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We present  results on inelast ic  J/q/  p roduc t ion  from muon  in terac t ions  w~th hydrogen and deu te r ium at an inc ident  muon  
energy of  280 GeV The measured  cross sect ion rat io  per  nucleon for muon- induced  J / ~  produc t ion  in deu te r ium and hydrogen 
was found to be R (D 2 / H2 ) = 1 01 _+ 0.15 The colour singlet model  is shown to provide  a good descr ipt ion of  the observed differ- 
ent ia l  cross secUon apar t  f rom a no rmahsa t l on  factor The compar i son  between the observed cross section and the colour smglet  
model  p red lcuon  allows the extractxon of  the gluon s t ructure  funcUon G(x) of  the nucleon The m o m e n t u m  fract ion x of  the 
nucleon carr ied by the gluon is measured  in the range of  x =  [0 02, 0 30] The normal l sed  gluon d is t r ibut ion  of  free nucleons thus 

found can be pa ramet r l sed  as xG (x )  = ½ ( t /+  l ) ( 1 - x ) q ,  wi th  r/= 5.1 _+ 0 9 ( s t a t )  
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Deep  ine las t ic  l ep ton  sca t t e r ing  ( D I S )  exper i -  

m e n t s  p r o v i d e  i n f o r m a t i o n  a b o u t  the  s t r u c t u r e  o f  the  

ta rge t  had rons .  T h i s  s u b s t r u c t u r e  can  be  i n t e r p r e t e d  

in t e r m s  o f  pa r tons .  F r o m  inc lus ive  l ep ton  sca t t e r ing  

e x p e r i m e n t s  it is k n o w n  t h a t  h a l f  o f  the  n u c l e o n  m o-  

m e n t u m  is ca r r i ed  by  cha rged  p a r t o n s  [1 ] .  In  the  

q u a r k - p a t t o n  desc r ip t ion ,  the  o t h e r  h a l f  o f  the  nu-  

c leon  m o m e n t u m  is c o n s i d e r e d  to be  ca r r i ed  by  

g luons  

T h e  J /g`  p r o d u c u o n  in DIS  (fig. l a )  can  be  re la ted  

to the  g luon  d l s t r l b u U o n  in the  n u c l e o n  v ia  the  pro-  

cess o f p h o t o n - g l u o n  fus ion  [ 2 - 6  ]. In the  c o l o u r  sin-  

glet mode l  ( C S )  [ 4 - 6 ]  the  J /g `  is r e p r e s e n t e d  by  a 

de f in i t i ve  wave  f u n c t i o n  o f  the  cc sys tem,  w h i c h  de-  

scr ibes  a co lou r  s lngle t  s ta te  wi th  Je= 1-  a n d  the  

J /g `  res t  mass  [4 ] .  In  thxs mode l ,  the  a m p h t u d e s  o f  

the  p rocess  Yg~ ~ J/g`g2 (fig- 1 b )  are  ca l cu la t ed  u n d e r  

the  a s s u m p u o n  t h a t  the  w r t u a l  p h o t o n  fuses w i th  a 

g luon  in the  ta rge t  n u c l e o n  a n d  co lour  c o n s e r v a t i o n  

is r equ i r ed  explici t ly.  Fo r  ine las t ic  J /g `  p r o d u c t i o n ,  
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Fig 1 Diagrams for muon induced inelastic J/~¢ producuon (a) 
The kinematics of the reaction (b) The colour smglet model [4] 
(c) The vector meson dominance model with the Drell-Yan 
mechanism [8,9] 

the  g luons  gl a n d  g2 are h a r d  e n o u g h  for  the  effects  o f  

mu l t i p l e  soft  g luon  e m i s s i o n  to be  neghg lb le  [4 ]  

S ince  the  in i t ia l  g luon  car r ies  a smal l  f r ac t ion  o f  the  

n u c l e o n  m o m e n t u m ,  the  J /g `  is p r o d u c e d  in the  for-  

w a r d  r ap id i t y  reg ion  in the  p h o t o n - n u c l e o n  cen t re -  

o f -mass  f rame.  

