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With a sample & a b o u t  2 0 0 0 ( Y + r '  +1~") events observed in n W interact ions at 286 GeV/c, the ratio (F '  + ' l ' " ) f l ' =  0.51 ___0 07, 

the branching  rat io t imes  the inc luswe total  cross section Ba = (386 _+ 17 _+ 85) pb per  W nucleus, as well as the different ial  cross 
sections in xt and p~ have been measured  These results are compared  w~th previous  data  ob ta ined  with the same appara tus  at a 
lower beam momentum (194 GeV/c) Both data sets are compared with a theorencal calculatmn ("duality model") which also 

3+o% " tat  a l l o w s o n e t o c x t r a c l t h e s h a p e p a r a m e t e r f l g o f t h e g l u o n d l s t n b u t l o n l n t h e p m n  f l g l s f o u n d t o b e 2  o~ts ~ )+°~(syst  ) 

Since its discovery in 1977 [1],  hadronic produc- 
tion of  the ~f resonances has been studied by a num- 
ber of  experiments usmg proton beams [2,3]. 
Extensive quantum chromodynamlcs ( Q C D )  stud- 
ies [4-6]  have shown that at " low" energies (x/s 

15-30 GeV) "l" production m proton interactions 
proceeds mainly via gluon-gluon fusion. A better 
understanding of  the production mechanism can be 
obtained by studying reactions where valence anti- 
quarks are present m the beam particle, so that 
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quark-ant~quark annihilation becomes the domi- 
nant process producing pamcles containing heavy 
quarks. In this case the theoretical predicttons suffer 
less from structure functmn uncertainties, since the 
valence-quark density distributions are better known 
than the gluon density distributions. Data with other 
types of  beam particles (n-+, K) exist but are scarce 
[ 7 ]. In this paper we present n - W  data taken at 286 
GeV/c and compare them with our previous results 
at 194 GeV/c [ 8 ] as well as with a theoretical predic- 
tion. Preliminary results of  this analysxs have already 
been presented [9]. Our Y data at two energies 
mcrease the prevtously available statxsucs on Y pro- 
ductlon by pions by one order of  magnitude. 

The measurements were performed at the CERN 
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Super Proton Synchrotron (SPS) with the NA10 
spectrometer, which has been described m detail 
elsewhere [ 10]. Dtmuons were produced wath a high- 
lntensaty pton beam (up to 109 ~ -  per burst) 
impangmg on a tungsten target. A targetang efficiency 
of 100% was assured by choosang a target daameter 
of 18 ram, whilst the beam spot stze was only 5 mm 
(FWHM) .  A 4.8 m long hadron absorber acted as 
beam-dump and muon  filter. Dtmuon events were 
trtggered by two pairs of scmtlllator hodoscopes 
placed upstream and downstream of a torotdal spec- 
trometer magnet. The muon  trajectories were meas- 
ured with two sets of 12 multwtre proporttonal 
chambers (MWPCs) ,  one upstream and one down- 
stream of that magnet. Already at the tragger level a 
rough mass determmataon was possible, enabhng the 
selection of high-mass events. Spectal care was given 
to the measurement  of the plon antensity ( + 4%) and 
to the overall detection efficiency. 

The data presented here come from two runnmg- 
pertods whtch accumulated comparable statlstaes 
(53 000 events wtth M >  4GeV/c 2 recorded m 1983; 
42 000 events an 1985). Whereas only a 12 cm long 
target was used m 1983, the 1985 period was shared 
between a 5.6 cm target (40% of the events) and a 12 
cm target (60%). Some manor spectrometer differ- 
ences decreased the acceptance shghtly in 1985 We 
analysed the two data sets separately and combmed 
the results after acceptance corrections had been 
applied. 

