclarized in the lepton scattering with a polar-
ization given by

1 2(v2+Q )
1+a 4E(F. —v) —Q' '

Thus, as E- ~ with fixed v and Q, we have e 1,
i.e. , 100/o polarization. On tbe other hand, if v

remains a fixed fraction f of tbe initial energy,
then a ——,'f /(1 —f) as E —~. 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 de-

T SYSTEM OF p

FIG. 2. Coordinate systems and angles used in the
density matrix decomposition for p decay.

finiteness):
Q, =the azimuthal angle between the lepton-scat-

tering plane and the vector-meson production
plane.

8, P =polar and azimuthal angles for the v' from
p decay.
The angles 8, $ are defined in the p-meson rest
frame. The s axis is taken to be the direction of
tbe p in the hadronic center-of-mass system (beli-
city frame). See Fig. 2 for a description of these
angles and coordinate systems. We follow Dakin
ef a/. ' in defining an angle P=—Q, + Q.

The complete description of the vector-meson
decay matrix elements in terms of these angles is
given in the Appendix. It is useful here to point out
that if SCHWA is valid, the normalized angular dis-
tribution of p decay is given by

W(8, g}=—,(-', sin 8(1+ecos2$)+eR, cos 8
4w I +eRp)

—[eR,(1 +e)/2]" '

x cos6 sin28 cosg).

where 5 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 labora-
tory momenta of greater than 3 GeV/c has been
shown to have a roughly energy-independent cross
section and an exponential momentum-transfer de-
pendence (with an energy-independent slope para-
meter A = 7 GeV 2}.'3'4 In addition, natural-parity
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exchanges and amplitudes obeying SCHC have been
shown to be dominant. All these observations iden-
tify 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
parametrized by (M,/M„)" ", where n(t) has been
experimentally observed'3 to be a rapid function of
t [n(t) = 6(l + t/0. 6 GeV2)], which, when averaged
over the exponential f distribution, yields (n), = 4.
No satisfactory theory has yet explained the re-
markable f dependence of n(t}, despite several at-
tempts. ""

stantial unnatural-parity exchange~ for 8" values
below about 2.5 GeV. Hence, for comparisons with
VMD calculations, one should restrict oneself to
relatively high energy. Only Ref. 23 and our exper-
iment have relatively high-energy data; these data
are discussed in Sec. IV.

Most of the leptoproduction experiments that ob-
serve final states have at most a few P mesons,
due to the low cross section for Q leptoproduction.
However, Dixon et al. have observed a, substan-
tial number of P mesons up to Q =1 GeV2. They
observe no photon shrinkage, find SCHC and R~
= R... and find a Q2 dependence to the Q produc-
tion cross section consistent with VMD.

D. Previous results on vector-meson production by virtual

photons

A number of other experiments have presented
results on p production by virtual photons in the
0&Q &5 GeV range. ' ' Preliminary versions
of our data have also been presented. These re-
sults have demonstrated that the cross section for
p production decreases as a function of Q; whether
that decrease agrees with the predictions of VMD
has been a subject. of controversy.

The Q2 dependence of the f 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 de-
crease in' as Q2 increases have been made in the
literature (see, for example, Ref. 12), the data
are in fact consistent with no Q dependence.

The mass skewing of the p has been measured
at Q values below 1 GeV2 and has been found to be
identical to the photoproduction result within er-
rors. Above Q' =1 GeV', few results are avail-
able.

Analysis of the p decay angular distribution has
revealed that SCHC amplitudes remain dominant
out to Q2 values above 1 GeV2. The production of
longitudinally polarized p's has been clearly ob-
served. Since the production cross section for
longitudinally polarized p's must go to zero a,t
Q2 =0, the ratio R has been parametrized as R,
= $2Q2/M, 2. [Within the VMD picture the quantity

.
$ is the ratio of the forward elastic pP cross sec-
tion for longitudinally and transversely polarized
p's; i.e. , g=oz(pP pP}l(rr(pP —pj).] For Q &1
GeV2, the data are consistent with g2 between 0.3
and 0.7, but above Q = 1 GeV2 few results are
available. The phase angle 5 has been measured
to be near z,ero in all experiments where W & 2.5
GeV; that is, maximal longitudinal-transverse
interference is observed, consistent with both pro-
cesses being diffractive.

