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In this paper we compare the data on exclusive pO muoproduction at large 
photon virtuality Q2 with selected theoretical models. The exclusive po production 
reaction is 

p. + N -t p. + N + pO, 	 (1) 

in which the only particle produced is po. This reaction can be described in terms 
of the virtual photoproduction process ,.N -t po N. To facilitate comparison of the 
data from different nuclear targets, the presented cross sections will be given per 
nucleon. 

The paper consists of two parts. In the first part we compare the data from 
elementary targets (hydrogen and deuterium) with predictions of a group of models 
which assume an exchange of a pair of non-perturbative gluons. In the second part 
we compare the data from nuclear targets with predictions of the colour transparency 
model and with the Glauber-VMD model. 

As an introduction we give a brief review of models describing diffractive vector 
meson production in deep inelastic scattering. 

1. Introduction 

There is a widespread theoretical belief that the exclusive leptoproduction of 
vector mesons (pO,w,q"J/t/J, T) is predominantly a diffractive process, even at large 
Q2. It is supported by the low Q2 ( < 2 GeV2 ) data on the production of light vector 
mesons [1], which are in a reasonable agreement with the Vector Meson Dominance 
(VMD) model. At large Q2 the data are less numerous. For exclusive po production 
they come from the experiments of EMC [2,3], NMC [4,5], E665 [6] and ZEUS [7]. 

The first proposed model for large Q2 was that of Ref. (8), in which exclusive 
po production is described assuming 'soft' pomeron exchange. The pOIneron charac­
teristics were determined phenomenologically from soft hadron processes and from 
deep inelastic scattering in the range of small values of the Bjorken scaling variable 
x, from which the cross sections for exclusive po production were calculated without 
free parameters. Thus the studied process served as a consistency check of the model. 

Other models were inspired by perturbative QCD [9-13). These models have 
Illueh in common. In the kinematical limits Q2 » m~ and W 2 » Q2 » -t, where 
mv is the vector meson mass, W is the total energy in the 'Y.N center of mass system 
and t the four momentum transfer squared to the recoil nucleon, these models describe 
the process as a product of the three amplitudes: 

• 	 the amplitude for the virtual photon to fluctuate into a quark-antiquark pair of 
a given flavour; 

• 	 the amplitude for the pair of quarks to interact with the nucleon by exchange 
of gluons; 

• 	 the amplitude for the scattered quark pair to combine into a vector meson. 

The main differences between the models are due to the differences in the de­
scription of the intermediate state quark-antiquark pair in terms of constituent or 
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current quarks, in the choice of the vector meson wave functions, and in the treat­
ment (or neglecting) of non-perturbative effects for gluons. 

In the model of Donnachie and Landshoff [9] and in a version of this model 
by Cudell[IO] the gluon propagator has a perturbative and a non-perturbative part. 
The latter depends on the gluon confinement length a, which was estimated from the 
analysis of the small x behaviour of the nucleon structure function and from the calcu­
lations of gluon condensates [9]. Non-perturbative effects are predicted to appreciably 
affect the Q2 distribution at moderate Q2 (several GeV2 for pO production). 

There is a remarkable similarity between most of the predictions of the phe­
nomenological pomeron model of Ref. (8) and those of the QCD inspired models of 
Ref. [9,10], which include just the simplest two gluon exchange graphs. It is expected 
that including higher order graphs in the latter models may improve the agreement 
with the former model and could reproduce the Regge-type energy dependence pre­
dicted by the 'soft' pomeron model. 

In another group of models the interaction of virtual quark-antiquark pair with 
the target nucleon is calculated using perturbative QCD [11-13]. These models predict 
that the forward (t = 0) cross section for exclusive vector meson production depends 
quadratically on the gluon structure function xG(x, (2). (Relations between, the 
variables X, Q2 and x, Q2 depend on the model.) Thus, as suggested in Ref. [II}, the 
data on exclusive vector meson production may allow a determination of the gluon 
distribution in the nucleon. Due to the quadratic dependence this process offers a 
higher sensitivity than the inelastic J /t/J production, as the cross section for the latter 
depends on xG(x, (2) linearly. 