A Monte Carlo program was used to calculate the 
acceptance of our spectrometer. For the ~' event gen- 
eration, Xv and Pv distrtbutaons measured an J /~ pro- 
ductaon were used in first approxamation, and 
modafied to be consastent wath our data at both ener- 
gies. An tsotropac angular dastributton for the "f decay 
into two muons was assumed. The anfluence of the 
beam momen tum bate and of the nuclear Fermi 
motion was taken anto account an the acceptance cal- 
culation. The acceptance for Y events at 286 GeV/c, 
as calculated by thas sxmulataon program, rases from 
12.6% at the Y to 13.6% at the "If'". 

Fag. 1 shows the & m u o n  mass distr ibution for (a) 
the 1983 and (b) the 1985 data. In each case the full 
hne represents a fit of the form t i M ) ~  

e x p ( - a M - b M 2 - c M J - d M  4) to the Drel l -Yan 
contmuum,  with a z2/NDF of (a) 25.2/26 and (b)  
40.8/38. The excess of events m the Y-mass regton 
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Fig 1 T h e  la ~g m a s s  s p e c t r u m  wi th  the  "f p e a k  a r o u n d  9 5 

(GeV/c-'), for the runs m (a) 1983 and (b) 1985 The Drell-Yan 
continuum below and above the Y region was fitted to an expo- 
nential ~ exp( - a M -  bM'~ - cM ~ - dM 4 ) ( sohd hne ) 

[8.4, 11.0] GeV/c 2 (which was excluded from the fit) 
corresponds to 1140+_65_+80 ( ' f + Y '  +Y") events m 
1983 and 910_+ 60_+ 60 events an 1985. These errors 
are stattstlcal and systematic, respecttvely, the sys- 
temattc error having been estamated from a series of 
different con t inuum fits. The l%family mass spec- 
t rum is obtained by subtracting the fitted con t inuum 
dastrlbutaon, and ts shown m fig. 2 

In the Monte Carlo samulatlon we generated the 
three members  of the Y family wath masses accord- 
ing to the published values [11] By fittang the 
observed "£ peak wath these simulated distr ibutions 
we found a mass shaft of  only + 40 M e V / c  2 between 
Monte Carlo events and real data, which means that 
our experimental mass scale as correct to better than 
0.5%. Leaving the ratios Y / Y ' / Y "  free, a least-squares 
fit yielded ( ~ ' + ' f " ) / £ = 0 . 4 7 _ + 0 . 1 6  with a Z2/ 

N D F =  18.1/9, an agreement with the result from pN 
collastons [3] By fixang the ratao F " / Y '  at 0.48 [3], 
we obtain ( Y ' + ' f " ) H ' = O . 5 1 _ + O . O 7 ( z 2 / N D F  

= 18.3/10). 
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F~g 2 The l '  peak after subtraction of the continuum as fitted m 
fig 1 The 1983 and 1985 data were combined here The hnes 
represent the mass peaks of the l '  resonances whose ratios were 
fitted ( see text) 

Adopt ing the more accurate T/ ' f ' / 'F"  ratios of  ref. 
[3] to compute  the acceptance for the "f family, we 
obtain a branching ratio times the inclusive total cross 
section Ba of ( 3 9 3 - + 2 2 _ 8 6 )  pb per W nucleus for 
1983, and (377 _+ 26 + 81 ) pb per W nucleus for 1985, 
which on the basts of  2050 Y events yields a final 
average of(  386 _+ 17 + 85 ) pb per W nucleus. An ear- 
her measurement  with n -  of  280 GeV/c by NA3, 
based on 66 events [7] ,  was done on a Pt target. 
Assuming a l inear A dependence  their  t ransformed 
cross section of  (441 + 165 ) pb per W nucleus is con- 
Slstent with our finding. This is less true of  a subse- 
quent result [ 12] at the same energy: (622 +_ 75 _+ 66) 
pb per W nucleus based on 317 events. 

In order  to extract the branching ratio t imes the 
differential cross sections B d~r/dxF and B da/dp r, we 
used the same method as for the total cross section, 
but  applying the subtract ion procedure in specific XF 
and PT bins (8 and 12, respectively) .  Fig. 3a and 3b 
show the combmed  result from the 1983 and 1985 

runs. 

