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Abstract

Exclusive �0 and � muoproduction on deuterium, carbon and calcium has

been studied in the kinematic range 2 < Q2 < 25GeV
2

and 40 < � < 180GeV .

We discuss the Q2 dependence of the cross sections, the transverse momentum

distributions for the vector mesons, the decay angular distributions and, in the

case of the �0, nuclear e�ects. The data for �0 production are compatible with

a di�ractive mechanism. The distinct features of � production are a smaller

cross section and less steep p2
t

distributions than those for the �0 mesons.

||||||||||||||||||

For footnotes see next page.
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1. Introduction

In this paper we present results on exclusive �0 and � production in Deep In-
elastic Scattering (DIS) of muons on deuterium, carbon and calcium. The experiment
was carried out at CERN by the New Muon Collaboration (NMC) using a 200 GeV
muon beam. The data discussed here were partially covered in Ref. [1]. The present
paper extends and supersedes the results presented there.

The exclusive �0 (or �) production reaction is

�+N ! � +N + �0(or �); (1)

in which the only particle produced is the �0 (or �) meson. This is sometimes referred
to as elastic production. If the target is a nucleus which remains intact, the reaction
is coherent. In incoherent reactions nucleons are ejected from the nucleus by the
interaction. The reactions can be viewed as proceeding according to the diagram
shown in Fig. 1 and thus can be described in terms of the virtual photoproduction
process 
�N ! �0(�)N .

The quantum numbers of the �0 and � mesons, JPC = 1��, are the same as
those of the photon. Hence one can describe the above photoproduction process by
the exchange of a colourless object carrying the vacuum quantum numbers, commonly
referred to as the pomeron. The pomeron was traditionally used to describe di�ractive
hadronic interactions [2]. In real photoproduction and small Q2 electroproduction of
vector mesons the characteristic features of di�ractive processes are also observed
[3]. The similarity to hadronic processes has been accounted for in the framework
of the Vector Meson Dominance (VMD) model, in which it is assumed that photons

uctuate into vector mesons of the same quantum numbers.

At large Q2, it may be more useful to describe the photon as 
uctuating into
quark-antiquark pairs than into hadrons. Further, the 
�-N interaction may be de-
scribed in perturbative QCD in terms of the exchange of two gluons between the
nucleon and the virtual q-q pair. In addition the q-q pair transverse separation, and
hence interaction probability, decreases with increasing Q2. Both hadronic (VMD)
and PQCD descriptions may be appropriate in the kinematic range of this experiment.

The paper is organised as follows. After a brief review of the experimental and
theoretical status of the �eld, we describe our �0 sample. We present cross sections
as a function of Q2 and � of the virtual photon and as a function of the transverse
momentum of the mesons with respect to the virtual photon direction. The nuclear
dependence of the cross sections is presented. The angular distributions of the decay
particles and R, the ratio of the longitudinal to transverse virtual photoproduction
cross sections, are also discussed. The exclusive � production results are then similarly
presented.

Kinematic variables used in this paper are listed in Table 1,

1.1 Results of previous experiments and theoretical models

Exclusive virtual photoproduction of �0 and � mesons has been extensively
investigated [3-6] at small Q2 (< 2 GeV2) while at larger Q2 only few experimental
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results are available [6-8].
We brie
y summarise the main characteristics of the small Q2 data.

� The shape of the Q2 dependence of the cross section is well described by VMD:
the cross section for production by transversely polarised virtual photons, �T ,
falls with increasing Q2 as (1 + Q2=m2

V )�2, whereas that due to longitudinal
photons, �L, is proportional to Q2(1 +Q2=m2

V )�2.

� The dependence of the cross section on the photon energy, �, above the reso-
nance region (� > 2 GeV) is weak.

� The distribution over t, the square of the four-momentum transfer between the
virtual photon and the vector meson (t = (q�v)2), is approximately exponential
at small jtj values (< 1 GeV2). For the �0 case, at low energies, the slope of the
distribution is about 6-7 GeV�2, rising to about 10 GeV�2 at HERA energies.
The t distribution for � production is 
atter, with slopes slightly smaller than
4 GeV�2.

� The fraction of longitudinally polarised �0 mesons grows approximately linearly
with Q2 from 0 for real photoproduction (Q2 = 0) to about 0.5 at Q2 = 2 GeV2.

� s-channel helicity conservation (SCHC), in which the vector meson retains the
helicity of the photon, is observed to be approximately valid.

� The nuclear dependence of the cross section is well described by the Glauber
multiple scattering model [9] in conjunction with VMD.

At large values of Q2, the EMC results [7, 8] show a di�erent behaviour, with a
faster decrease of the cross section with Q2 and a harder t dependence than observed
for the small Q2 data. The data also indicate substantial violation of SCHC. Our
results on the t-dependence and SCHC do not con�rm these features; an explanation
for the discrepancy between the t-dependences was already presented in Ref. [1].

The nuclear dependence of coherent and incoherent �0 and � production has
recently been investigated by the Fermilab experiment E665 [6]. It was found in
particular that the ratio of bound to free nucleon cross sections for exclusive incoherent
vector meson production is less than unity.

Several models attempt to describe di�ractive vector meson production in DIS
[10-16]. All assume pomeron exchange, with the pomeron generally treated as a pair
of gluons. Individual models di�er however in the way these gluons are described,
ranging from non-perturbative approaches [11-13] to perturbative ones [14-16]. Mod-
els also di�er in the description of the intermediate quark-antiquark pair and of the
vector meson wave function. In spite of these di�erences, in the kinematic region
Q2 � m2

V and W 2 � Q2 � �t, all models give qualitatively similar predictions for
the cross sections:

� Q2 dependence of the type 1=Q6,
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� weak dependence on the virtual photon energy,

� linear growth of R = �L=�T as a function of Q2,

� approximate SCHC.

In this paper R, �L and �T refer to the exclusive vector meson production process
(see Sect. 3.2).

2. Experiment and analysis

The experiment (NMC { NA37) was performed at the M2 muon beam at the
CERN SPS. The data presented here were taken during 1987 simultaneously with the
structure function measurements [17]. The nominal incident muon energy was 200
GeV. About equal amounts of the data were collected with beams of positive and
negative muons.

