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ABSTRACT 

Data are presented on exclusive p• and ~ production in deep 
inelastic muon scattering from a target consisting mainly of nitrogen. 
The ratio of the total cross sections for p• and ~ production is 
found to be 9:(1.6 ± 0.4) at <Q2> = 7.5 GeV2, consistent with 
the SU(3) prediction of 9:2. The t dependence for exclusive p• 

production is found to become shallower as Q2 increases and, for 
large Q2, the t dependence is typical of that for a hard scattering 
process. Furthermore, the ratio of the cross sections for coherent: 
incoherent production from nitrogen is found to decrease rapidly with 
Q2, Such behaviour indicates that even for exclusive vector meson 
production the virtual photon behaves predominantly as an electro­
magnetic probe and that· the soft hadronic properties, evident in the 
vector dominance behaviour of real photons (Q2=0), die out rapidly 
for large space-like values of Q•. 

For footnotes see next page. 
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II!ITRODUCTIOII 

Exclusive lepto-p~oduction, e(o~ p) N ~ e (o~ p)VN, and photo-

p~oduction (Q
2 = 0) (yN ~ VN) of vecto~ mesons, V, has been studied 

p~eviously in many diffe~ent expe~iments [1]. These studies have been 

made mainly at ~athe~ low incident photon ene~gies, v, and fou~-momentum 

t~ansfe~ squa~ed, Q
2

, (typically v ~ 20 GeV, Q
2 

< 3 GeV
2
). These data 

indicate that the photon has had~on-like p~ope~ties which may be 

desc~ibed by the vecto~ dominance model (VDM) [1]. In ~eal photo-
2 

p~oduction (Q = 0) the p~ocess is obse~ed to be mainly diff~active and 

the helicity of the p" is nea~ly the same as that of the incident photon 

in the s channel helicity f~ame, i.e. helicity is conse~ed in this 

f~ame. In cont~ast, a measu~ement pe~fo~ed at la~ge~ values of 

Q
2 

(2 < Q
2 

< 20 GeV
2

) [2] using a hyd~ogen ta~get showed that the p• 

mesons we~e p~oduced dominantly in a helicity ze~o state. Compa~ison of 
2 

the measu~ed c~oss sections with those found at lowe~ Q [7] shows 

that the p~oduction is mainly f~om t~ansve~sely pola~ised vi~tual 

photons (i.e. helicity ± 1). This indicates that, at la~ge~ values 

of Q2
, s-channel helicity is no longe~ conse~ved. Fu~the~o~e. as 

2 
Q inc~eases the dependence of the diffe~ential c~oss section on the 

4-momentum 
2 

Fo~ Q ~ 5 

p~oduction 

t~ansfe~. t, f~om the photon to the p• falls 
2 

GeV the t dependence becomes inconsistent with 

mechanisms. These p~ope~ties suggest that 

less steeply. 

diff~active 

2 
fo~ la~ge Q 

exclusive vecto~ meson p~oduction becomes a ha~d scatte~ing p~ocess 

and it seems no longe~ app~op~iate to use the VDM to desc~ibe such 

p~ocesses (fo~ Q
2 

> 2 GeV
2
). Mo~eove~ the simple p~opagato~ behaviou~ 

of the exclusive p• and J/1jl c~oss section which is well established 

by many expe~iments [1, 2, 7, 8, 9] points to a single p~oduction mechanism 
2 

in the whole Q ~ange, showing up as a ha~d scatte~ing p~ocess at 

laL·ge Q
2 

and ~ep~oducing the VDM behaviou~ towa~ds the photo­

p~oduction ~egime. 
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In this paper, new data are presented which test further these 

ideas. The data were taken using + 
~ beams of 120 and 200 GeV 

incident energy, scattering from an ammonia target, so that most of the 

events occur off nitrogen nuclei. Both coherent and incoherent 

production of exclusive p• mesons have been studied and the total 

yield of exclusive ~mesons has been measured. 

EIPBRIHEHTAL PROCEDURE 

The experiment was performed in the M2 muon beam at the CERN SPS 

using the EMC forward spectrometer to detect the scattered muon and the 

fast forward produced hadrons. Figure 1 shows a schematic diagram of 

the apparatus. The spectrometer and the analysis procedures were 

similar to those described in [ 2,3, 4) with the following differences. 

The drift chambers upstream of the magnet in the original spectrometer 

[4) operated in a high background environment and were subject to 

substantial efficiency corrections. Here they have been replaced by 

the multiwire proportional chambers labelled PVl and PV2 in fig. 1, 

allowing data to be taken efficiently at incident muon intensities 
7 

up to 4xl0 muons per SPS pulse, which is a factor 3 higher than 

previously. The multiwire proportional chambers P4 and PS (fig. 1) 

were also installed to cover the central regions of the drift chambers 

W4 and WS. The latter chambers tended to become inefficient in this 

region after prolonged exposure to radiation due to the deposition of 

silicon compounds on the sense wires. In addition, the small multiwire 

proportional chambers labelled POA, POD and POE in fig. 1 were 

installed to cover the deadened chamber areas in the beam region. The 

apparatus had good efficiency for charged hadrons of momenta greater 

than - 5 GeV. 