In fig. 3b the Px dlStrlbuUon o f  the Dre l l -Yan  con- 
tmuum in the )?-mass region is indicated by the dot-  
ted line. It was de te rmined  from the average of  the 
Dre l l -Yan  PT dis t r ibut ions [13] for the masses 
immedia te ly  below and above the T region. As at 194 
GeV/c [ 8], the distr ibutions of  cont inuum events and 
o f ' f  events are quite similar.  As can be seen in table 
l,  this is also true for the mean values o f  PT which 
were calculated from a fit to the observed d t s tnbu-  
non;  for the "f events at 286 GeV/c we find 
(pT)r= (1.10_+0.04) GeV/c. 

Compar ing  the 194 and 286 GeV/c data  (see table 
1 ), the most striking difference is found to be the rise 
in the total cross section by more than a factor of  2. 
A rise is expected since these energies are still close 
to the threshold for "f product ion.  However,  the 
shapes of  the observed differential cross sections (fig. 
3 m this letter, fig. 2 in ref. [ 8 ] ) reveal no significant 
differences between the two energies. The ratios 
(Y' + ' f " ) / ~  and the mean values <PT)~ also coin- 
cide ( table 1 ). We take this as an indica t ion  that  the 
production mechanism is essentially the same at both 
energies. 

Hadromc  quarkonlum product ion can be calcu- 
lated using the so-called duahty  hypothesis  [ 14], as 
done by Gltick, Owens and Reya [4, 5 ] for J /~  and 
qf product ion.  In this model  the fundamenta l  cross 
sections at the par ton level are calculated via pertur-  
baUve QCD; qq annihi la t ion and gg fusion contrib-  
ute to the format ion of  a free b6 pair  in lowest order. 
The par ton cross sections are convoluted  with the 
quark and gluon dis t r ibut ions of  the part icles 
involved,  and integrated over the squared momen-  
tum transfer  Q2 from the bb product ion threshold to 
that  of  BI] (B -= bCl) product ion.  After summing over  
flavours and spins, one has to mul t ip ly  the theoreti-  
cal cross section with a "fudge factor" F. This factor 
Is meant  to represent  the probablh ty  of  format ion  of  
a specific bound  state in the mass interval  between 
the thresholds for hidden beauty (Y) and open beauty 
(B) meson production.  This factor cannot  be relia- 
bly calculated by theory. Thus, dual i ty  calculations 
have to be normalized to (at  least) one measured data 
point  in order  to be compared  with exper imental  
cross sections. 

Independent ly  of  the no rma l i za t i on ,  the shape of  
duahty-predtc ted  differential  cross sections can be 
compared  whlth exper imental  dis tr ibut ions.  In fig. 
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Fig 3 (a) The Y dufferentlal cross section B da/dx~ The dotted area corresponds to duahty model predictions (normahzed to the same 
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3a we m a k e  th i s  c o m p a r i s o n  for  B d o ' / d x  F. S ince  t he  

p a r t o n  dns t r lbu t ions  r ep resen t  a n  ex t e rna l  i n p u t  to  the  

p red i c t i ons ,  we p e r f o r m e d  the  c a l c u l a t i o n s  w i th  sev- 

eral  d i f f e ren t  sets  for  the  n u c l e o n  a n d  p l o n  s t r u c t u r e  

f u n c t i o n s  [ 15-21  ] In o r d e r  to  check  for  u n c e r t a i n -  

t ies  due  to  t he se  inputs •  O n  the  o n e  h a n d ,  we a d o p t e d  

the  two sets  o f  p r o t o n  a n d  p l o n  s t r u c t u r e  f u n c t i o n s  

d e r i v e d  by  D u k e  a n d  O w e n s  [18,  19] ,  a n d  o n  t he  

o ther ,  t he  p l o n  s t ruc tu re  f u n c t i o n s  ex t r ac t ed  f r o m  ou r  