At large Q2 both the wave function of the quark-antiquark fluctuation of the 
virtual photon and the cross section for such a colour dipole to scatter diffractively 
on a target are calculable. The transverse size rQ of the dipole decreases with Q2, 
whereas the cross section for the interaction of the dipole with a target is oc r~ at 
small TQ. Thus in the limit of Q2 -. 00 and rQ -. 0 the cross sections vanish. This 
phenomenon is called colour transparency. 

For elementary nucleon targets the above features enable the wave functions 
of the produced vector mesons to be probed by varying Q2 [13,14}. For nuclear tar­
gets they lead to the prediction that the final state interaction between the produced 
quark-antiquark pair and the nucleus decreases with increasing Q2 [12-14}, and ulti­
mately vanishes at very large Q2 (colour transparency regime). Until this region is 
reached, the nuclear effects for excl usive vector meson production have, as pointed in 
Ref. 13, two origins: the final state interaction of the quark-antiquark pair with the 
nucleus and a possible change of the gluon distribution in the nuclear medium. 

Despite the differences between the models of Ref. [9-13] (both non-perturbative 
and perturbative QCD), for the kinematical limits of large Q2 and W they give qual­
itatively similar predictions. They predict asymptotic (in Q2) behaviour of the type 
1/Q6, linear growth with Q2 of the ratio R ( = UL/UT) of the cross sections for ex­
clusive production by longitudinally and transversely polarised virtual photons, an 
approximate s-channel helicity conservation (SCHC) and a large fraction of longitu­
dinally polarised vector mesons. 

The energy dependence of the cross section is a sensitive test of the models. In 
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the energy range of the muon experirllents (W ~ 10 20 GcV) all rnodcls predict a 
weak energy dependence, in agreement with the data. However, at the higher ener­
gies of the electron-proton collider at DESY (W 100 GeV) there is an indicationrv 

[71 that the cross section may grow faster than it is expected by the 'soft' pomeron 
model. In the perturbative QCD models of Ref. [I1-13] this is related to the increase 
of the gluon structure function at small x. 

2. The data from elementary targets 

Figure 1: Exclusive pO virtual photoproduction cross section as a function of Q2. The data are 
frornt.he NMC experiment [4] for the deuteron ( full symbols) and from the EMC [2] for the proton 
(open symbols). The solid curve represents the prediction of the model of Donnachie and Landshoff 
[15], in which exchange of two non-perturbative gJuons is assumed. The dashed curve displays the 
asymptotic behaviour <X 1/Q6. The dashed curve was normalised to the measured cross section at 
Q2 6 GeV 2 . 

In this section we compare the data on exclusive pO production frorn hydrogen 
and deuterium targets to the predictions of models which assume an exchange of a 
pair of two non-perturbative gluons [9,10]. The data are from the experiments of the 
EMC [2] and the NMC [4]. They include the cross sections for exclusive pO virtual 
photoproduction measured a..c:; a function of the variables Q2 and v (virtual photon 
energy in the laboratory system), the differential cross sections dO"Idp;, where p; is 
the transverse mornentum squared of the produced pO with respect to the direction 
of virtual photon, and the measured fractions of longitudinally polarised po mesons. 
We discuss also the experimental determinations of the ratio R defined above. 

In Fig. 1 the Q2 dependence of the cross section for virtual photoproduction 
is shown. The NMC data for the deuteron are compared to the EMC data for the 
proton. Not shown are the systematic errors, which are about 20% for the NMC 
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data and 25% for the EMC. The lTIeaSurcJ cross sections in both experimcnts arc 
compatible within the errors. As pointed out in Ref. [4J some small differences rnay 
be expected due to the different virtual photon polarisation in both experiments. 

The solid curve represents the prediction of the model of Donnachie and Land­
shoff [15], in which the reaction proceeds through exchange of two non-perturbative 
gluons. The cross section for the process ,.N -t pO N in this ITIodel depends on the 
gluon confinement length a, the pararTleter which characterises the gluon propagator 
at large distances [9]. The solid curve in the Fig. 1 was calculated for the process 
,.p -+ pOp assuming the same virtual photon polarisation as in Ref. [2] and tak­
ing a (1.1 GeV)-I, a value consistent with different theoretical estimates [9]. The 
dashed curve shows the 1/Q6 dependence predicted for asymptotic Q2 by the QeD 
calculations [9-13]. This behaviour is different from the data. In the models of Refs. 
[9,10J the slower Q2 dependence in the presently accessible Q2 range is due to the 
non-perturhative part of the gluon propagator. 
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Figure 2: Exclusive pO virtual photoproduction cross section as a function of Q2. The black circles 
and squares are the EMC data. the references to the data at lower Q2 are given in [2]. The solid 
line is the VMD model prediction (2) with the parameter {2 = 0.4. The da.shed curve results if in 
equation (2) one assumes {2 = O. 