The leptoproduction of w mesons contains sub-

E. Summary of results from this experiment

We have performed a muon-proton scattering
experiment at the Stanford Linear Accelerator
Center (SLAC} to study the final-state hadrons
produced at 14-GeV/c incident laboratory muon
momentum. In this paper, we present our final
results for the reactions

Our results cover the kinematic range 1.7& %&4.7
GeV and 0.3 & Q & 5 GeV . Table I lists the quan-
tities we have measured for these three reactions.

Our results provide further evidence for the pic-
ture of vector-meson production presented in Sec.
ID. Additional conclusions which have come pri-
marily from this experiment, or which can be
reached only after consideration of several experi-
ments, including ours, are the following:

(1}The ratio of &u to po production remains con-
stant at the photoproduction value out to Q2 & 2
GeV, as expected if naive VMD is valid.

(2} In po production, both the skewing parameter
Q), and the parameter $2 in the expression for the
longitudinal- transverse ratio show a significant
decrease above Q =1 GeV .

(3) The cross section for p~ production as a func-
tion of Q2 falls below the VMD prediction, when
the measured $ parameter is taken into account.

II. EXPERIMENTAL METHOD

A. Description of apparatus-

A complete description of the apparatus can be
found iq Befs. 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
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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 Qu~tity W' region
toeV)

Q2 r'egion
(GeV')

It I region
(GeV2)

~p (Q')

A
Density matrix
Rp
cos 6

1.7-4,7
2-4.7
2-4.7

2.5—4.7
2.5-4.7
2.5-4.7

0.3-5
0.3-5
0,3-5
0.3-5
0.3-5
0.3-5

& 0.6
& 0.6
& 0.6
& 0.6
& 0.6

o, , (Q2)
O'p (@') 2.0-4.7 0.3-5

Upper limit to o~ 2.0-4.7 0.3-5

was incident on a 40-cm-long liquid-hydrogen tar-
get contained within a 2~0.8x0.6 m' streamer
chamber. The beam traversed the streamer cham-
ber in a 5-cm-diameter tube, made of Lexan. The
chamber was immersed in a 16-ko magnetic
field. The target was surrounded by a 9-cm-wide
recta.ngular box, made of thin Mylar wal&s. 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 5-ray production caused
by the fact that the beam pulse was much shorter
than the streamer-chamber memory time. A trig-
ger hodoscope consisting of four bariks of scintilla-
tion counters, interspersed with 1.5 m of lead ha-
dron absorber, was located directly behind the
chamber. A trigger occurred if a muon penetrated
all four scintillation planes in the hodoseope. All
counters in the hodoscope were latched. This in-
formation was used for event reconstruction to aid
in the identification of the rguon.

B. Scanning and measgring

A total of 237000 event candidates were photo-
graphed. All pictures were scanned twice, and
disagreements were resolved by a third (conflict)
sean. An event was recorded in the scan if it had
one positive track consistent with being a trigger-
ing muon, accompanied by at least one other pos-
itive track. . The efficiency for a single scan was
measured to be 98%. All 44000 event candidates
were measured on conventional film-plane digit-
izers. The setting error for the measurement was
300 p. in space (dema. gnification 67). The events
which failed reconstruction were measured a sec-
ond and, if necessary, a third time.

C. Track and vertex reconltructions

Event reconstruction was accomplished via a set
of programs known as SIOUX, conaisting of (l)

STREAMER
CHAMBER

CELL

BEAM EXIT TUBE HOOOSCOPES

HOR I ZONTA L VERT ICAL

TARGET

5.8 MW MAGNET

A BSC S

~//////////i jjq'

WIRE CHAMBERS

HALO AND 8
RAY COUNTERS

MARX
I TANK

C

FIG. 3. Plan view of the detection apparatus. The
hodoscope and lead wall had openings for the unscatter-
ed beam and the streamer-chamber pulsing system.

