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The forward production of chaxm states in 350 GeV p - F e  interactions has been studied via the production of prompt 
single muons with momentum p >~ 20 GeV/c. The data indicate equal production of single ~+ and ja- events. The observed 
momentum distributions can be fit with the hypothesis that D mesons are produced with an invariant cross section propor- 
tional to (1 - X F )  s "°-+°'8 exp[-(2  -+ 0.3)Pt] and do not favor a large diffractive cross section predicted by intrinsic charm 
models. Extrapolation of the distributions to x F = 0 yields a total DD production cross section of 22.6 -+ 2.1(_+3,6)~tb/nu- 
cleon on the assumption of a linear A dependence and 8% average semileptonic branching ratio of charm states. 

We have investigated the forward p roduc t ion  o f  

charm states in hadronic  collisions by measuring the 

produc t ion  o f  p r o m p t  single muons.  Prompt  single 

muons  originate f rom the semileptonic  decays o f  
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charm states. 

The densi ty ex t rapola t ion  technique was em- 

p loyed  to separate p r o m p t  f rom non-prompt  muons  
originating f rom the decays o f  long lived particles 
such as 7r's, K's  and hyperons .  P rompt  dimuons were 

ident i f ied with  a large acceptance m u o n  identifier.  

Data were taken with  bo th  a 350 GeV diffracted 
p ro ton  beam and a 278 GeV secondary ~ beam us- 

ing the Fermilab N5 beam line in Labora tory  E of  the 

Neutr ino Area. In this le t ter  we report  on the analysis 
o f  the 350 GeV pro ton  data. The pion data are dis- 

cussed in another  let ter  [1 ] .  The p ro ton  data are of  

interest  as a test o f  various charm produc t ion  models .  
For  example ,  in QCD models  [2,3 ] , , , 2  the dominant  

For footnotes see next page. 

0 031 -9163 /83 /0000  0000/$  03.00 © 1983 North-Hol land 499 



Volume 126B, number 6 PHYSICS LETTERS 14 July 1983 

production mechanism for incident protons is g l u o n -  
gluon processes which yield very central D meson dis- 
tributions. In intrinsic charm models [ 4 - 6 ]  the pro- 
duction is peaked in the forward direction near x F 

2 "  

The detector consisted of  an upstream beam line 
spectrometer that measured the momentum of  each 
incoming hadron to -+0.4%, a target calorimeter which 
served as a variable density "beam dump",  a muon 
identifier and an iron toroid spectrometer.  Data were 
taken with incident beam intensities ranging between 
1 to 2 (× 105) protons per 1 second spill. 

The target calorimeter consisted of 49 steel plates 
0.75 m × 0.75 m in transverse dimensions with a scin- 
tillation counter on the downstream face of  each 
plate. The plates were mounted independently on rails 
so that the spacing between the plates could be varied. 
Of the 2.4 m of  steel comprising the target calori- 
meter,  the density of the upstream most 1.7 meters 
was varied. Data were taken at three different effective 

2 1 densities, p, in the ratio 1 : ~ "5 ,  with the location of  
the mean interaction point  kept fixed. The density 
was changed frequently such that there were three in- 
dependent  data sets for each density. The most com- 
pact density of  the target was about-a 4 that of  steel. 

In addition to serving as a variable density target, 
the calorimeter measured the total  hadronic and elec- 
tromagnetic energy of  each interaction and the longi- 
tudinal location and development of the shower. 

The muon identifier consisted of  42 3m × 3m scin- 
tillation counters and 21 3m × 3m wire spark cham- 
bers sandwiched periodically throughout the 4.5 m of 
steel. This device allowed identification of  muons 
down to 5 GeV/e in momentum. 

The toroid muon spectrometer consisted of  24 
magnetized steel disks each 20 cm thick and 1.8 m in 
radius (with a 25 cm diameter hole) with scintillation 
counters every 20 cm of  steel and spark chambers 
every 80 cm of  steel. The toroids were displaced off- 
axis by 0.9 m to avoid a hole in the acceptance for 
forward going muons. The muon energy resolution 
was measured to the -+11% using beams of  momentum 
tagged muons. 

~-1 A rough fit to the model of Carlson and Suaya yields a 
cross section ~ exp[-41/x/~(GeV)] for p p collisions. 