o w n  c o n t i n u u m  d a t a  at  194 G e V / c  [ 20]  w i th  the  cor-  

r e s p o n d i n g  th r ee  p r o t o n  s t ruc tu re  func t i ons  [ 15 -17  ] 
a n d  t he  p l o n - g l u o n  d i s t r i b u t i o n  f r o m  ref. [ 2 1 ] .  All 

p r e d i c t i o n s  h e  in the  d o t t e d  a rea  in fig. 3a, w h i c h  can  

t h u s  be  t a k e n  as a n  i n d i c a t i o n  o f  the  u n c e r t a i n t y  o f  

the  p r e d i c t i o n s  w h i c h  is due  to t he  p a r t o n  d i s t r i b u -  

t ions .  As at  194 G e V / c ,  good  a g r e e m e n t  b e t w e e n  th i s  

t h e o r y  a n d  o u r  d a t a  is o b s e r v e d .  
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Table 1 
F production m the NA 10 experiment 

PHYSICS LETTERSB 16 October 1986 

194 GeV/c 286 GeV/c 

,~ s [GeV] 19 4 23 1 
N( ' f+Y'  +~'") 2000_+90+_ 100 2050+_90+_ 140 
Ba [pb perW nucleus] 176_+7+31 386+ 17+_85 
B da/dy (y = 0) [ pb per W nucleus] 196 -+ 26 + 39 362 + 46 +_ 108 
(i" +~" ) / ' f  0.52+0 08 ~) 0 51 _+0 07 
(PT)~ [GeV/c] 1 12-+005 1 10_+004 
(P,)1>v [GeV/c] 1 10+_0 05 1 21±0 05 

• ')This error ~s smaller than that quoted in ref [ 8 ], as ~t results from a fit w~th the ratio Y"/Y' fixed as m the present analys~s. 

Flxlng the nuc leon-quark  and nucleon-gluon dts- 
t r ibuhons  and the p ion -qua rk  distr ibut ions,  we can 
(within the f ramework of  the dual i ty  model )  deter- 
mine the p ion-g luon  d~strtbunon m a fit to the 
experimental  cross sectton dtr/dxv. Choosing a dis- 
tnbu t lon  of  the form x G ~ ( x ) ~ ( l - x )  ~ wtth the 
integral f~G~(x) d x =  ( g ~ )  fixed at 0.47 [22],  we 
obtain from a s imultaneous fit to our data  at 194 
GeV/c and at 286 GeV/c, - +04 ÷Ol f l g - 2 . 3 _ o  3 (s tat . )  o 

(syst.) The fitted cross section ts shown m fig. 4. The 
systematic error takes mto account uncertalnnes from 
the nuc leon-par ton  and p l o n - p a r t o n  dtstribut~ons 
and was est tmated by repeating the fit with different  
sets of  dis tr ibut ions [ 15-21 ]. The uncer tamty  tn the 
integral of  the gluon dts t r lbut ion was taken into 
account by varymg ( g ~ )  by + 30%. Thts value o f  fig 

is de termined at a squared m o m e n t u m  transfer Q2 
which corresponds to the squared mass of  the "f, 

< 9 . >  = 0 4 7  ~,= = 

40 I I I I I I I I 

~ 35 

~ 3o 

2O 

15 

10 

0 0 2  0 0.2 0 4  0 6  

194 GeV/c x¢ 

23  

O .  

v 

)ff/NDF = 20 7 /15 

8 0  I I I I I I I I 

70 

60 

50 1 

40 

30 

20 

10 

0 

/ //t////I ~\xxx x ~ xx~ 

I I I I I I I I 
2 0 0.2 0.4 0.6 

286 GeV/c x¢ 

Fig 4 Determination of the factor fig of the pton-gluon dlstnbunon G ~ (x) ~ (1 - x )  l~ from a simultaneous fit of duahty predlcnons to 
the NAI 0 Y cross sect]ons at two energies The other parameters for the nucleon [ 15 ] and the plon [ 20 ] parton d]stnbutlons as well as 
(g~) were kept fixed The sohd line is the sum of the quark and gluon cross sections, whist  the dashed hne gives the contribution from 
gluon fusion alone 
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Fig 5 Energy dependence ofhadromc Y production in p-N and n-N reacUons The proton reduced Y cross sections are given at y=0, 
except those at 19.9 and 24 3 GeV which were obtained at y= 0 2 Since the y-distributions of the Y resemble those of the continuum and 
since the latter distributions are rather flat between y=0 and y=0 2 (see ref [3] ), the above-mentioned cross sections are not expected 
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different sets of parton distribution functions 