TV', which determined track parameters in
real space (2) ApACHB, "which reconstructed the
vertex by extrapolating tracks back into the target,
and (3) SQUAW, so which attempted to fit the recon-
structed vertex with specific kinematical hypoth-
eses. An event candidate survived the reconstruc-
tion procedure if APACHE& could successfully find
a vertex consisting of a muon and at least one pos-
itive hadron. The muon in each event was identi-
fied by finding a track which could be extrapolated
through the trigger hodoscope in a manner consist-
ent with the counter latch information. The re-
mainder 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 p.P p. + hadrons should exceed the num-
ber of negative hadrons by one. However, due to
hadronic track losses, some of the vertices re-
constructed by APACHE did not meet this condi-
tion. We refer to such vertices as "charge-unbal-
anced. " The overall efficiency for detecting
charged hadrons was determined to.be about 86%.
The factors contributing to the losses were (I)
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D. Selection of particular final states

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

PP PP&& y

p,P —p.PE+K

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

(A)

(B)

tracks which failed to emerge from the target box
(&'%%uo), (2) scattered tracks which could not be ex-
trapolated back to the vertex (2%}, (3) tracks ob-
scured by the beam exit tube (2%}, and (4) errors
made in measuring (0.5%).

The final event sample consisted of 10463 events
of which 7620 were inelastic events with Q2 & 0.3
GeV .

(a) ~C FiTS
O
~ 40-
C)

CO

~~ ao
Ld0
4J

I I s I ) I s l s

(b) iC FiTS

l50-
O

I- t00

50

PP PPw 7T 'f . (c)
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 ver-
tex (mainly beam halo and 5 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 1'%%uo 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.

l. p+ pn+n'

This fina1. state appears in both 4C and 1C fits;
to extract t distributions and decay-angle distribu-
tions without large biases, the 1C fit must be in-
cluded in the sample. However, the 1C fits suffer
from substantial background contamination and
also from the twofold ambiguity in determining
which positive hadron is the proton. A few of the
4C fits also have the twofold proton ambiguity. A

special scan was performed to resolve these dif-
ficulties. All events containing 1C fits or ambig-
uous 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 parti-
cles. A 1C fit was retained if (1) there was evi-
dence for a track consistent with the fit hypothesis
that, for some reason, did not survive vertex re-
construction (scattered tracks, measuring errors,
ete. ), or (2} the fit hypothesis predicted a track
with parameters that gave it a small probability

0 O.a O.~ 0.6 O.e
CONFIDENCE LEVEL

I.O

FIG. 4. Confidence-level distributions for fits to the
reaction pp ppm''7( . (a) 4C fits with X2&12.5, (b)
1C fits with X2&7. The shaded region shows those
events that passed the special kC fit scan.

for being observed (insufficient momentum to
leave target, etc.}. Approximately —', of the 1C fits
were rejected. The rejected 1C fits were mostly
events that contain neutrals in addition to the miss-
ing charged track. The fit hypotheses in these
cases predict a charged hadron with kinematical
parameters that account for all the unobserved mo-
mentum in the event. Since the charged hadron de-
tection efficiency was high, the validity of these
fits could usually be determined, with a high de-
gree of certainty, by scanning the event for evi-
dence of the predicted track in the streamer cham-
ber.

A sample of events fitting both reaction (A) and
reaction (B) was also included in this scan. From
a shady of the ionization in these events, we con-
cluded that contamination from the latter reaction
is negligible.

The final event sample consisted of 566 events
with a 4C fit (X2 & 12.5) and 338 events with a 1C
fit (y2 & 7) that survived the special scan. The
probability distributions for these two classes of
fits are shown in Fig. 4.

g. p+pE+EC

Many of the events that fit this final state may in
fact be events of reaction (A), but if we concentrate
on the P-meson contribution, the narrowness of
the Q allows an elimination of almost all back-
ground. The experimental resolution for the E'K
invariant mass in the P-meson region is about
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FIG. 5. A scatter plot of M«vs M&, + for the reac-
tion pp pp7)'m