A complementary target arrangement was used, which was primarily designed
to optimise measurements of the ratios of deep inelastic inclusive cross sections from
di�erent nuclei. Each target set contained several segments of di�erent material
(D,C,Ca) simultaneously exposed to the beam, one behind the other along the beam
direction [17]. Events from di�erent targets were well resolved.

The forward spectrometer [18] was used to detect scattered muons and forward
hadrons. The apparatus had good e�ciency for the detection of charged hadrons of
momenta greater than 4 GeV. The data on exclusive �0 and � production were taken
with the standard trigger which accepted muons at scattering angles larger than 12
mrad.

The data were processed on an event by event basis [18]. For this analysis we
selected events with only two tracks of hadrons of opposite charge associated with
the vertex de�ned by the incident and scattered muon tracks.

The spectrometer allowed identi�cation of muons and electrons. For the present
analysis it was essential to remove background from electron pairs from bremsstrahlung
photons. For the analysis of the � meson data the electron rejection was done using
the information from a calorimeter [19]. The e�ciency of the calorimeter to reject
a single electron was above 80%. For the analysis of the �0 data the information
from the calorimeter was not used. Instead a cut was applied on the invariant mass
squared m2

e+e� calculated assuming the tracks are due to electrons. The electron
rejection methods are discussed in more detail in Sects. 3.1 and 4.1.

A Monte Carlo simulation was used to correct the data for acceptance losses,
kinematic smearing and reconstruction e�ciencies. The events generated contained
exclusive �0 and � mesons produced coherently and incoherently. All outgoing par-
ticles, including the scattered muons and radiative photons, were tracked through
the target and the apparatus. Secondary interactions of hadrons inside the target,
photon conversions and multiple Coulomb scattering were taken into account.

For each generated event, the responses of the detectors were simulated. These
events were then processed in the same way as real events. The overall acceptance
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for a distribution in a given variable was calculated as the ratio of the distribution
obtained after the event processing to the distribution for generated events.

There was no attempt to generate a background to the exclusive processes in
the Monte Carlo simulation because, as discussed in Ref. [13], di�erent fragmentation
models give substantially di�erent results. The amount of background was estimated
from the data, and for each distribution was either subtracted or its e�ect included
in the systematic errors.

In this experiment there was no hadron identi�cation, and so the hadron energies
and the value of mV were calculated both using the pion mass and the kaon mass
corresponding to each of two hypotheses: �0 ! �+�� or �! K+K�.

3. Exclusive �0 production

3.1 The event sample

The selection of the �0 meson sample and the corrections applied to the data in
the present analysis are similar to those used in Ref. [1]. The few improvements, in the
method of electron suppression and in the acceptance calculation, do not signi�cantly
change the results reported previously.

To avoid large acceptance corrections and large radiative corrections the kine-
matic cuts listed in Table 2 were applied to the data. To separate events originating in
di�erent target materials, cuts on the coordinates of the interaction vertex were used.
The main source of electron background is due to e+e� pairs from the conversion of
photons. This background was suppressed by a cut

m2

e+e� > 0:02GeV 2; (2)

where m2

e+e� is the invariant mass for a pair of tracks calculated assuming the electron
mass for both particles. The loss of exclusive �0 mesons with this cut is negligible. The
e�ciency for removing electrons from the sample with this cut was checked using the
calorimeter data and proved to be high (� 99%), resulting in a negligible background.

The exclusive �0 signal is shown in Figs. 2 and 3 for the combined data for the
three target nuclei. The distributions for the di�erent nuclei are similar.

In Fig.2 the acceptance corrected distribution of the two-pion invariant mass,
m��, is given for the events satisfying the Table 2, vertex and m2

e+e� cuts mentioned
above and an inelasticity cut

� 0:1 < I < 0:08: (3)

From the distribution we excluded those events which, for the hypothesis that the
tracks are due to kaons, gave the invariant mass mK+K� in the range of the � mass
(1:01 < mK+K� < 1:03 GeV). It was checked with a Monte Carlo calculation that the
overlap between the exclusive �0 and � events is negligible (< 0:2%). A superposition
of a p-wave Breit-Wigner distribution for the �0 [20] and a non-resonant contribution
was �tted to the data. Satisfactory �ts were obtained which yielded the �0 mass
and width consistent with the known values [21]. No skewing factor was necessary
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to describe the resonance shape, as also reported previously for large Q2 data [7],
in contrast to the small Q2 and small jtj data [3]. The full line shows the result of
the �t and the broken line the non-resonant contribution. For the central part of the
�0 peak, 0.62 GeV < m�� < 0.92 GeV, the non-resonant background contribution is
about 25% .

In Fig.3 the inelasticity distribution uncorrected for acceptance is shown for the
data sample satisfying the cuts listed in Table 2, the vertex cuts, the cut on m2

e+e�

and a cut on the invariant mass

0:62 < m�� < 0:92 GeV : (4)

The peak at I = 0 is the signal of exclusive �0 production. Non-exclusive events, where
in addition to detected fast hadrons, slow (ph < 4 GeV ) undetected hadrons were
produced, appear at I > 0. Due to the �nite resolution, however, they are not resolved
from the exclusive �0 peak. The line shows a parametrisation of the inelasticity
distribution for non-exclusive events. It was obtained by �tting the distribution in the
near inelastic region (0.08 < I < 0.20) with the convolution of a linear dependence
and a gaussian describing the known experimental resolution; these �ts were then
extrapolated to the elastic region. As discussed in Ref. [1] we observe no signi�cant
nuclear or Q2 dependence of the amount of background in the elastic region.

For the region de�ned by cut (3) the amount of background is 0:23 � 0:11. On
the other hand in the more restricted range

� 0:05 < I < 0:00 (5)

the amount of background is only 0:04 � 0:04. For the present analysis we selected
two di�erent samples by applying the two inelasticity cuts.

The basic �0 sample was de�ned using the kinematic cuts listed in Table 2, the
vertex cuts and cuts (2){(4). The number of events for this sample is given in Table
3. This sample is about three times as large as in previous experiments in a similar
kinematic range.