The target was an 80 em long polarised target, the main purpose 

of which was to study the spin dependence of the proton structure 

function. It consisted mainly of ammonia with a small admixture of 

helium (-10~ by weight). The mean atomic weight of the target was 
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10.8. Othe~ thinne~ ta~gets, located about 1 m downst~eam (fig. 1) we~e 

also p~esent du~ing most of the data taking. Only events o~iginating 

f~om the pola~ised ta~get (summed ove~ the diffe~ent spin alignments) 

a~e used in the p~esent analysis. The data we~e taken in th~ee 

expe~imental ~ns, two at 200 GeV and one at 120 GeV incident muon 

ene~gy, using a t~igge~ co~~esponding to a scatte~ing angle e > 0.75•. 
" -

PATA AJALYSIS AID RBSYLTS 

The data we~e pass.ed th~ough a chain of analysis p~og~ammes in 

which patte~ ~ecognition, t~ack and ve~tex ~econst~ction we~e ca~~ied 

out. Events containing a ~econst~cted scatte~ed muon which was 

consistent with having p~oduced the t~igge~ and a pai~ of had~ons of 

opposite cha~ges we~e selected fo~ fu~the~ analysis. Events we~e 

~ejected if the ~atio of the ene~gies deposited in the elect~omagnetic 

pa~t of the calo~imete~ (H2, fig. 1) to the sum of the elect~omagnetic 

and had~onic pa~ts was g~eate~ than 0.8 fo~ eithe~ non-muon t~ack. In 

this way, elect~on-posi t~on pai~s we~e ~emoved f~om the data sample. 

The loss of had~on t~acks due to this p~ocedu~e was measu~ed f~om the 

data by ext~apolating the dist~ibution of the measu~ed ~atios into the 

~ejected ~egion. The loss was found to be small (- 6~). 

In the analysis p~esented he~e. fu~the~ details of which a~e given 

in [51, the standa~d va~iables employed in deep inelastic scattedng 
2 

we~e used. These a~e Q , " and W the total ene~gy in the vi~tual 

photon-p~oton cent~e of mass system. The data we~e selected with 
2 2 

Q > 1 GeV and y < 0.9 whe~e y = 
muon. Fo~ the compa~ison of 

were used and ~est~icted to 

u/E and E is the ene~gy of the incident 

the p• and ~ yields the 200 GeV data 
2 2 2 

the ~anges 2 < Q < 25 GeV , 36 < W 
2 

< 280 GeV and the scatte~ed muon angle was ~equi~ed to be g~eate~ than 

10 m~ad. These cuts exclude the ~egions whe~e the appa~atus acceptance 

was small o~ va~ied ~apidly o~ whe~e QED ~adiative co~~ections a~e la~ge. 
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To select exclusive events containing a single hadron pair, the 

total energy of the pair was required to be greater than 0. 92v. As 
shown in [ 2] , there is only a small residual contamination of events 

containing an extra undetected hadron with these selection criteria. 
Figure 2 shows the invariant mass distributions of the hadrons treated 

+ - + -as either K K or w • pairs. Clear peaks are seen at the p• mass in the 
+ -w+w- distribution and at the ~mass in the K K distribution. In these 

distributions events falling in the p• mass region (m - r /2) treated 
+- + p p as • • pairs were excluded from the K K- spectrum. Similarly events 

falling in the ~ mass region + -
~ < (m~+r~> when treated as K K 

pairs were excluded from the spectrum. Here mp, m~, rp and r~ 
are the masses and widths of the p• and ~ mesons, respectively. 

Only a small number of events satisfied both conditions simultaneously 

and the correction for the loss of these events was included in the 
acceptance calculation. 

The acceptance of the apparatus was computed by Monte Carlo 

simulation in which exclusive p• and ~ events were generated and 

weighted according to parameterisations of the data in [2]. The total 

numbers of p• and ~ mesons were determined by applying acceptance 

corrections to the mass distributions (fig. 2) and by fitting a p-wave 

Breit-Wigner distribution together with a smooth background function to 

each. The corrected total number of elastic p• and ~ mesons were 

found to be 538 ± 40 and 94 ± 24, respectively, (200 GeV data). 