10 MeV [full width at half maximum (FWHM) j. A

total of 24 events fit this final state with K'K mass
less than 1450 MeV

III. EXCLUSIVE p PRODUCTION SY VIRTUAL PHOTONS:

THE REACTION y p ~p'p

A. Introduction

Exclusive p production appears in reaction (A),
along with significant contributions from 4" and

p Pg 7l' 1f

This final state requires a 1C fit. As in the
p, 'pK'K final state, contamination from erroneous
fits may be large. However, j.f we concentrate on
the &-meson contribution, the narrowness of the
&u will allow an elimination (or estimation) of al-
most all background. The experimental resolution
for the m'm m invariant mass in the region of the
&o meson is about 35 MeV (FWHM). A total of 451
events fit this final state with W'& 2 QeV.

production. A scatter plot for this event sample
is shown in Fig. 5. Both p and 4 signals are
clearly present. To extract the p contribution and
to measure p production and decay properties,
maximum-likelihood fits were performed, using
OPTIME. A matrix element was constructed to
account for p production and three "background"
reactions: 4", ~ production, and phase space.
The 'square of the invariant matrix element was
taken to be

IM I'=&i&sw(Mar )& " +&2&ew(Mp. -}e "'
+ &3 &ew(Mrs)&s~ew"e"'~(cos e) + n4.

In this expression, M~,+, M&, , and M represent
the invariant masses of the two-body combinations
Pm', Pw, and w'm, respectively; t, and t,+ are the
squares of the four-momentum transfers from the
virtual photon to the w and m', respectively, and
8 is the lab angle between the pions. The factor
F,&~ is inserted to account for the skewed p mass
shape mentioned in Sec. IC. It j.s discussed in de-
tail in Sec. III B on the mass spectra. The quantity
t' is defined as

where the minimum momentum transfer consistent
with energy-momentum conservation t „is given
by

tm, ~ = (E„—Ep) —(P„—Pp)

M2(M 2 p q2}2
2S

Here E„and P„are the energy and momentum of
the virtual photon, E, and I'„ those of the dipion
system, and M is the proton mass. In a few of
the fits we have used t, rather than t'. In expres-
sion (1}Few represents a relativistic Breit-Wigner
resonance term. The forms of the resonances

TABLE H. Percentage channel contributions to the reactions @+p p px+m", determined from maximum-likelihood
fits ~

~' (GeV)

1.7-2.0

2.0-2.5

2.5—4.7

1.85
1.83
1.85

2.19
2.18
2.21

3.22
3.10
3.03

9' (GeV')

0.3-0.6
0.6—1.0
1.0-5.0
0.3-0.6
0.6-1.0
1.0-5.0
0.3-0.6
0.6-1.0
1.0-5.0

0.48
0.76
1.40

0.49
0.77
1.60

0.46
0.80
1.45

Number of
events

77
86
57

60
84
77

50
70
6V

pp

43+9
33+8
22+8

47+10
34+9
41+8

82+ 13
61+10
73 +11

29+ 11
18+10
24+ 11

4+5
17+7
0+9

0 ~ ~

4+8
24+ 10

~ e ~

~ ~ ~

~ ~ p

e ~ ~

~ ~ ~

Phase space

28+9
45+13
30+ 15

49+ 12
49+9
59+ 11

18+7
39+8
27+7
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S. Mass spectra

The mass spectra for the Pm'w hadronic final
state are shown in Figs. 6 and 7 for 8'& 2 GeV.
Clear p and 4" signais are seen, and a small &

signal is observed. A marked skewing of the p is
observed in photoproductiori. In our data we see
clear evidence for skewing at low Q [Fig. 6(a}],. a
result compatible with other virtual-photon experi-
ments. '2'8 20 At Q' & 1 GeV2 we see an absence of
skewing [Fig. 6(c}], a result previously only sug-
gested by Ref. 12. If we attempt to 'parametrize the

p shape with F,q,„—M~/M„and the exponent n
either a constant (n =4} or n(t} =6(1—

~lf l/0. 6
GeV2), we find that the high-Q2 distribution is very
poorly fitted. Thus some Q dependence of the
skewing is required by our data. We have tried
fits with two different types of Q'-dependent

E,l„„factors:

20

l5

(c)

W&2 Q2&l0
FP,„=[(Mp +Q )/(M„+Q )]'i2,

Fn.'„=[(M,'+Q'+ lf ~)/(M„'+Q'+ lf l)]'".
10

0 0.5 I.0 l.5 2.0
M(,TI.+sr } (GeV)

FIG. 6. Histograms of I« for events of the reaction
pp —pp7t 'x with 8'&2 GeV. The curves are explained
in the text.

were the same as those used in photoproduction"
and include an energy-dependent width. 'The func-
tion W(cos8}, the angular distribution of po decay,
is defined in the Appendix.