For some parts of the analysis (transverse momentum distributions, incoherent
cross sections) as well as for cross checks, inelasticity cut (3) was replaced by the more
restrictive cut (5). The importance of this for the transverse momentum analysis was
discussed in Ref. [1]. Changing the inelasticity cut reduces the number of events by
more than a factor of two.

The average values of Q2 and � for the two samples are similar, < Q2 > = 6.3
GeV2 and < � > = 112 GeV.

3.2 Virtual photoproduction cross section

We now discuss the cross sections for the process 
�N ! �0N for di�erent nuclei
as a function of Q2 and �. They include coherent and incoherent contributions. A
discussion of the coherent and incoherent parts separately is given in Sect. 3.4. To
facilitate the comparison between di�erent nuclei, the cross sections presented in this
paper are always per nucleon.
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The total cross section for exclusive �0 production for virtual photons in a given
(Q2; �) interval may be obtained by normalising the number of events N� correspond-
ing to the reaction

�N ! ��0N (6)

to the total number of scattered muons N� for the same interval. Using the cross
section of the reaction

�N ! �X; (7)

derived from the values of the structure functions of Refs. [17,22], the cross section
of reaction (6) is then obtained by the relation

d2�(�N ! ��0N)

dQ2d�
=
d2�(�N ! �X)

dQ2d�
= (

N�

A(�j�)
) = (N� �): (8)

Here A(�j�) is the conditional probability to observe the �0 when the scattered muon
is observed in reaction (6), and � is the radiative correction factor [23] for reaction
(7). In the determination of N�, no correction was applied to account for radiative
processes. The factor A accounts for detector acceptance e�ects estimated by Monte
Carlo simulation, losses due to secondary interactions in the target of pions from �

decay and background corrections. In the latter it was assumed that the non-exclusive
and the non-resonant backgrounds are uncorrelated. This assumption is supported
by results of �ts of the mass distributions obtained with di�erent inelasticity cuts ((3)
vs. (5)).

The cross sections for exclusive �0 production and inclusive virtual photon ab-
sorption are related to the muon cross sections by

�
�N!�0N (Q2; �) =
1

�T

d2�(�N ! ��0N)

dQ2d�
; (9)

�
�N!X(Q2; �) =
1

�T

d2�(�N ! �X)

dQ2d�
: (10)

Here, �T is the 
ux of transverse virtual photons

�T =
�(� � Q2

2Mp
)

2�Q2E2
�(1 � �)

; (11)

� is the �ne structure constant and � is the virtual photon polarisation given by

� =
1 � �

E�
� Q2

4E2
�

1� �

E�
+ 1

2
( �

E�
)2 + Q2

4E2
�

: (12)

The cross section (9) is the sum of two terms due to transverse and longitudinal
virtual photons

�
�N!�0N = �T + ��L; (13)

or equivalently
�
�N!�0N = �T (1 + �R); (14)
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where R = �L=�T for the exclusive reaction.
To investigate their Q2 dependence the cross sections were averaged over � in

each Q2 bin. We observe no signi�cant dependence on � as is discussed below.
In Fig. 4 the Q2 dependence of the cross section for exclusive �0 virtual photo-

production is shown. Also shown are the EMC data on protons [7]. The cross sections
measured in this experiment are also given in Table 4 together with the mean values
< � > and < � > for each Q2 bin. The errors shown are statistical; the systematic
errors are about 20% (25% for the data of Ref. [7]). The dominant contribution
to the systematic error comes from uncertainties in the background estimates and is
common to all data points. This error is thus largely independent of Q2, � and A.

The measured total cross sections for carbon and calcium are close to those
for deuterium. Fig. 4 indicates fair agreement between the proton [7] and deuteron
data. It should be noted that the cross sections depend both on R, which may be Q2

dependent, and � which was lower in this experiment (see Table 4) than in Ref. [7],
where < � > was 0.84. At Q2 = 6 GeV2, using R = 2:0 as obtained in Sect. 3.5, this
accounts for about a quarter of the di�erence.

To compare the Q2 dependence for the di�erent nuclei, we have parametrised
the data according to

�(Q2) = �0(
Q2

0

Q2
)�; (15)

where �0 and � are �tted parameters and Q2

0 is set equal to the average Q2 of a given
data sample. The �ts yield values for � of 2.05�0.09 for deuterium, 1.96�0.13 for
carbon and 2.04�0.13 for calcium. These �ts are shown in Fig. 4. The results of the
�ts are compatible and a combined �t to all data yields � = 2:02� 0:07.

The values of �0, the cross section at Q2 = Q2

0
, determined for various Q2

0
and

ranges of Q2, are given in Table 5 and Fig. 5. The dependence of the cross section
on the atomic number A can be parametrised as / A�, with � = 0:035 � 0:032. The
result is compatible with no A dependence.

The � dependence of the cross section �0 is given in Fig. 6 at Q2 = 6 GeV2.
There is no signi�cant variation between � = 70 and 140 GeV. Fig. 6 also shows the
transverse cross section derived using Eq. (14), taking R = 2.0 � 0.3 (Sect. 3.5). It
was assumed that R does not vary with �.

In order to search further for possible nuclear e�ects we studied the ratio of the
average cross sections for carbon and calcium to that for deuterium. In Fig. 7 this
ratio is shown as a function of Q2 , lc = 2�=(Q2 + m2

�) and x = Q2=(2Mp�). The
variable lc can be viewed as the length of the virtual �0 
uctuation of the virtual
photon in the laboratory system [3]. The ratios are everywhere consistent with unity.

In conclusion, we observe that the cross sections are approximately proportional
to 1=Q4 in the range 2 < Q2 < 25 GeV2. The data show no signi�cant � dependence.
The cross sections do not appear to depend on the atomic number A.

3.3 The transverse momentum distributions
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In this section we present the di�erential cross sections d�=dp2t and give parametri-
sations of them to facilitate comparisons with other experiments and with models.
The results on transverse momentum distributions were partly covered in previous
publications [1,24]. The e�ect of the non-exclusive background on the tranverse mo-
mentum distributions and the ways to reduce it were discussed in Ref.[1].