From these yields the ratio of the cross sections is 

* o(Y p-+p•p) 9 

* 
= 

o(y p~) 1.6 ± 0.4 

at a mean value of Q
2 

of 7.5 
2 

GeV . The estimated systematic 
error of -10~ is much smaller than the quoted statistical error. 
The observed ratio is consistent with the value of 9:2 expected from 

SU(3) flavour symmetry. However. it is larger than the value of 

9:(0.65 ± 0.03) obtained from the measurement in real photon 
• 2 

product~on (Q = 0) at similar incident photon energies [6]. 
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Figu~e 3(a) shows this ~esult togethe~ with p~evious measu~ements 

of the ~atio of the c~oss sections fo~ elastic p• to elastic $ 

p~oduction as a function of 
2 

Q • Figu~e 3(b) shows the cross 

sections fo~ elastic p• photo-p~oduction on hyd~ogen [2, 7) and elastic 

J/ljl photo-p~oduction obtained iron [8) function of 
2 on as a Q It 

can be seen that these cross sections become almost equal at high 
2 

Q . Figu~e 3(c) shows the same data p~esented as a ~atio of the 

c~oss sections whe~e the ~atio was calculated by inte~olating between 

the J /ljl points (fig. 3b) . The smooth cu~ves in figs. 3(a) and 3(c) 

show the p~edictions of the following simple model. Fi~stly, it is 
2 2 2 

assumed that in the limit of la~ge Q (Q >> mi, whe~e m. is the mass of 
1 

the vecto~ meson i) the ~atio ~ :~. app~oaches the value expected f~om 
p 1 

flavou~ symmet~y Ill i.e. 9:2 fo~ $ and 9:8 fo~ J/ljl. Secondly, in the 

inte=ediate 
2 

it is assumed Q ~ange that the cross section follows the 
2 2 2 

behaviou~ which is well established 2 fo= ll(m. + Q ) • a fo~ the Q 
1 

dependence of the p• and J/ljl c~oss sections [1,2,7,8,9). With these 

assumptions the ~atio of the cross sections will vary as 

2 2 2 
~. c. (m +Q ) 

R = 
__.! 

= 
__.! 

~ 9 (m~+Q2)2 p 
1 

with ci = 2 fo~ $ and 8 fo~ J/ljl. Both cu~es without f~ee pa~amete~s 

give~ ~easonable ~ep~esentation of the data in figs. 3a) and c). This 

indicates that the p~oduction mechanisms fo~ the elastic vecto~ mesons 

p•, $, and J/ljl a~e simila~ in the whole Q2 ~ange with the 

diffe~ences in the p~oduction c~oss-sections being dete=ined by the 

diffe~ent meson masses which a~e ~elated to the qua~k masses. 

A theo~etical model for the process has been developed by 

Donnachie and Landshoff [16). This diffractive model, involving Pomeron 

exchange, would imply s channel helicity conse~ation contrary to the 

obse~ations in [2). It also predicts steeper slopes for the t 

distribution than obse~ed at the highest values of Q
2 

(see below). 
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Figure 4 shows the yields for elastic p• production as function 

of t' it-t . J, where t is the four-momentum transfer squared m1n 
between the virtual photon and the p• meson and t . is the 

m1n 
kinematic minimum value. The acceptance of the apparatus as a function 

of t' is essentially flat so that no correction is necessary. The peaks 

at small values of t' correspond to coherent production from the 

nitrogen in the target, 

show fits of the form 

smeared by experimental resolution. The lines 
-bt' 2 

e to the data for t' > 0.2 GeV , which 

excludes the coherent region. The slopes of the fitted lines decrease 
2 

as Q increases, indicating a transition from a soft to a hard 

scattering process. This is consistent with the behaviour described in 
2 

(2] and the measured values of the slopes at each Q show reasonable 

agreement within the errors with the hydrogen data as shown in fig. 5. 

The observed shallow t slopes at the largest values of Q
2 

are 

ascribed in [16] to the residual inelastic background. However, even if 

the assumption is made that this background is flat in t, the 

combination of such a background with the predicted t distribution of 

[16] fails to represent the shape of the data at the largest value of 

Q
2 

in fig. 4. This implies that the explanation offered in [16] of 

the shallow t slopes at large Q
2 

fails to reproduce the observations. 

The polarisation of the p• in the s-channel helicity frame was 
04 investigated by measuring the density matrix element r
00 

from the decay 

angular distribution in the p• rest frame [ 2] . This density matrix 

element can be identified with the probability to produce a p• in a 

helicity zero state. The mean value of the density matrix element 
04 

<roo> 
was found to be 0.72 ± 0.08 2 2 2 fort' > 0.2 GeV at <Q > = 7.5 GeV . This 

is consistent with the measurement on hydrogen in [2] and shows that the 
2 angular distribution varies almost as cos e in the s-channel frame. For 

t• < 0.2 the angular distribution is approximately flat showing that it 

is a mixture of and 
2 

cos e dependences. This suggests that, for 

t' < 0.2, the cross section is a mixture of coherent (diffractive) and 

incoherent parts where in the latter part the p• spin flips as 

indicated by the data at higher t'. 
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The straight line fits in fig. 4 were extrapolated under the 

coherent peak in order to estimate the ratio of the coherent (a ) 
coh 

to incoherent cross sections (ainc)' correcting for the effects of 

quasi-elastic suppression in the coherent region of t' using the 

calculations of [17]. 