The quantities a, through a4 measure the fraction-
al contributions for the 4", 4, 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 po parameters that went into
these fits will be discussed in detail in the follow-

ing sections. The only unknown 4 parameter is the
t slope B. Photoproduction experiments indicate
that the t dependence of 4 production for 0.2 & t & 1

GeV can be parametrized by a factor of e ', with
B between 3 and 5 GeV ', depending on energy. We
have fixed B in most of our fits at 4 GeV 2. In a
few eases, we reran the fitting program with B
variable or with B fixed at 3 or 5 GeV 2. Our po

results are insensitive to such changes in the fitt-
ing procedure.

The factor E,')'„was suggested by Hoss and
odolsky~s and the fa,ctor E ~~~ was proposed by

Kramer and Quinn. s Unfortunately, neither of
these models has an explanation for the sharp t
dependence observed in ohotoproduction. We have
foUnd no significant difference in the fits to our
data using Es~,„or Es)'„~, both fit adequately with a
constant exponent n =4 or with a t-dependent expo-
nent. We have also separately fitted in t bins for
all events (0.3&Q &4.7 GeV2} and have found re-
sults consistent with our overall fits; the low-t
bin (0& ltd &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 F,„, =M,/M„.
Since we have taken n as independent of t we may
regard the result as Q), :

Q (GeV )

0.3-0.6
0.6-1.0
1.0-4.5

4.7 + 0.8

5.0 +Q.S

0.0 + 1.3
Figure 8 shows our results along with similar fits
from other experiments. Our high-Q result, along
with that of Dakin et aE. , establishes a significant
change in @), for Q2 & 1 GeV2.

Cross sections and other p properties have all
been obtained with fits using E,'&,„and n =4. No
significant difference in cross sections or other
properties was found for fits using other. satisfac-
tory skewing parametrizations.
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FIG. 7. Histograms of M&, + and I&,- for the reaction pp- ppx'7r with W &2 GeV.

C. Momentum-transfer distributions

0.6-1.0
1.0-4.5

6.2 +1,2

4.9 a 1.0
6.6 + 1.2
5.8 a 1.1

The t dependence of exclusive p production is
parametrized by the factor e"'. It has been sug-
gested that the coefficient A may fall with Q2, due
to shrinkage of the hadronic "size" of the virtual
photon.

We investigated the slope A as a function of Q .
To ensure that a diffractive mechanism dominates,
the data were restricted to 2.2 & W & 4.7 GeV and
t & 0.6 GeV . They were then divided into three
Q2 bins in such a way that these bins have approxi-
mately equal statistical weight. Fits were per-
formed using both t and t' =(t —t „);the results
for the slope are presented below:

Exponential t slope A (GeV-')
Q (GeV ) t fit t' fit
0.3-0.6 6.2 + 1.0 6.1 + 1.0

(n))
2 Krarner and

Quinn

I

2

Q (Gev )

FIG. 8. Skewing exponent for the p mass shape as a
function of Q2. The curve is based (Ref. 18) on the
theory of Kramer and Quinn (Ref. 9), who predict the
SKzzz skewing factor with n = 4. The experimental points
come from 0 this experiment; A Joos et al. , Ref. 19;
0 Ballam et al. , Bef. 18;9 Dakin et a/. , Bef. 12; O
Ballam et a/. , Ref. 13.
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TABLE IV. Values for R& and 6 for diferent Q bins.
The ~ selection is W&2.5 GeV.