In Fig. 8 the di�erential cross sections for the di�erent nuclei are shown. They
were obtained from the data in the range 2 < Q2 < 25 GeV2 and were normalised to
the virtual photoproduction total cross sections at Q2 = 6 GeV2. The p2t distributions
given here were obtained with the restrictive inelasticity cut (5)1. We observe clear
coherent peaks at small p2t values (< 0:05 GeV2) and less steep distributions for the
incoherent events.

We present the p2t -slopes for the incoherent events in Table 6. The function

d�

dp2t
= a e�binp

2
t (16)

was �tted to the p2t distributions in the range 0:2 < p2t < 1:0 GeV2. The lower
cut was introduced to eliminate coherent events. The �tted slopes are given for the
di�erent nuclear targets separately and for the combined data. The quoted errors are
statistical; the systematic error is 0.7 GeV�2 [1].

The average p2t -slope for incoherent events for the combined data in the full Q2

interval is bin = 6:3�0:6�0:7 GeV�2. In the more restricted Q2 interval 6 - 25 GeV2,
bin is 4:6�0:8 GeV�2, consistent with our earlier work (4:3�0:6 GeV�2) [1]. The slope
for the full Q2 range corresponds to a mean p2t value of < p2t >= 0:16� 0:015� 0:018
GeV2 for the exclusive production of �0 mesons on a single nucleon. This value is
substantially smaller than the mean p2t values (0.6 - 0.7 GeV2) for leading hadrons
(z > 0:5, where z is the fraction of the photon energy carried by the hadron) produced
in inclusive deep inelastic scattering in comparable Q2 and W 2 ranges [25]. This
indicates that the mechanism of exclusive �0 production is di�erent from that for
hadron production in inclusive hard scattering processes.

We do not present the p2t -slopes of the coherent peaks because due to kinematic
smearing they are poorly determined. However, the coherent cross sections integrated
over p2t are much less sensitive to smearing. We parametrised the full p2t distributions
in the following way:

d�

dp2t
= �totfc bcoh e�bcohp

2
t + (1� c) bin e

�binp
2
tg: (17)

The values of the slopes for incoherent events, bin, were �xed to be those of Table 6.
The slopes for coherent events were taken to be bcoh =< r2 > =3, where < r2 > is the
mean square radius of the charge distribution of a nucleus. The values of bcoh used for
deuterium, carbon and calcium were 38.0, 52.2 and 103.7 GeV�2, respectively. The
total cross section �tot is that given in Table 5 for the full Q2 range. The parameter
c, which quanti�es the p2t -integrated relative contributions of the two exponentials,

1The distributions shown in Fig. 3 of Ref. [1] were given for a di�erent inelasticity cut.
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was found from the �t. The values determined for c do not depend signi�cantly on
those assumed for bcoh.

The values of c determined for the deuterium, carbon and calcium targets are
0:23 � 0:10, 0:70 � 0:09 and 0:71 � 0:06, respectively. No signi�cant Q2 dependence
of c was found. Our results do not agree with those of Ref.[8], which however were
a�ected by non-exclusive background [1].

3.4 Nuclear dependence of the incoherent and coherent cross sections

In section 3.2 we have shown that there is no A dependence of the total cross
sections. In this section we investigate the nuclear dependence of the incoherent cross
sections presented in terms of the nuclear transparency for carbon and calcium, as
well as the ratios of the integrated coherent cross sections for these nuclei. The data
are compared with the results of the experiment E665 [6].

Nuclear transparency is de�ned by

T =
d�nucleusin

dp2t
=
d�Din
dp2t

; (18)

where �in is the incoherent cross section evaluated in the range where coherent e�ects
are negligible. The nuclear transparencies were obtained by �tting formula (16) to
the data in the range 0:1 < p2t < 1:0 GeV2 with a common slope bin for all nuclei,
and dividing the normalisation coe�cients, a, for carbon or calcium by that for deu-
terium. The resulting transparencies are T = 0:51 � 0:13 and 0:44 � 0:08 for carbon
and calcium, respectively, with an estimated systematic error of 0.10. The nuclear
transparencies obtained for two Q2 ranges are shown in Fig. 9, in which the prelimi-
nary results of the experiment E665 [6] are also displayed. The present results con�rm
the nuclear mass dependence of the incoherent cross section seen in experiment E665.

The total exclusive cross sections (Table 5) together with the values of the pa-
rameter c describing the p2t distributions (see previous section) were used to calculate
the p2t -integrated coherent cross sections. They were corrected for the e�ects of the
�nite minimum four-momentum transfer tmin and for the suppression of incoherent
cross sections at small p2t [9]. The correction for �nite minimum four-momentum
transfer is equal to 1.02 { 1.04 for carbon and 1.17 { 1.40 for calcium depending on
Q2 and �. The correction for suppression of the incoherent events at small p2t is equal
1.09 for carbon and 1.03 for calcium. In Fig. 10 we show the ratio �Cacoh=�

C
coh for

the present data for two Q2 ranges together with the preliminary results of the E665
experiment.

3.5 Rho decay angular distributions

In this section, from the analysis of the �0 decay polar angle distributions, we
determine the fractions of �0 mesons produced with longitudinal polarisation (helicity
0). Further, we present azimuthal angular distributions which indicate the consistency
of the data with the hypothesis of s{channel helicity conservation (SCHC). Assuming
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SCHC and using the measured fractions of longitudinally polarised �0 mesons, we
determine the ratio R of cross sections for exclusive �0 production by longitudinal
and transverse virtual photons.

The � decay acts as an analyser of its spin states. Hence the analysis of the
decay distributions allows us to study spin-dependent properties of the production
process. The relevant formalism has been developed in Ref. [26].

Usually the �0 decay angular distribution W (cos �; �;�) is studied in the s-
channel helicity frame, which is the most convenient for describing the � decay after
photo- and electroproduction [3,27,28]. The �0 direction in the virtual photon-nucleon
centre of mass system is taken as the quantisation axis. The angle � is the polar angle
and � the azimuthal angle of the �+ in the �0 centre of mass system. The angle � is
then that between the decay plane and the �0 production plane (the 
�-� plane). The
angle � is that of the �0 production plane with respect to the lepton scattering plane.
SCHC hypothesises that the helicity of the virtual photon is retained by the �, in
which case the angular distribution reduces to W (cos �;  ) [26,28], where  = �� �
is the angle of the � decay plane with respect to the lepton scattering plane.