It should be noted that at large Q2 the Q2 dependence of the virtual photopro­
duction cross section is at variance with the predictions of the classical VMD model, 
as already indicated in Ref. (2]. In this model the Q2 dependence of the pO virtual 
photoproduction cross section can he written [1,16] 

(2) 
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where a(O) is the cross section for real photoproduction and ( is the virtual photon 
polarisation. The term ~2Q2 /m; is the ratio of the pO production cross section by 
longitudinal and transverse photons, i.e. R. Assuming s-channel helicity conservation, 
the parameter ~2 is related to the measured fraction of produced pO with helicity 0 
(longitudinal polarisation) [2,4] (see also below). From the measured fraction one 
obtains ~2 ~ 0.4. With this value the Q2 dependence given by formula (2) is weaker 
than that observed in the data. This is illustrated in Fig. 2 taken from Ref. [2]. 
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Figure 3: The v dependence of exclusive pO virtual photoproduction cros."i St~diOIlS for the deuteron 
at Q2 = 6 GeV 2

. I'~ull symbols correspond to the measured total cross sectioll, the open symbols to 
the cross s(~ctioJl due to the transversely polarised photons. The curVt' displays t.he energy dependence 
expected for the pomeron exchange. 

The v dependence of the NMC data for the deuteron [4] is shown in Fig. 3. The 
cross sections are given at Q2 = 6 GeV2

• The full symbols correspond to the total 
cross sections. There is no significant change of the cross section in the v range 70 ­
140 GeV. 

Because the measured total cross section has contributions fronl virtual photons 
polarised transversely and longitudinally~ its energy dependence is affected by the v 

dependence of the ratio of the photon fi uxes. Thus it is rnore straightforward to discuss 
separately the v dependence of the cross sections of transverse and/or longitudinal 
photons. In Fig. 3 the transverse cross section, aT, is also shown (open symbols). It 
is calculated using the formula 

(3) 


where a is the measured total cross sections for exclusive pO production, R = aLIaT, 

and t is the photon polarisation. The values of aT in Fig. 3 were obtained taking 
R = 2.0 [4]. 

The solid curve represents the v dependence predicted by the 4 soft' pOlneron 
model. This behaviour is expected in certain models which assume a diffractive 
mechanism [8-10] and has the form'" (W2/Wl)6, where W2 = M2 + 2Mv _ Q2. 
The value of fJ depends on the pomeron trajectory, o( t), and on the shape of the 
differential cross section da/dp;. Using o(t) = L08 + O.25t and the results of Ref. 
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[4] on da/dp; one obtains for the deuteron I> 0.10. A slnall increa.':;e of the cross 
section with lJ predicted by the model is consistent with the data. 

Fig. 4 shows the cross section da / dp; measured by the NMC for the deutron. 
The curve is the p; distribution predicted by the model of Ref. [10] for exclusive pO 
production on protons and renormalised to the deuteron data in the range 0.1 < p; < 
1.0 Gey2, to exclude the influence of the coherent contribution. The incoherent part 
is fairly well described by the model up to p; rv 1 GeY2. 
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Figure 4: The differential cross section dn/dp; for the deuteron at Q2 = 6 G(·V2 . The curve is 
thc p; distribution prcdicted by the model of Rcf. [10], in which exchangc of two nou-pcrturbativc 
gluons was assumed. Thc curvc was normalized to thc data in thc range 0.1 < p; < 1.0 GcV 2

. 