D i f f r ac t i ve  p h o t o p r o d u c t i o n  o f  vec to r  m e s o n s  

l igh ter  t h a n  the  J /g `  is o f ten  i n t e r p r e t e d  in t e r m s  o f  

vec to r  m e s o n  d o m i n a n c e  ( V M D )  [7]  T h e  V M D  

mode l  has  been  ex t ended  to give a desc r ip t ion  o f  non -  

d i f f r ac t ive  a n d  lne lasUc J /g ,  p r o d u c u o n  by  i n c l u d i n g  

the  D r e l l - Y a n  m e c h a n i s m  ( D Y )  [8 ,9]  In  th i s  pro-  

cess, the  p h o t o n  couples  to a l ight  vec tor  m e s o n  which  

t h e n  in t e rac t s  wi th  the  ta rge t  n u c l e o n  a n d  p r o d u c e s  a 

J /g `  v ia  a D Y - h k e  process  m w h i c h  the  t l m e - h k e  pho -  

ton  is r ep laced  by  a g luon  w h i c h  couples  to  a J /g`  (fig. 

l c ) .  T h e  h g h t  vec to r  m e s o n  a n d  the  ta rge t  n u c l e o n  

c o n t r i b u t e  equal ly  to its m o m e n t u m .  T h i s  causes  the  

r ap id i t y  d i s t r i b u t i o n  o f  the  J /g `  to  be  c e n t r e d  a r o u n d  

zero  in the  p h o t o n - n u c l e o n  cen t r e -o f -mass  sys tem.  

T h i s  b e h a v x o u r  is d i s t inc t ly  d i f f e ren t  f r o m  t h a t  g iven  

by  the  CS mode l .  
In th~s p a p e r  we p r e sen t  d i f f e ren t i a l  cross  secUons  

for  J /g`  p r o d u c t i o n  o b t a i n e d  f r o m  11 + i n t e r a c t i o n s  
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with hydrogen and deutermm at an incident energy 

of  280 GeV. The kinematics of  the J/x¢ production 

process was reconstructed from the detection o f  both 

J / V  decay muons together w~th the mcident  and scat- 

tered muon (fig. la) .  
The experiment  was performed in the M2 muon 

beam at the CERN SPS using an upgraded version of  

the EMC forward spectrometer [ 10 ]. The target sys- 

tem was composed of  two complementary sets of  tar- 

gets, each consisting of  two 3 m long target vessels 

filled wtth liquid hydrogen and deuter ium respec- 

tively The two sets differed only in the ordermg of  

the vessels with respect to the beam direction. Both 

sets were exposed alternately to a beam of 280 GeV 

muons. The beam intensity was moni tored by a ded- 

teated beam trigger. With this trigger the Integrated 

effective incident muon  flux was measured to be 

(3.05 _+ 0.06 ) × 10 ) 2, correspondmg to a total lumi- 

nosity of  125 p b - : .  Data were collected using the 

standard single arm trigger (T1)  which accepted 
muons with scattering angles larger than 10 mrad. 

Events wtth three or more outgoing tracks were se- 

lected in the analysis also including tracks at angles 

smaller than 10 mrad. The lnvarlant mass of  any pair 

of  oppositely charged particles was calculated for each 

event. In order for the event to be accepted two con- 

dltions for these track pairs had to be fulfilled: (l)  at 

least one particle had to be ldennfied as a muon m 

our apparatus, and (n)  the mvarlant  mass of  the pair 

had to be conststent with the J / ~  mass. The scattered 

muon was selected from the remaining reconstructed 

tracks with the same charge as that of  the incident 

muon. In 10% of  the events more than one candtdate 

for the scattered muon was found. These events were 

subjected to a further selection in which the muon 

with the highest energy was chosen whenever  its en- 

ergy was at least 50% higher than the energy of  any 

other candidate. Otherwise, the track w~th the small- 

est scattering angle was taken. For this class of  events 

Monte Carlo studies showed that the scattered muon 

was mlsldentxfied in less than 10% of  the cases using 

these criteria 
The relevant kinematical  variables are defined in 

table 1 together with the cuts applied in the present 
analysis. The cuts were optimised so as to mmlmtse  

the background and to exclude regmns of  poor accep- 

tance. The upper cut on z and the lower cut on P~ 

ensured that the J / ~  production is melastlc and m- 

Table 1 
Kinematical varmbles of the J/~ product]on process 

_ Q 2 = q2 lnvanant mass squared 
of the virtual photon 

q PN LAB 
v =  - E ~ - E ~  energy of the virtual photon 

MN 
Z= PJ/v PN LAB__ Ej/V elasticity parameter 

q PN V of the J/~ production process 
p~ = i p j / v l 2  (PJ/v q)2 Transverse momentum squared 