For unpolarised electroproduction most of the density matrix elements were
experimentally determined from the analysis of the moments of the distribution
W (cos �; �;�) [28]. In the present experiment, due to the limited statistics and com-
plicated dependence of the acceptance on the angular variables, it was not feasible to
perform a full multidimensional analysis of the angular distributions. We therefore
limited the analysis to the single variable distributions in cos �, � and  .

3.5.1 The cos � distribution

After integrating W (cos �; �;�) over � and � the distribution is

W (cos �) =
3

4
f1� r0400 + (3r0400 � 1) cos2 �g (19)

and depends only on the density matrix element r04
00

, which can be identi�ed as the
probability that the �0 was longitudinally polarised (i.e. helicity 0).

In Fig. 11 the cos � distributions, corrected for acceptance and normalised to
unity, are shown. For all data sets a clear cos2 � dependence is observed indicating a
substantial fraction of longitudinally polarised �0 mesons. The curves represent �ts
of the function W (cos �) to the data.

The �tted values of r0400 from this analysis are corrected for the contribution
from the non-exclusive background. In the near inelastic region (0:08 < I < 0:2)
the cos � distributions for �0 decay are 
at. We assume the same distribution for the
background under the exclusive peak. The results for r0400 are shown in Fig. 12 as
a function of Q2 for all the nuclei. No signi�cant A dependence is observed. The
average r0400 for all Q2 and all nuclei is 0:58 � 0:04.

Also shown in Fig. 12 are the EMC data for the proton [7], which are in fair
agreement with the present results. A direct comparison is however di�cult as r0400
may depend on the polarisation �, for instance if s-channel helicity is conserved.

12



The coherent process on nuclei can be regarded as a "�lter" for spin amplitudes,
as in this case the spin-
ip amplitudes are suppressed to a large extent. Then, if for
exclusive �0 production longitudinal virtual photons do not contribute, as suggested
by Ref. [7], the values of r04

00
might be smaller for coherent than for incoherent

events. To investigate this possibility samples of coherent and incoherent events
were selected. The sample enriched in coherent events was obtained by applying
an additional selection p2t < 0:05 GeV2. The residual incoherent admixture in the
coherent sample is about 10%. Likewise the incoherent sample was obtained by
applying a selection p2t > 0:2 GeV2 and replacing the standard inelasticity cut (3) by
the restrictive inelasticity cut (5). The p2t cut removes practically all coherent events
and the inelasticity cut substantially reduces the non-exclusive background (cf. Sect.
3.3).

The values of r0400 for the coherent and incoherent samples for all nuclei combined
are 0.63� 0.07 and 0.64� 0.13 respectively. There is no indication of a di�erence for
the two samples, which is consistent with the SCHC hypothesis for incoherent pro-
duction.

3.5.2 The � distribution

After integrating W (cos �; �;�) over � and � the distribution is

W (�) =
1

2�
f1 � 2r041�1 cos 2�+ P

p
1� �2 2Imr31�1 sin 2�g; (20)

where r04
1�1

and r3
1�1

are the �0 density matrix elements, � is the virtual photon
polarisation and P polarisation of the muon beam. About equal amounts of data
were taken with �+ and �� beams. These have opposite polarisations P = �0:82 [29]
so that two separate measurements of W (�) were obtained.

The angle � is subject to large kinematic smearing for events with small trans-
verse momentum and so the � distributions were analysed after removing events with
p2t < 0:05 GeV2. For the remaining events the smearing is � 150 mrad.

The � distributions corrected for acceptance and combined for all nuclei are
shown in Fig. 13 for both beam settings; they are normalised to unity. The dashed
lines show the uniform distribution expected if s-channel helicity is conserved; in this
case both r041�1 and r31�1 are predicted to be zero.

Simultaneous �ts of Eq. (20) to both distributions yielded r04
1�1

= �0:03� 0:04
and Imr31�1 = 0:02 � 0:07, consistent with SCHC predictions.

3.5.3 The  distribution

As we mentioned, W (cos �; �;�) takes a simpler form W (cos �;  = ���), if s-
channel helicity is conserved. In this case, after integrating over cos �, the distribution
becomes

W ( ) =
1

2�
f1 + 2�r11�1 cos 2 g: (21)
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If, in addition to SCHC, there is natural parity exchange in the t channel, observed
to be a good approximation at small Q2 [3], r1

1�1
is related [26,28] to r04

00
by

r1
1�1

=
1

2
(1� r04

00
): (22)

The kinematic smearing of the angle  was acceptably small for all p2t , about 80 mrad.
The  distributions corrected for acceptance and normalised to unity are shown

in Fig. 14. The curves show the results of the �ts of W ( ) to the data with r1
1�1

as
a free parameter. The quality of the �ts is acceptable. The largest �2=NDF is 17/9,
but if one assumes a uniform distribution, this becomes �2=NDF = 24/10 which is
signi�cantly poorer. No signi�cant A or Q2 dependence was observed for r11�1 whose
value was 0:16 � 0:06 for the combined data. This value includes corrections for the
non-exclusive background, which was assumed to have a uniform W ( ) distribution
as suggested by the data in the near inelastic region. If we use Eq. (22) with the r04

00

measured in the present experiment, we obtain r11�1 = 0:21� 0:02 in agreement with
the �tted value.

3.5.4 Determination of R

The results on the � and  distributions, as well as the similarity of r0400 for
coherent and incoherent events support the hypothesis of SCHC.

Assuming SCHC and using the measured r0400 one can estimate the ratio R (
= �L=�T for exclusive virtual photoproduction) with the expression [28]

R =
1

�

r0400
1� r0400

: (23)

From our combined data we obtain R = 2:0� 0:3 at < Q2 >= 6 GeV2.
This result may be compared to that of Ref. [7], R = �0:38�0:13+0:9

�0:4 evaluated
at Q2 = 2 GeV2 using, however, a di�erent method. The two results are consistent
with the increase of R with Q2 predicted by many models [10-16].