M~ ~ 100 GeV 2. A similar determinat ion [21 ] of fig 
from J/to data (Q2~.M2/v.~IO GeV 2) yielded 

fig = 2.38 _4- 0.06 _+ 0.10; despite the different value of 
Q2, the two results for fig are quite consistent. 

In fig. 5 we show a compilat ion of "~' production 
cross sections in pN [2, 3] and n N  (from refs. [7, 8] 
and this paper) interactions together with duality 
predictions for the energy dependence of the cross 
section. For the purpose of this plot a hnear  A depen- 
dence of the cross sections has been assumed in order 
to compare the different experiments. The uncer- 
tainty due to the parton d l smbut lons  used is indi- 
cated m the same way as in fig. 3a, i.e. all predictions 
lie in the shaded area for pN or n N  interactions, 
respectively. All curves were normalized to the most 
accurate data point, i.e. to the pN cross section at 
x / s=27 .4  GeV [3]. The observed rise in the total 
cross section above threshold is well explained for 
both types of reactions. However, if one normalizes 
to the pN data (as ~s done here),  the n N  pre&ctions 
are three to five times lower than observed. This 
means that duahty does not predict the ratio 
a (nN~Y)/ tT(pN-- ,Y)  correctly. Owing to the small 

errors of our data this is statistically significant 
( ~ 1 0 a  to 15a). One possible explanation is that 
addit ional  contr ibut ions from qcl processes (which, 
at those energies where n N  data are available, are 
more important  m pmn reactions than in the proton 
case) are not accounted for in the present calcula- 
tions. Another possibdity is that the "fudge factor" 
F l s  not the same for proton and pion reactions. This 
observation is in contradiction with the J /~ case 
where the duality model well describes both proton- 
and pion-induced cross sections with the same Ffac-  
tor [4]. 

In conclusion, we have measured the branching 
ratio times the inclusive total cross section Ba= 
(386+  17+ 85) pb per W nucleus for Y production 
by n -  on W at 286 GeV/c. In the range of pion 
momenta  investigated here (194 and 286 GeV/c) the 
cross section is still rising quickly. The ratm 
(Y' + Y")/Y in p ion-mduced interactions is the same 
as that in proton interactions. The differential distri- 
butions in xF and PT at the two energies agree with 
each other. They also agree well with those of the 
con t inuum in the same mass interval The XF dlStrl- 
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b u r t o n  o f  the  Y can  be  d e s c r i b e d  by  d u a h t y - m o d e l  

ca lcu la t ions .  T h e  va lue  o f  t he  g luon  d i s t r i b u t i o n  

p a r a m e t e r  at  t he  mass  o f  t he  ,f(Q2~ 100 G e V 2 ) ,  

f l -  2 a + o 4 ( s t a t . )  + ~ ~ ( sys t . ) ,  o b t a i n e d  w l t h m  the  g - -  " "  0 3  

f r a m e w o r k  o f  such  a m o d e l  f r o m  t he  xF d l s t n b u U o n ,  

t u r n s  ou t  to be  the  s a m e  as t h a t  o b t a m e d  at  t he  m a s s  

o f  the  J / ~ .  D u a l i t y  c a l cu l a t i ons  also a c c o u n t  well  for  

the  o b s e r v e d  ene rgy  d e p e n d e n c e  o f  the  to ta l  cross  

sec t ion;  however ,  t hey  fall  to  p r e d i c t  ab so lu t e  cross  

sec t ion  va lues  or  the  r a t io  b e t w e e n  p r o t o n -  a n d  p lon-  

r e d u c e d  "f p r o d u c t t o n  
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