8- Q2 (GeV2) cos 6

M

0 4

0.3-0.6
0.6-1.0
1.0-5.0

0.63+0.35
2.4 +1.4
0.52 + 0.29

0.24 + 0.26
0.79 + 0.20
0.88 + 0.13

I

2

Q (GeV )
2

FIG. 9. Experimental t slope for p production as a
function of Q . The experimental points come frome this
experiment; h, Joos et'/. , Ref. 19;0Ballam et'„Ref. 18;
CDakin et a/. , Bef. 12; xFrancis et al. , Bef. 20;0 Sal-
lam et a/. , Ref. 13.

Figure 9 shows our results for A as a function of
Q2, along with those of other experiments. We see
no significant change with Q in the A slope, al-
though the data are consistent with a slight de-
crease with Q2. Fractional cross sections given
in Table II were determined from fits withe fixed
at 6 GeV'.

D. p -Decay angulardistributions

The density matrix elements for p production can
be obtained from an analysis of the angular distri-
bution of the pions resulting from the p decay. The
coordinate system and angles have been defined in
Sec. IB, and the density matrix elements are de-

fined in the Appendix.
The density matrix elements have been deter-

mined 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 ob-
tained for the 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 rea-
sonably consistent with SCHC; however, small
violations cannot be ruled out. %e 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
conservation. ' '

If SCHC is correct, and if p production proceeds
via natural-parity exchange in the t channel, then
the angular distribution for p decay can be written
in terms of 8, and. the phase angle 5. The expres-
sion for the normalized angular distribution is
given in Sec. IB.

%e have performed maximum-likelihood fits
utilizing this decay distribution. The results for
8 and cos6 as a function of Q2 are shown in Table

TABLE ID. Density matrix elements for exclusive p
production. Selections are W & 2.5 GeV, Q & 0.6 GeV,
0.6&M«&0.9 GeV, [t ) &0.6 GeV2. Average values are
W = 8.14 GeV, Q2 = 0.90 GeV2, )t] = 0.87 GeV2. There
are 93 events in the sample. Elements with an asterisk
should be zero if SCHC is valid.

15-

i0-

ro'o

aerq4 +

r 04 g

«ho*

Her $

A

ri

0.45 + 0.08

0.05 + 0.05

0.10+0.07

0.12+0.15

-0.03 + 0.07

0.05+0.07

0.10+0.12

Imrs'o*

Imr &„&
2

~So*

rgo
5

ri1

ri-i '
rgo6

ri"i8

-0.07 + 0.09

-0.33 + 0.12

0.09 + 0.07

0.14 + 0.03

-0.02+ 0.04

-0.03 + 0.08

-0.09 + 0.04

0.00+ 0.08

300-
tO
4)
tP

200-
Cl

~ ~

~0

~ ~

8 12
I

I

0 I ~

I.O 0.5 0
cos 8

~ +

~ ~ ~ ~

I

-0.5 -E.O

FIG. 10. Scatter plot of cose vs p, for p decay. Selec-
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&2.5 GeV.
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Figure 11 shows our results for Rp and 5 along
with the results of other experiments. We see a
very clear indication that the parameter g is not
constant, but decreases significantly at Q of order
1 GeV . In the VMD model this would imply a de-
crease in oz, (pp —pp) relative to oz(pp —pp).

E. Q'- dependence of the p cross section

In the previous four sections, all the parameters
necessary to define the full matrix element for ex-
clusive p production were discussed in detail, and
the procedure for obtaining the fractional p cross
sections in Table II have thus been explained. We
now extract the absolute cross section for the re-
action p, 'P —p, 'Pp . We define

Or = (~o/O'rr)(Orrl&~ot) ~&r +«s)
The fractional cross section v,/rr„ is obtained
from Table II. To obtain o„/(r„„we must consid-
er events of all topologies within the particular W

and Q2 bins of interest. We assign a weight to

equal to the inv'erse of the muon detection efficien-
cy for each event, at its particular W, Q value.
We assign an additional weight h to the one-prong
events. The ratio of 0~ to the total inelastic cross
section 0„,is then defined as

FIG. 11. Longitudinal-transverse interference para-.
meters for p production, determined from p decay
angular distributions. Our results are from maximum-
likelihood fits to events with 8') 2.5 GeV. The experi-
ments are indicated by the same symbols as those used
in Fig. 9. (a} Longitudinal-transverse ratio, Ap (t3)

phase angle, 6.