4. Exclusive � production

4.1 The event sample

The procedure of selecting the sample of exclusive � mesons was similar to
that for exclusive �0 mesons. Most of the cuts and selections were the same for
both samples. Di�erent cuts were applied on the invariant mass of the �nal state
meson pair and the only other di�erence was in the method of suppressing electron
background.

Cut (2) on m2

e+e�, which was applied to the �0 sample, could not be used here
because of the overlap between � events and photon conversions in the invariant mass
spectra. Instead, to suppress electron background we used the measurements of en-
ergy deposited in the electromagnetic and hadronic parts of the calorimeter [19]. For
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each shower in the calorimeter, the ratio EMAGF (ElectroMAGnetic Fraction) of
the energy deposited in the electromagnetic part to the total deposited energy, was
calculated. The response of the calorimeter to electrons and hadrons was studied
with both a sample of events with a single real photon (converting into e+e�), and
with a sample of exclusive �0 or � events. For the showers initiated by electrons the
EMAGF distribution peaks at values close to unity, whereas for hadrons the distri-
bution favours smaller values. Thus, in order to suppress the electron background,
the events were rejected if at least one track initiated a shower in the calorimeter with

EMAGF > 0:8: (24)

This procedure leaves a residual electron background of about 2% of the data and
results in a 3% uncertainty in the � cross section.

The exclusive � signal is shown in Figs. 15 and 16 for the combined data for the
three nuclei. In Fig. 15 the acceptance corrected distribution of the two kaon invariant
mass mKK is shown. The mass spectrum is not corrected for kinematic smearing. The
data satisfy inelasticity cut (3) and the remaining selections of the � sample except
for the invariant mass cut. From the distribution we excluded those events which,
for the hypothesis that the tracks are pions, gave the invariant mass m�+�� in the
central region of the � mass (0:695 < m�+�� < 0:845 GeV).The full line is the result
of a �t to the data of a superposition of a gaussian and a non-resonant contribution.
Satisfactory �ts were obtained which yielded the � mass M� = 1:0207 � 0:0009 GeV
and � = 0:0053 � 0:0008 GeV. For the invariant mass range

1:005 < mKK < 1:035 GeV (25)

the fraction of non-resonant events is (28 � 6)%. This background is reduced to
(19 � 6)% if inelasticity cut (5) is used.

In Fig. 16 the inelasticity distribution uncorrected for acceptance is shown. The
data satisfy the invariant mass cut (25) and the remaining selections of the exclusive
� sample except for the inelasticity cut. The signal of exclusive � production is seen
with non-exclusive events partially overlapping as for the �0 case, cf. Fig. 3. The
line is a parametrisation of the inelasticity distribution for non-exclusive events. It
was obtained as for the �0 sample (see Sect. 3.1). For the region de�ned by the
inelasticity cut (3) the non-exclusive background contribution is (22 � 11)%. With
the restrictive inelasticity cut (5) it is is reduced and equals (3 � 4)%. These values
are about the same as those for the �0 sample.

We de�ned our � sample using the kinematic cuts listed in Table 2, the vertex
cuts, the cut on EMAGF , the invariant mass cut (25) and the inelasticity cut. Once
again, for most of the analysis we used cut (3), except for the transverse momentum
distributions, when cut (5) was used (cf. Sect. 3.3). The numbers of exclusive �
events obtained with cut (3) are given in Table 3.

The average values of Q2 and � for the � sample are < Q2 > = 6:4 GeV2 and
< � >= 108 GeV. They are close to the corresponding values for the �0 sample.

4.2 Virtual photoproduction cross section as a function of Q2
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To extract the cross sections the same method as for the �0 sample was used
(Sect. 3.2). The cross section �
�N!�N (Q2) was calculated according to a formula
analogous to Eq. (9). The cross sections were corrected for detector acceptance,
losses due to the secondary interactions of decay kaons in the target, non-exclusive
and non-resonant backgrounds, e�ciency of suppressing electron background and for
the branching ratio of �! K+K�. In the corrections a possible correlation between
the non-exclusive and non-resonant backgrounds was taken into account. Within the
somewhat large errors we do not see any A dependence and only the combined cross
sections for all nuclei are presented.

In Fig. 17 the Q2 dependence of the cross section for exclusive � virtual pho-
toproduction is shown together with the cross section for exclusive �0 production
averaged over the three nuclei. The errors shown are statistical. Not shown are the
systematic, mostly normalisation, errors which are about 20%. The cross section for
� production is about one order of magnitude smaller than that for �0 production,
but has a similar Q2 dependence. The cross sections can be parametrised as / ( 1

Q2 )�,

with the parameter � equal to 2:27 � 0:39 for � and 2:02 � 0:07 for �0.
The ratio of the � and �0 meson production cross sections is shown as a function

of Q2 in Fig. 18 together with the result of a previous experiment [8]. The errors
shown are statistical. The systematic error on this ratio is about 10%. One may
expect the ratio ��=�� to be related to the ratio of the squares of the charges of the
valence quarks [3,8,16], which in this case is 2/9. The present results give a ratio
which is about a factor two lower than this. It is interesting to note that the ratio
of photoproduction cross sections (Q2 = 0) is also about a factor two below the
expectation of a quark-VMD model [3].

4.3 Transverse momentum distributions

The results presented in this section were obtained with the restrictive inelastic-
ity cut (5), which reduces the non-exclusive background to about 3% at the expense
of reducing the number of events by a factor of about two.

In Fig. 19 the acceptance corrected p2t distributions of exclusive � mesons are
shown separately for the deuteron and for the combined data from the three nuclei.
The distributions were obtained for 2 < Q2 < 25 GeV2. The curves represent the
�ts to the exclusive �0 data normalised to the � data in the range 0:2 < p2t < 1:0
GeV2. The comparison illustrates that incoherent � production has less steep p2t
distributions than incoherent �0 production. The p2t -slopes for the � data were found
by �tting a single-exponential dependence in the range p2t > 0:2 GeV2. The �tted
values of the slopes are 3:4� 1:0 GeV�2 for the deuteron and 3:7� 0:9 GeV�2 for the
combined data for the three nuclei. These values are smaller than the corresponding
ones for �0 production: 7:1� 0:9 GeV�2 for the deuteron and 6:3� 0:6 GeV�2 for the
combined data (Table 6).