,2 The model by Leveille predicts that in p -p  collisions the 
cross section is = s 1"4 around x/S -= 30 GeV. 

The trigger consisted of  two components:  an inter- 
acting hadron and a muon component ,  respectively. 
The hadron component  required an interaction in the 
first 40 cm of  steel (as indicated by a significant depo- 
sition of  energy in the calorimeter),  no counts in the 
halo counters and no additional beam particles within 
-+80 ns. This component  was scaled to determine the 
incident flux of interacting hadrons. For monitoring 
purposes a random sample of  interacting hadron trig- 
gers was recorded throughout the run. The interacting 
hadron component was put  in coincidence with a 
muon that  triggered the scintillation counters at the 
back of  the toroid system. This corresponded to a 
minimum muon energy of  about 20 GeV. Another 
trigger required a penetrat ion of  a muon in the muon 
identifier only,  and corresponded to a minimum muon 
energy of  8 GeV. Half the data were taken at low in- 
tensity (~104/s)  with the p > 8 GeV/c trigger. In this 
letter we report only on results obtained with the p 
~> 20 GeV/c trigger. The analysis of  the p > 8 GeV/c 
data will be reported in a future publication. 

In the off-line analysis each event was required to 
pass several selection criteria. These criteria were also 
applied to the random sample of hadron interactions 
in order to establish the effects of  the cuts on the inci- 
dent hadron flux. One important  requirement was 
that  of  having only a single incoming hadron track 
with momentum within -+2.5% of  the nominal beam 
momentum.  This requirement and the hardware halo 
veto counters eliminated all upstream interactions. As 
a test,  special runs were made with additional material 
upstream. The accepted event rates for such runs 
(which had 10 times the usual amount of material in 
all locations) remained unchanged. 

The muon track was required to originate in the 
target calorimeter and be in the same RF bucket as 
the incoming hadron. Geometrical cuts were placed 
on the angle of  the final state muon with respect to 
the direction of the incident hadron to ensure that the 
acceptance was independent of  calorimeter configura- 
t ion and small variations in beam conditions. 

Events passing the selection criteria were placed in 
one of  four categories: (1) a single/l + (1~+), (2) a sin- 
gle/~-  ( l b t - ) ,  (3) a dimuon with a triggering/J+ (2/J) +, 
and (4) a dimuon with a triggering ~ -  (2~ ) - .  Note 
that a dimuon event with opposite sign muons both 
of  which trigger will fall into both (3) and (4) catego- 
ries. The total trigger rates for these types of events 
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was plotted versus inverse density ( l / p ) .  The inter- 
cepts at lip = 0 of  the lines drawn through the I/l + 
and l / l -  rates are the raw prompt  1/l + and 1/a sig- 
nals. Some single-muon events could be misclassified 
as dimuons because of  a coincidental decay of  an addi- 
tional pion in the hadron shower. The probabil i ty  of  
a decay yielding a muon with p > 5 GeV/c was deter- 
mined, using the sample of random hadrons, to be 
0.67% at the most compacted density for 350 GeV in- 
cident hadrons. The single-muon and dimuon rates 
were corrected for this small effect. 

The largest background in the single-muon sample 
comes from highly asymmetric dimuon events in which 
one muon had momentum less than 5 GeV/c. This 
background was subtracted with the aid of  a Monte 
Carlo calculation which reproduced the shapes and 
magnitude of  the observed dimuon distributions. The 
Monte Carlo utilized measured [7] cross sections and 
distributions of the hadronic production of dimuons 
as a function of mass, Feynman-x,  and PT" It included 
production of dimuons by secondary particles in the 
hadron shower and the Bethe-Hei t le r  conversion of  
photons from zr ° decays. In order to minimize the 
model  dependence, the Monte Carlo was only used to 
determine the fraction of misidentified dimuon events 
(~15%) as a function of  momentum.  The measured 
rates of  identified dimuon events multiplied by those 
fractions yielded the misidentified background. The 
observed raw rates for dimuon and single muon events 
as well as the calculated misidentified dimuon (fake 
l/ l)  contributions are shown as a function of  momen- 
tum in fig. 1. 