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(cose, g).

+tot ZW) + EKDik(

where ~' is a sumover all pPmw events and ~ 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 Q -W
bins. The weight h corrects the inelastic sample
for lost one-prong events, since these do not sur-
vive the analysis procedure if the hadron goes un-
observed. The average value of the weight 5 is

O /0„, 0, (pb)

TABLE V. Absolute cross sections for exclusive p production. The absolute total cross
section &z +«I, was obtained from H,ef. 32.

W (GeV) Q2 (GeV2). oz+eoz (pb)

1.7-2.0

2.0-2.5

0.3-0.6
0.6-1.0
1.0-5.0
0.3-0.6
0.6-1.0
1.0-5.0
0.3-0.6
0.6-1.0
1.0-5.0

' 0.082 + 0.017
0.077 + 0.018
0.041 + 0.016

0.064 + 0.014
0.056 + 0.014
0.059+ 0.012

O.O55+ O.OO9

0.052 + 0.008
0.033+0.005

101.8
73.7
21.28

81.8
59.9
20.79

63.8
45.85
19.28

8.4 +1.7
5.6 +1.3
0.87 + 0.33

5.2 +1.1
3.3 + 0.8
1.23+0.25

3.49+ 0.55
2.37 + 0.38
0.64 + 0.].o

2.0-4.7
0.6-1.0
1.0-5.0

0.055 + 0.007
0.045+ 0.005

0.3-0.6 0.061+0.008 67.3
48.61
19.61

4.08+ 0.55
2.65+ 0.34
0.88 + 0.10
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FIG. 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 $, a parameter whose independent measurements are shown in Fig. ll(a). The open squares at @2=0 are
photoproduction points from Befs. 13, 14, and 20.
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FIG. 14. The cross-section ratio of 0 p/0 as a func-

tion of Q2. The photoproduction value is from an ex-
periment with the corresponding 8' value (-3.1 GeV)
given in Ref. 13.
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0
'0.5

I

I.O 2.5

On each plot are shown curves predicted by the
VMD model, in a version that treats f as an un-
known parameter. The predicted curves are given
by

FIG. 13. Histograms of 7)'7r 7(. mqss for events that
fit the reaction pp ppm'7r 7t with 8'&2 GeV. The
curves are fits over the range 0.63&MS, &1.03 GeV to
a linear background plus an co resonance at known mass
and of Breit-Wigner form with 7=35 MeV (this simu-
lates the calculated resot.ut ion function).

1.15.
The combination of oz+e|2z, is a. function of Q

and S'. We have obtained 0~+co& from a multi-
parameter fit to the single-arm spectrometer
data. The angular brackets enclosing 0 ~+so'~
refer to an average over the Q2 and W bin in ques-
tion.

The resulting absolute cross sections for exclu-
sive p production are given in Table V. These
cross sections, along with those of other experi-
ments, are plotted as a function of Q2 in Fig. 12.

o', (Q ) =o,(0)Kexpg[t „(Q ) —f „(0)Jj

where

(1+sf Q /M )
(1+Q'/M, ')'

(W2 ~ 2)/f(W2 M 2 Q2)2+4W2Q2]ii2

The K factor is always very close to unity for
reasonable W and Q2, as is the exponential factor.
We have taken o,(0), the p photoproduction cross
section, from experimental data. "' ' The p
propagator yields a significant decrease with Q2,
but that decrease is consi'derably modified by the
factor involving $2. Figure 11 shows that $2 is
significantly greater than 0.1; near Q2=1 GeV it
is probably near 0.5. In view of this information,

(GeV ) 4C p events & events

TABLE VI. Comparison of & production to four-
constraint-fit p production. This comparison gives the
ratio of p to production in the kinematic regions
determined by track losses in the streamer chamber.
The most important losses occur at ~it l &0.2 GeV2. The
selection is S'&2 GeV.

e 4—
O

CO}-,2—
UJ

LLI

I I I

0.925 I.025
I l I I

I.I 25 I.225

M(K'K ) (GeV)

I.325 l.425

0.3-1.0
1.0-5.0

105+12
75+9

23 +5
15+4

4.6 + 1.1
5.0+ 1.5

FIG. 15. Histogram of K'K mass for events that fit
the reaction pp- ppK'K with 8'& 2 GeV. The experi-
mental resolution in the tt)-meson region is calculated
to be 10 MeV (FWHM).
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FIG. 16. Chew-low plot for K'X events E',the same
events that appear ln Fig. 15).

the data in Fig. 12 indicate that the observed cross
sections are significantly lower than the VMD pre-
diction. .