The values of the p density nlatrix elenlent r&1 [I7] Ineasured in the EMC and 
NMC experiments are shown in Fig. 5 as a function of Q2. This rnatrix element 
represents the probability that the produced po is polarised longitudinally (helicity 0). 
The curves were calculated taking the ratio R( Q2) of the cross sections for exclusive 
pO production by_longitudinal and transverse virtual photons a..<; predicted by Ref. 
[10] and using the relation 

r 04 _ (/l 
00 - (4 )-1-+-{R-

which is valid if the helicity in s-channel is conserved. In the above equation t is 
the virtual photon polarisation. The solid line was calculated using values of { for 
the N M C data, the dashed one using the average { for the EM C data. The large 
fractions of longitudinally polarised pO observed in both experiments are consistent 
with the model of Ref. [10], except for the lowest Q2 data point. A silnilar prediction 
is given by the 'soft' pomeron model of Ref. I8]. 

The experimental data from muon experiments are not sufficient to prove s­
channel heIicity conservation (SCHC), which was observed to dominate the cross 
section::; for exclusive po production at small Q2 [1]. However, the NMC data are 
consistent with the hypothesis of SCH C (decay azimuthal angular distributions, sim­
ilarity of the measured r&1 values for coherent and incoherent events) [4] and are 
in agreement with the models of Refs. [9-13] which predict either exact SCHC or 
dominant contribution of helicity conserving amplitudes. 
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Figure 5: Fraction of pO mesons with helicity 0 (rg~) as a function of Q2. The data are from the 
NMC [4] for the deuteron (full symbols) and from the EMC [2] for the proton (open symbols). The 
curves were obtained using predictions of the model of Ref. [10] for the NMC data (continuous line) 
and for the EMC data (dashed line). The difference between curves is due to the different virtual 
photon polarisations for both samples. 

There are merely two experimental determinations of the ratio R for exclusive 
pO production at large Q2. One is a direct determination of R by the EMC [2], 
R = -.38 ± 0.13::g:! at Q2 = 2 Gey2. This estimate has large errors due to the 
fact that the data from two different experiments were used to extrapolate the cross 
sections. Another is from the NMC experiment [4], II = 2.0 ± 0.3 at Q'l = 6 GeV'l. 
The latter was obtained assuming SCHC. At large Q2 all models [8-13] predict large 
values of R and its linear growth with Q2. For example, the model of Ref. [10] 
predicts R equal to about 0.4 at Q2 = 2 GeY\ and about 2 at Q2 = 6 Gey2. Within 
the errors both experimental estimates of R, each given at a different Q2 value, are 
consistent wi th the predictions of this model. 

In conclusion, the models assuming exchange of a pair of non-perturbative glu­
ons fairly well reproduce all measured characteristics of the data from proton and 
deuteron targets in the kinematical range of the fixed target experiments. As dis­
cussed in Ref. [9] the 'soft' pomeron model give similar predictions. 

3. The data from nuclear targets 

In this section we compare the nuclear transparencies and the ratios of the 
p:-integrated coherent cross sections for different nuclei with the colour transparency 
model predictions of ref. [12] and with predictions of the Glauber model in conjunction 
with the YMD model. The data are from the NMC [4] and the E665 [6] experiments. 
The E665 results are preliminary. 

The nuclear transparency is defined as a ratio of the cross section per nucleon 
from a given nucleus to the cross section from a free nucleon in the range where 
coherent effects can be neglected. The nuclear transparencies as a function of Q2 for 
carbon, calcium and lead are shown in Fig. 6. The E665 data extend to smaller Q2 
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values than the N M C data, but in the range of overlap the two experilnents agree. 
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Figure 6: The Q2 dependence of the nuclear transparency for incoherent exclusive pO virtual 
photoproduction. The data are from the NMC {4] (ful1 symbols) and from the E665 {6] (open 
symbols). The solid curves are predictions of the colour transparency model [12). The dotted and 
dashed lines are the Glauher- VMD model predictions described in the text. 

The solid curves are predictions of the colour transparency model of Kopeliovich 
et al. [12] (KNNZ). The model reproduces the trend of the data i.e. increase of the 
nuclear transparency with increasing Q2. The figure illustrates also that the regime 
of complete colour transparency (nuclear transparency ~ 1) is not attained yet at the 
presently accessi ble values of Q2. 