4.4 Decay angular distributions
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We only discuss the cos � distributions of the kaons from the decay �! K+K�.
They display predominantly a cos2 � behaviour. Fitting Eq.(19) to the distributions
for the combined data from all three nuclei yields the values of the matrix element
r04
00

shown in Fig. 20. The � data were corrected for the non-exclusive background as
described for the �0 case in Sect. 3.4. For comparison the values for the combined �0

data are also shown in the �gure. Over the whole Q2 range the average r0400 for the �
data is 0.84� 0.18 (for �0 it is 0.58�0.04). Though the errors on r0400 for � are large,
there is an indication of a dominant contribution of longitudinally polarised �.

5. Conclusions

We have studied exclusive �0 muoproduction (�N ! ��0N) and exclusive �
muoproduction (�N ! ��N) at large Q2 (2�25 GeV2) and in the � interval 40�180
GeV. The data were taken with deuterium, carbon and calcium targets. The data
from di�erent nuclei have similar cross sections and distributions as a function of
most of the kinematical variables except p2t .

The measured total cross sections for the process 
�N ! �0N as a function
of Q2 can be parameterised by a function / 1=(Q2)�, with � close to 2. We do not
observe any signi�cant � dependence. The total cross section per nucleon can be
parametrised as a function of A by �(A) = �0A

�, with � = 0:035 � 0:032.
The p2t distributions of exclusive �0 production exhibit a signi�cant contribution

from coherent events in addition to incoherent ones. For the range 0:2 < p2t < 1:0
GeV2, we found that the p2t -slopes for incoherent distributions are about 6 GeV�2.
We observe no signi�cant Q2 dependence either of these slopes or of the ratio of
coherent to incoherent total yields. The slopes are close to those for �0 photoproduc-
tion and electroproduction at small Q2 measured in previous experiments. Nuclear
transparencies for carbon and calcium are signi�cantly below unity.

From the analysis of the decay angular distributions we found that the fraction of
longitudinally polarised �0 mesons (helicity 0) is large. The decay azimuthal angular
distributions and the similarity of the fractions of longitudinally polarised �0 for the
coherent and incoherent events are in agreement with s-channel helicity conservation
(SCHC). Assuming SCHC and using the measured polar angular distributions we
have estimated R, the ratio of the cross section to produce a �0 by longitudinal
virtual photons to that for transverse ones. The value of R is found to be 2:0 � 0:3
at Q2 = 6 GeV2.

Most of the results of present paper are in fair agreement with those from the
experiments of Refs. [6-8]. However, signi�cant di�erences to the results of Refs.
[7,8] were found for the slopes of the incoherent p2t distributions as already reported
in Ref. [1] and also for the fractions of coherent events.

The large slopes of the p2t distributions for the incoherent cross sections, the
approximate SCHC and the weak � dependence observed in this experiment are char-
acteristics of di�ractive processes.

Exclusive � production was also studied, using the decay channel �! K+K�.
The production cross section is about an order of magnitude smaller than for the �0,
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but its Q2 dependence is similar. The p2t distributions are less steep than those for
the �0. A large fraction of � mesons is polarised longitudinally.

We are grateful to P.V.Landsho�, N.N.Nikolaev, T.Sloan and M.Strikman for
fruitful discussions.
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Table 1
Kinematic variables.

k four-momentum of the incident muon
k0 four-momentum of the scattered muon
p four-momentum of the target nucleon
v four-momentum of the vector meson V (�0 or �)
q = k � k0 four-momentum of the virtual photon
{Q2 = q2 invariant mass squared of the virtual photon
� = (p � q)=Mp energy of the virtual photon in the laboratory system,

Mp is the proton mass
x = Q2=(2Mp�) Bjorken scaling variable
y = (p � q)=(p � k) fraction of the lepton energy lost in the laboratory system
W 2 = (p + q)2 total energy squared in the 
� �N system
p2t transverse momentum squared of the vector meson

with respect to the virtual photon direction

mV = (v2)
1

2 invariant mass of the vector meson V
M2

X = (p+ q � v)2 missing mass squared of the undetected recoiling system
I = (M2

X �M2

p )=W 2 inelasticity

Table 2
Kinematic cuts applied to the data.

Q2

min [GeV2] 2
�-range [GeV] 40 { 190
ymax 0.9
minimum energy of scattered muon [GeV] 20
minimum hadron momentum [GeV] 4

Table 3
Numbers of events in the samples of exclusively produced �0 and � mesons.

Target material
D C Ca All

�0 591 266 427 1284
� 44 14 39 97
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Table 4
Total cross sections �(
�N ! �0N) as a function of Q2.

For each Q2 bin the average � and � are indicated.
The errors are statistical. There is an additional normalisation

uncertainty of about 20%.

Q2 [GeV 2] < � > [GeV ] < � > �(
�N ! �0N) [nb]
Deuterium

2.5 140 0.50 170 � 31
3.5 116 0.66 60 � 10
4.5 117 0.66 65 � 11
5.5 106 0.72 41 � 7
6.9 99 0.76 23 � 3
8.8 93 0.78 15 � 2

11.9 87 0.82 5.8 � 0.9
16.9 87 0.81 2.6 � 0.7
22.5 92 0.80 1.7 � 0.5

Carbon
2.4 146 0.45 165 � 54
3.5 139 0.52 70 � 18
4.6 122 0.62 47 � 13
5.5 116 0.67 29 � 9
7.0 97 0.77 32 � 7
8.8 94 0.77 14 � 4

11.9 87 0.82 6.4 � 1.3
16.8 92 0.79 5.9 � 1.4
23.1 85 0.86 1.5 � 0.5

Calcium
2.5 139 0.52 192 � 41
3.5 124 0.61 76 � 17
4.5 104 0.72 64 � 14
5.5 101 0.74 31 � 7
6.9 94 0.78 27 � 5
8.9 90 0.80 12 � 3

11.9 87 0.82 6.0 � 1.2
16.9 100 0.76 4.8 � 1.3
25.9 96 0.79 2.1 � 0.8
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Table 5
Total cross sections (coherent + incoherent) per nucleon

for the 
�N ! �0N reaction at Q2 = Q2

0
.