I ql 2 of the J/V meson 
w~th respect to photon direction 

Apphed  cuts in the event selection 

15 GeV ~< E~ 
10 GeV ~< Edecay . . . .  

60~< v~<240 GeV 
02~<z~09 
0 I~<PZx~< 10 (GeV/c) 2 

Invartant mass  cut 

2 90~<M,+~-~<3 30GeV/c z 

coherent (see also below). 

Fig. 2 shows the invarlant mass M~+,_ dlstnbu- 

non of  the selected track pairs The sum o fa  gausslan 
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Fig 2 lnvanant mass distribution of selected g+l-t- pairs for 
deuterium and hydrogen The smooth curves are the sum of a 
gaussmn and an exponentially falling background fitted to the 
observed d~stnbutmns 
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distr ibut ion and an exponential ly falling background 
was fitted to the mass spectrum obta ined for hydro- 
gen and for deuter ium (smooth curves in fig. 2 ). the 
J/~t signal from hydrogen and deuter ium was given 
by the sum of  the events in the defined mass interval 
(see table 1 ) from which the background events par- 
ametr lsed by the exponential  curve had been sub- 
tracted. This yielded 85+  10 and 194+ 15 events for 
the hydrogen and deuter ium respectively. The aver- 
age fitted value of  the peak posi t ion was found to be 
3093 + 5 M e V / c  2. The width of  the gausslan distri- 
but ion corresponds to the experimental  momentum 
resolution of  1%. 

The ratio of  the cross sections per nucleon for 
muon- lnduced J/t~ product ion in deuter ium and hy- 
drogen was found to be R (D2/H2)  = 1.01 _+ 0 15. The 
quoted error is statistical only Geometr ical  accep- 
tance and efficiency corrections cancel in the calcu- 
lation of  the ratio as do the integrated beam fluxes. 
The frequent exchange of  the target sets also minim- 
lses the effects of  possible t ime dependent  changes in 
the apparatus  acceptance and efficiency. The system- 
atic error on the ratio of  target densit ies was esti- 
mated to be less than 1%. The effect of  radiat ive cor- 
rections on the ratio was est imated to be small 
compared  to the statistical error. The result is consis- 
tent with equal J/gt product ion rates for neutron and 
proton. The hydrogen and deuter ium data  were 
therefore combined in the subsequent analysis, re- 
suiting in 279 reconstructed J / ~  events and 41 back- 
ground events 

To obtain absolute cross sections from the experi- 
mental  counting rates, the acceptance was calculated 
using a Monte Carlo s imulat ion including a complete 
descript ion of  the apparatus  and detector  efficlen- 
cles. The Monte Carlo events were subjected to the 
same analysis procedure as the real data events. The 
branching ratio of  the J / ~  decay into ~t+g - was taken 
to be (69_+0.9)0/0 [11] Radiat ive  effects on the 
measured cross sections give rise to small correc- 
tions, typically 5% or less [ 12,13 ]. Although the mass 
resolution is good enough to separate the J / ~  signal 
from heavier ce resonances, different sources of  charm 
product ion can contr ibute to the observed signal 
strength. The contr ibut ion to the observed inelastic 
J / ~  signal through ~ '  product ion and subsequent de- 
cay was est imated to be less than 15%, assuming that 
the cross section of  ~ '  product ion is 20% of  that of  

2 8  ' ' ' I ' ~ I t 

2Z 

"7 2 (  

-D- 
\ 

~_ 0 8  / / / - ' "  
- -  / i 

0 o 4 , / " /  /' 

? -15 -~ -05 0 05 1 15 

Y 

Fig 3 Cross section for J /~  muoproductlon as a function of  the 
rapidity. The sohd curve shows the CS model predlctmn multl- 
phed by a factor of  2 4 and the dashed curve shows that o f  the 
V M D  m o d e l  in  c o m b i n a t i o n  w i t h  the  D Y  m e c h a n i s m  