We further cOlnpare the measured nuclear transparencies to the predictions of 
the Glauber- VMD model. The predictions depend on the value of the coherence 
length Ie = 2v/(Q2 + m;), which is the length of the path travelled by the virt.ual 
vector meson into which the virtual photon has fluctuated [1]. In the low- and high­
coherence length linlits one gets [I8] 

Tf' == 1 Jd2b{ 1 - exp(-atot(pN)T(b )J} (5)
A 	 atot(pN) 

(6)Txt = ~ JcPbT(b)exp[-q,.,(pN)T(b)] 

Here T(b) = f~(X)dznA(b,z), nA(b,z) is the nucleon density, r = (b,z) denotes the 
position of the photon absorption vertex, b is the impact parameter vector and RA 
is the nuclear radius. 

To calculate the nuclear transparencies, the nuclear densities were parametrised 
as in Ref. [19]. An estimate of the total cross section a(pON) was obtained in the 
framework of the quark model (1], a(pON) ~ i{a(1r+p)+a(7r-p)}., using high precision 
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measurements of the pion-proton total cross sections. From an interpolation of the 
pion-proton data [20] one obtains a(pON) = 23.7 ± 0.1 mb at v = 112 GeV. 

The nuclear transparencies predicted by the Glauber model are shown in Fig. 
6 as the dotted and dashed lines for the case of small and large coherence length 
respectively. Because the NMC data cover the range where Ie is both below and 
above RA (He 2.47 fm, Rca. = 3.48 fm), we show predictions of both formulae 
(5) and (6). The E665 data are more conclusive. They correspond to Ie > RA and 
should be compared to the dashed curves. Except for the lowest Q2, the nuclear 
transparencies measured by E665 clearly disfavour the Glauber-VMD description. 
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Figure 7: The Q2 dependence of the ratio (J'~i./(J'~h and (J'~~/(J'~1a (cross sections are given per 
nucleon) for coherent pO muoproduction. The data are from the NMC [4] (full symbols) and from 
the E665 [6] (open symbols). The solid curves are predictions of the colour transparency model [12]. 
The arrows indicate the predictions for complete colour transparency at Q2 - 00. The dashed lines 
are the Glauber-VMD model predictions described in the text. 

In Fig. 7 the ratios of p~-integrated coherent cross sections a;i./q;h and 
a~~1a~h are shown. The continuous curves represent the colour transparency model 
(KNNZ) predictions. The arrows indicate the values expected at very large Q2 for the 
complete colour transparency. The dashed curves correspo~d to the ratio of coherent 
cross sections predicted by the Glauber-VMD model, and given by the formula [12, 

A 

21] 

4 JJ'b{ 1 exp[- ~<7tot(pN)T(b )]}'.a coh ~ (7) 

This fornlula is obtained in the case when the longitudinal momentum transfer could 
be neglected (which is equivalent to Ie ~ RA). For the numerical estimates the same 
value of the total cross section and the same parametrisations of nuclear densities 
were taken as for the incoherent nuclear transparency case discussed above. 

The data for a~iJa~h cannot discriminate between the two models. However, 
the preliminary E665 data on at:t/a£h disfavour the Glauber-VMD description at 
larger Q2. 

In conclusion the nuclear effects for the exclusive pO production are fairy well 
reproduced by the colour transparency model of Ref. [12]. The nuclear absorption of 
the virtual quark-antiquark pair decreases with Q2, but the regime of complete colour 
transparency is not attained yet. The Glauber- VMD description is disfavoured by 
the data, except at very small values of Q2. 
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4. Conclusions 

The da.ta. on exclusive pO production in deep inelastic muon scattering were 
compared with selected models. There is a fair agreement, essentially for all charac­
teristics of the data from elementary targets (proton and deuteron), with the models 
which assume exchange of a pair of non-perturbative gluons. A similar agreement is 
obtained for the phenomenlogical 'soft' pomeron model. The nuclear effects seen for 
complex nuclei indicate that the nuclear absorption decreases with Q2. This trend is 
reproduced by the colour transparency model of KNNZ. At large Q2 the Vector Me­
son Dominance model has difficulties to describe simultaneously the Q2 dependence 
of the cross sections and the large fractions of longitudinally polarised mesons. It 
predicts also, in conjunction with the Glauber model, a stronger nuclear absorption 
than observed for the data at large Q2. 

We consider possible extensions of the comparisons made in this paper to other 
models, in particular those using perturbative QeD approach, to be both interesting 
and important. We also emphasize the need for future comparisons to be cornprehen­
sivc by taking into account all available measured characteristics. 
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