The errors are statistical. There is an additional normalisation
uncertainty of about 20%.

Q2 range [GeV2] Q2

0 [ GeV2] D C Ca
2 - 25 6.0 26:2 � 1:6 nb 27:4 � 2:5 nb 29:2� 2:2 nb

2 - 6 3.9 64:1 � 5:8 nb 58:6 � 8:3 nb 69:1� 7:6 nb
6 - 25 9.6 10:7 � 0:9 nb 12:9 � 1:5 nb 11:6� 1:2 nb

Table 6
The �tted p2t -slopes in [GeV�2] for incoherent events.
The �ts were made in the range 0:2 < p2t < 1:0 GeV 2

for the interval 2 < Q2 < 25 GeV2.
The errors are statistical. There is an additional systematic error of 0.7 GeV�2.

D 7:1� 0:9
C 4:5� 1:5
Ca 5:4� 1:2
All 6:3� 0:6
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Figure Captions

Fig. 1 Diagram of the exclusive muoproduction of vector mesons.

Fig. 2 Acceptance corrected distribution of the two-pion invariant mass. The data
from deuterium, carbon and calcium targets were combined. The full line rep-
resents the result of a �t assuming the superposition of a p-wave Breit-Wigner
and a non-resonant contribution. The broken line shows the non resonant con-
tribution parametrised as a0(m�� � 2m�)a1e�a2m�� ; where a0, a1, a2 are �tted
parameters and m� is the pion mass.

Fig. 3 Inelasticity distribution of �0 mesons uncorrected for acceptance. The data
from the deuterium, carbon and calcium targets were combined. The solid line
represents the parametrisation of the non-exclusive background described in the
text.

Fig. 4 Exclusive �0 virtual photo-production cross section as a function of Q2. The
data are from the present experiment (full symbols) and from the EMC [7] for
the proton (open symbols). The cross sections for carbon and calcium are scaled
by factors of 0.1 and 0.01 respectively. The lines are the results of empirical �ts
to the data described in the text.

Fig. 5 The exclusive �0 virtual photoproduction cross section as a function of atomic
mass, A, evaluated at Q2 = Q2

0. The full points were obtained using all data;
the open symbols are for the data at small and large Q2. The full line shows a
parametrisation / A�, �tted to all data. The dashed lines have the same slope
and were scaled to the data at the other Q2

0 values.

Fig. 6 The � dependence of the exclusive �0 virtual photoproduction cross sections for
di�erent targets at Q2 = 6 GeV2. Full symbols correspond to the measured
total cross sections, the open symbols to the cross sections for the transversely
polarised photons.

Fig. 7 The ratio of exclusive �0 virtual photoproduction cross section for C and Ca
combined with respect to that for deuterium, as a function of di�erent kinematic
variables.

Fig. 8 The p2t distributions for di�erent nuclei. The cross sections were obtained with
the restrictive inelasticity cut (5) to reduce the e�ect of the non-exclusive back-
ground.

Fig. 9 The Q2 dependence of the nuclear transparency T for incoherent exclusive �0

virtual photoproduction. The data are from the present experiment (full sym-
bols) and the preliminary data from E665 [6] (open symbols).

Fig. 10 The Q2 dependence of the ratio �Cacoh=�
C
coh for coherent �0 virtual photopro-

duction. The data are from the present experiment (full symbols) and the
preliminary data from E665 [6] (open symbols).
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Fig. 11 The cos � distributions for pions from the �0 decay. The distributions are nor-
malised to unity. The curves represent �ts to the distributions (see text).

Fig. 12 The fraction of �0 mesons with helicity 0 (r0400) as a function of Q2. The data
are from the present experiment for D, C and Ca (full symbols) and from the
EMC [7] for the proton (open symbols).

Fig. 13 The azimuthal angle � distributions for pions from �0 decay. The distributions
are normalised to unity and are given separately for the data obtained with pos-
itive and negative incident muons. The dashed lines correspond to the uniform
distributions expected if s-channel helicity conservation holds.

Fig. 14 The azimuthal angle  distributions for the pions from the �0 decay. The
distributions are normalised to unity. The curves represent the �tted decay
angular distributions obtained assuming SCHC.

Fig. 15 Acceptance corrected distribution of the two-kaon invariant mass. The data
from deuterium, carbon and calcium targets were combined. The full line rep-
resents the result of a �t assuming a superposition of a gaussian and a non-
resonant contribution. The broken line shows the non resonant contribution
parametrised as a0(mKK � 2mK)a1e�a2mKK ; where a0, a1, a2 are �tted parame-
ters and mK is the charged kaon mass.

Fig. 16 Inelasticity distribution of � mesons uncorrected for acceptance. The data from
deuterium, carbon and calcium targets were combined. The solid line represents
the parametrisation of the non-exclusive background described in the text.

Fig. 17 The Q2 dependence of exclusive vector meson virtual photoproduction cross
sections. The data are for � (full symbols) and for �0 (open symbols) both from
the present experiment. The cross sections are averaged over the three nuclei.

Fig. 18 The ratio of the � and �0 meson production cross sections, ��=�� as a function
of Q2. The data are from the present experiment for the deuterium, carbon
and calcium combined (full symbols) and from the EMC for ammonia [8] (open
symbols).

Fig. 19 The p2t distributions for exclusive � production for deuteron and the three nuclei
combined. The distributions were obtained with a restrictive inelasticity cut (5)
to reduce the e�ect of the non-exclusive background. The normalisation of each
distribution is arbitrary. The line in each �gure shows the p2t slope for incoherent
exclusive �0 production from a �t to our combined data (see Sect. 3.3).

Fig. 20 The Q2 dependence of the density matrix element r0400 for � (full symbols) and
for �0 (open symbols). The data were combined for deuterium, carbon and
calcium.
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