IV. EXCLUSIVE w PRODUCTION BY VIRTUAL PHOTONS:

THE REACTION y p~wp

Exclusive (cl production appears in reaction (C}.
As mentioned in Sec. I D, unnatural-parity-ex-
change contributions substantially affect low-ener-
gy ~ production: We therefore restrict the events
to S'& 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
~ mass. The resolution at the ~ mass was calcu-
lated for each event by SQUAW, and the resolution
function formed from these calculations was found
to fit a Breit-Wigner function with F =35 MeV.
This function was used in the fits, which also as-
sumed a linear background. (It was found that use
of a quadratic background did not change the num-
ber of u mesons more than one standard devia-
tion. )

The sample of v mesons found in this manner is
incomplete due to losses of slow protons in the
streamer-chamber target box and other track
losses. We cannot recover these events in a man-

ner similar to the recovery of the analogous p-me-
son events, owing to the lack of constraints result-
ing from the missing m . However, we can calcu-
late the ratio of m to p production soithin the Par-
ticular kinematic region imposed by the track
losses by comparing the ~ signal to the p signal
obtained from 4C events only. Table VI and Fig.
14 show this comparison and the resulting o,/o„
as a function of Q~. We see the striking result that
the p/&o ratio remains essentially constant out to
Q~ above 1 GeV~. This seems to imply that the
fraction of the hadronic part of the photon that
couples to vector mesons, while decreasing in
strength with Q, retains its SU3 coupling ratios.
The data of Joos et al. '9' 3 are apparently in con-
tradiction with this result, indicating instead ap-
proximate equality of c, and o„near Q =1 GeV~.

V. UPPER LIMITS TO EXCLUSIVE Q PRODUCTION BY

VIRTUAL PHOTONS

Exclusive P production appears within reaction
(B). Figure 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 Q 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 Q me-
son. Within this same region there are 180 p's
(and 38 &u's). In photoproduction, '3 the ratio of
(P K'K ) to (p v'v ) production is about 1.2% in

. a comparable 8' range. If this ratio remained con-
stant. at high Q~, we wouldhave expectedtoobserve
2 Q-K'K events. Our observations is statistic-
ally consistent with this expectation.
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APPENDIX A: 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:

W(cos8, @,p„)=—Q(l —r&&) + —,'(3ro~ —1)cos 8- W2 Rer~~4o sin28 cosp —r, 4, sin 8 cos2$

-e cos2$„(rIf sin 8 +r~o cos 8 —&2RerI~ sin28cosg - rI, sin 8 cos2$)

sin2$„(v2 I'mr&& sin28 sing + Imr& &
sin 8 sin2$}

+[2e(1 +a}]' cosQ„(rff sin 8+ropcos 8- u2 Rer, ~sin28cosg —r, , sin 8cos2$)

+ [2e(1 +a}] sing„(&21mr6&o sin28 sing +Imr&
&

sin 8 sin2$)].
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The upper index in the matrix elements t'&& refers
to the state of virtual-photon polarization (c. =0, I, 2

transverse; o. =4 longitudinal; n =5, 6 I -T inter-
ference terms). The bottom indices represent the

p helicity states. Terms of the form r, & represent
the sum of two matrix elements rvhieh cannot be
separated for fixed W and Q2 unless the relative
contributions from longitudinal and transverse

virtual photons are va, ried (i.e. , incident lepton
energy).

If W(cos8, Q, P„) is integrated over P and aver-
aged over Q„one obtains

W(cos8) =—,'[I —roo+ (3r0040 I—) cos 8],

so that xo4&is the only matrix element affecting
W(cos8).
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