elastic p• production 

Figure 6 shows the ratio of 

from nitrogen as a function 
" '"· coh 1nc 

2 of Q • 

for 

The 

points at Q
2 

= 0 were obtained by performing similar extrapolations 

using the data from carbon and copper targets [ 12, 13] . The Q 
2 

= 0 

point was chosen to be 2. 0 from the data of McClellan et al. [ 12] on 

copper. This value comes close to an optical model calculation [ 15] . 

However, the data of Asbury et al. [13] on carbon indicate a value which 

is a factor 2 higher than this. 

The smooth curve in fig. 6 shows the expected kinematic effect due 
2 2 2 

to the increase of t . = [(Q +m )/2vl for the 200 GeV data. To compute m1n p 
this curve the coherent differential cross section was assumed to 

-SOt decrease as e , as expected from the radius of the nitrogen nucleus. 

The data fall much faster with Q
2 

than expected from such kinematic 

effects. 

The decrease of the coherent part of the cross section with Q
2 

may be understood as follows. Combining the data in [ 2] with those 

reported in [ 7] indicates that p• mesons are produced dominantly in a 

helicity 0 state from mainly transverse photons. In the forward 

direction the spin flip of the p• implies that the proton spin flips 

to conserve angular momentum. Such spin flip amplitudes will not 

contribute to coherent production as the nuclear state must change. 

Hence the coherent cross section will decrease since the relative spin 

flip to non-spin flip amplitudes seem to increase with Q2 [2]. 

COICLUSIOIS 

Exclusive p• and cp meson production has been measured in deep 

inelastic muon scattering from nitrogen. The ratio of the cross section 

for elastic p• and cp production at 
2 2 

<Q > = 7.5 GeV is found 
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to be 9:(1.6 ± 0.4). This result is close to the SU(3) prediction of 

9:2. An analogous behaviour is seen in the comparison of our earlier 
p• and J hji data. The t dependence of p• production rapidly 

becomes harder as 
2 

increases Q and the coherent production from a 

nuclear target decreases strongly with increasing Q2. These 

observations indicate that even in elastic vector meson production the 

virtual photon acts predominantly as an electromagnetic probe. The 

simple propagator behaviour of the cross section points to a single 

production mechanism in the whole Q
2 

range, showing up as a hard 

scattering process at large Q
2 

and reproducing the VDK behaviour 
towards the photoproduction region. 
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FIGURE CAPTIOUS 

The appal"atus. Key; H = scintillator" tl"iggel" hodoscope, 

V = veto hodoscope, BH = beam hodoscope, P = mul tiwir"e 

pl"opol"tional chamber", W = dJ:"ift chamber", FSM = for"Wal"d 

spectr"ometel" magnet c
2 

= Cel"enkov counter", H
2 

= calor"imetel". 

2. Invar"iant mass spectJ:"a of oppositely char"ged pail"s of 

hadr"ons of total ener"gy lar"gel" than 0. 92 ", tJ:"eated as 

3. 

+ + 
a) K- pail"s b) .- pail"s. 

a) The J:"atio 9o~/2op as a 

fr"om J:"efel"ences [6) and 

function 

[ 7) 0 

of 
2 

Q , including data 

b) The photopr"oduction cJ:"oss sections for" p" [2,7) and J/~ 
2 

[8) as a function of Q . The J/~ data is fr"om table 1 

of [8) aver"aged over" the " J:"ange 120-180 GeV. 

c) The J:"atio 9oJ/ /So, fl"om the data in fig. 3b), as a 
2 ~ p 

function of Q . The smooth cur"ves in figs. 3a) and 3c) 

aJ:"e the pl"edictions of the simple model descl"ibed in the 

text. 

4. The event yields as a function of t'=lt-t . I in diffeJ:"ent 
m1n 

Q2 inteJ:"vals at each incident muon enel"gy. The lines aJ:"e 
2 

aJ:"e the fits for" t'>0.2 GeV . 

2 
5. The slopes of the lineal" fits (t'>0.2 GeV ) shown in fig. 4 

2 
as a function of Q , together" with the data fr"om [2) and 

2 
[7) and the point at Q =0 fl"om [14). 

6. The J:"atio of the total coher"ent to incoher"ent cJ:"oss 
0 2 2 

sections as a funct1on of Q . The points at Q =0 come fl"om 

[12,13]. The smooth cuJ:"Ve shows the expected decJ:"ease in 
0 2 

this J:"atio fl"om the incJ:"ease of tmin w1th Q . 
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