J / ~  product ion [14] and taking into account the 
known branching ratio of  0 57 for ~ '  decay into J / ~  
[ 11 ] The measured cross section was not corrected 
for the above-ment ioned effects. Only statistical er- 
rors are given; the combined  systematic error due to 
the uncertainty on the target densities and the inte- 
grated muon flux was est imated to be less than 2% 

Fig. 3 shows the observed differential  cross section 
d c r ( g N ~ g '  J / ~  X ) / d y  The rapidi ty  y of  the J/gt is 
defined as y =  ½ In [ (E+pd I ) / ( E - p r  I ) 1, where E and 
Pll are the J / ~  energy and longitudinal  momen tum 
with respect to the virtual photon calculated in the 
pho ton-nuc leon  centre-of-mass system. The J/~s 
product ion is clearly peaked in the forward direct ion 

The dashed line in fig. 3 represents the predict ion 
of  the VMD model  in combinat ion with the DY 
mechanism for an incident  energy of  280 GeV The 
calculation was performed using eq. (3)  of  ref. [ 8 ], 
to which a mult ipl lcat lve factor of  ~ was applied, rep- 
resenting the fraction of  cc pairs going to J/t~ [2].  
The muoproduct lon  cross section was obtained from 
the photoproduct lon cross section by mult ipl icat ion 
with the virtual photon flux factor [ 8 ] computed  fol- 
lowing the convention introduced by Hand [ 15 ] The 
cross section of  the subprocess q q ~ J / ~  was Inte- 
grated from the charm quark mass threshold up to 
the D-meson mass [2 ]. Values for the input  param- 
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eters were taken from ref. [ 11 ], with the strong cou- 
phng constant  chosen to be c~s(M2/,~)=0.3, the 
charm quark mass mc = ½Mj/v and the quark dmm-  
but lons taken from ref. [ 8 ]. These paramete r  values 
were used throughout the present paper. Although our 
appara tus  accepts only events w~th posltxve rapidi ty,  
~t is clear that the computed  dis t r ibut ion cannot  ac- 
count for the signal strength for y>~ 1. 

The sohd hne in fig. 3 represents the predic t ion of  
the CS model  for inelastic and incoherent  J / ~  pro- 
duction.  For  compar ison w~th the data  a normahsa-  
t ion factor of  2.4 was applied.  The calculatmn 
was performed according to ref. [ 16 ], with a QCD 
radiat ive correct ion factor to the leptonlc w~dth 
F , + ,  ( J / y )  of  1 - 16C~s(M~/v)/3zr [17].  Values for 
the input  parameters  used m the present calculatmn 
were taken from ref. [ 11 ], with the same value for 
as(M2/v) and rn~ as m the V M D + D Y  calculatmn 
and a gluon distr ibution G(x) = ( 3 / x )  ( 1 - x )  s. From 
fig 3 it can be seen that  the cross sectmn of  J / ~  pro- 
duct ion as a functmn of  the rapidi ty  is well described 
by the CS model.  In the present analysm however, the 
CS model  underes t imates  the observed signal by a 
factor of  2.4. Since in ref. [6] It IS recommended  to 
ue sharper cuts on p2  and z, it was verified that  this 
factor does not vary within the ranges of  the appl ied 
cuts. Note that the normahsa tmn of  the CS model  is 
sensitive to the mass of  the charm quark and propor-  
t ional to the square of  the strong couphng constant  
[ 4 ]. Fur thermore ,  the calculatmn of  the cross section 
is performed by using a non-rela t iwst lc  descr ipt ion 
of  the ce bound state, it is expected that relativistic 
effects might distort  this descr ip tmn through correc- 
tions of  order  x/1 - B  5, with B est imated to be 0.5 
[18l. 

The normahsed  dffferentml cross section (27~/ 
a ) d o (  laN-,  la' J / ~  )/dO, where 0 is the azimuthal  an- 
gle between the muon scattering plane and the J / ~  
product ion plane, is shown m fig 4. The sohd curve 
is a fit o f  the function ( 1 + B cos ~ + C cos 2~) to the 
measured d~strlbutton. The results of  the fit are given 
in table 2 together with the CS model  predxctlons for 
scalar and vector  gluons [19].  The results, when 
compared  with the predict ions of  the CS model  com- 
puted at the average Q2 of  the data (1.5 GeV2), are 
consistent  w~th j e =  1-  for the gluon. The same re- 
suits dlsfavour  the descr ipt ion of  J / y  product ion as 
presented m ref. [3] ,  in which the predict ions of  the 

24 , , , 
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--D- 
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20 

16 
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0 1 2 3 L. 5 6 
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Fig 4 Normahsed muoproducnon cross sectmn as a function of 
the azimuthal angle 0 between the muon scattering plane and the 
J/tg production plane The solid curve is a fit of the functmn 1 +B 
cos 0 + C cos 2~ to the observed distribution 

Table 2 
The azimuthal angle &strlbution ( 1 + B cos O + C cos 2¢~) 

Parameter Experimental 
results 

CS model ( ( Q 2 )  = 1.5 GeV 2) 

P ~ 0  + P --  J g l u o n  J g l u o n  = 1 

B - 0  13±008 +0  12 - 0  14 
C -002_+008  -0 .11 - 0 0 8  

model  [2] are extended to second order  term with- 
out explicit  colour conservation.  

Since the CS model  provides a good descript ion of  
our data it has been used to extract the gluon dlstri-  
burton of  free nucleons. The measured differential  
cross section da(gN-- , la '  J / ~ X ) / d x ,  with x=.~/s 
where g and s are the centre-of-mass energies in the 
photon-g luon  and the pho ton-nuc leon  reference 
frames, was d iv ided  by that calculated in the CS 
model  [6,12].  In the latter, the gluon dis t r ibut ion 
xG(x) was set to unity, while the values of  the other 
input  parameters  were as given above 
( a s (M2/v )  =0.3  and m~= ~Mj/v) The variable x 
given m the CS model  by x=(l/s)[M2/~,/z+ 
P2/z(l-z)] can be interpreted as the momen tum 
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I I I 

• THIS EXPERIMENT 

4 A EM[ NH 3 J / ~  [121 

3 

× 

2 

1 

I I I 

0 Ol 02  03  z~ 

x 

F~g 5 The nucleon gluon distribution xG(x)  from the present 
experiment and ref [ 12 ] The solid curve is a parametnsatlon of 
xG(x)  discussed in the text 

f r ac t ion  o f  the  nuc l eon  ca r r i ed  by  the  p r o b e d  gluon.  

The  func t i on  c ½ ( r /+  1 ) ( 1 - x )  '~ was f i t ted to the  data ,  

the  resul t  o f  the  fi t  was c=2 .4_+  0 4 a n d  ~/= 5.1 _+0 9. 

T h e  va lue  o f  c c o r r e s p o n d s  to the  p rev ious ly  in t ro -  

duced  n o r m a h s a t l o n  fac tor  a n d  q represen t s  the  shape  

o f  the  g luon  d i s t r i b u t i o n  T h e  ex t r ac t ed  n o r m a h s e d  

g luon  d i s t r i b u t i o n  is s h o w n  in fig. 5 t o g e t h e r  wi th  its 

p a r a m e t r l s a t l o n  x G ( x )  = ½ ( q +  1 ) ( 1 - x )  ~. T h e  re- 

sul ts  o f  E M C  f rom the  ana lys i s  o f  J / ~  p r o d u c t i o n  on  

NH3 [ 1 2 ] ,  also s h o w n  in fig. 5, are  in good  agree-  

m e n t  wi th  the  p r e sen t  da ta .  

G l u o n  d i s t r i b u t i o n s  h a v e  also b e e n  o b t a i n e d  pre-  

v ious ly  f r o m  Q C D  ana lyses  o f  s t r uc tu r e  f u n c t i o n  

m e a s u r e m e n t s .  T h e s e  yield p a r a m e t r l s a t ~ o n s  t h a t  al- 

low a large s p r e a d  o f  q va lues  r ang i ng  f r o m  3 to 1 1 

[ 20 ] ; th l s  u n c e r t a i n t y  in q has  been  d i scussed  in ref. 
[ 2 1 ] .  

In the  p re sen t  work  we h a v e  s h o w n  t h a t  the  CS 

mode l  is able  to descr ibe  inelast ic  J / ~  p r o d u c t i o n  and  

c o n s e q u e n t l y  t h a t  it is poss ib le  to  ex t rac t  the  g luon  
d i s t r i b u t i o n  direct ly.  
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