Backgrounds arising from non-linearities [8] in the 
extrapolat ion procedure (e.g. from the finite thickness 
of the steel plates and the finite lifetime of hyperons,  
kaons and pions) were calculated to be 3% and 1.7% 
of  the prompt  signal for ~+'s a n d / l - ' s  respectively. 
Backgrounds from decays downstream of  the variable 
density region (after 10 interaction lengths) were cal- 
culated using a shower Monte Carlo propagated 
through six shower generations and subtracted from 
the data. This correction was 3% and 1.6% of the 
prompt  signal fo r / l  +'s and /~ - ' s  respectively. 

The prompt single-muon momentum distributions 
(with all backgrounds removed) are shown in fig. 2. 
Also shown is the trigger efficiency which can be great- 
er than 1 since it includes resolution smearing effects. 
The measured total  prompt  1/a + and 1/~ rates are 
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Fig. l .  Uncorrected m o m e n t u m  distributions for p rompt  2~ 
(open square) and l~t (solid dot) events. Also shown is the  cal- 
culated contr ibut ion of the misidentified d imuons  to the ljs 
data  sample (asterisk). (a) lta+ and (2~) +, (b) l u -  and (2~)- .  

(6.1 ± 0.9) X 10 .6  and (6.6 -+ 0.7) × 10 -6  per inelas- 
tic proton interaction, respectively. These errors are 
dominated by statistics but also include systematic er- 
rors in the background subtractions. These rates yield 
a raw prompt  1~-/1/~ + ratio of  1.08 -+ 0.19. There is a 
small difference in trigger efficiency between ~+ and 
~ -  events due to the fact that the geometrical accep- 
tance of the muon spectrometer is not identical for 
positive and negative muons. The corrected number 
for the prompt  1~ /1/~ + ratio of  1.13 -+ 0.20 is consis- 
tent with equal production of  positive and negative 
single muons. 

It is of  interest to compare this ratio with the 
prompt  r~,/p, ratio measured in neutrino beam-dump 
experiments for prompt  neutrinos with energies great- 
er than 20 GeV. The ratios from the CERN beam- 
dump experiments BEBC (0.79 -+ 0.62) and CHARM 
(0.79+0:6 ) are consistent with unity but  have very 
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Fig. 2. Prompt single muon momentum distributions with all 
backgrounds removed (a) 1~ + and (b) 1#-. Also shown (solid 
line) are the predictions from a model in which D's are pro- 
duced with a (1 - LxL) 5 distribution. The dashed line is the ef- 
ficiency which can be greater than 1.0 since it includes resolu- 
tion smearing effects. 

large errors, while the CDHS experiment [9] quotes a 
,~ ~,-+0.21 which is not confirmed by our ratio of v.,~o_ 0.16 

data. We note that the detectors of the CERN beam- 
dump experiments are located about a kilometer 
from the dump and subtend a very small solid angle ,3 
Because of this geometrical factor and the energy de- 
pendence of the neutrino cross section those experi- 
ments are sensitive to neutrinos from the decay of 
charm states produced at very large Feynman-x (x 

0.8), in contrast to this experiment which is sensi- 
tive to D mesons with lower values o fx  (x ~ 0.1). We 

+3 Preliminary data from the beam dump experiment at 
Fermilab (Experiment E613, FMOWW Collaboration), 
which has a similar acceptance to our P# > 20 GeV/c data, 
yield a ratio "~/u u = 0.65 -+ 0.30, see ref. [10]. 

have studied the i/l--/1/l + ratio fo rP  u > p s l i n  as a 
function of P~ 1in. Prompt single muons at large mo- 

menta originate from D mesons at large Feynman-x. 
The data are consistent with a ratio of unity at all val- 
ues ofP~ nin but the errors at high p~nin are large. 

The prompt single-muon distributions were com- 
pared to the prediction Of a model in which the only 
source of prompt single muons are D mesons pro- 
duced according to 

Case (1): 

E d3oD/dP 3 c~ (1 - x )  ~ exp( bPt) ,  

o r :  

Case (2): 

E d3oD/dP 3 cc (1 - x) a e x p ( - b ' m t ) ,  

with m t = (p2 + m 2 ) l / 2 , x  and Pt are the Feynman-x 
and transverse momentum of a D meson with mass 
m D. We have assumed that the semileptonic decay 
modes of the D are D ~ K/ap (60%) and D -~ K*/~u 

(40%). Single muons from the semileptonic decays of 
D's generated according to the model were propagated 
through the apparatus using a Monte Carlo program 
which included the effects of multiple scattering, dE/  
dx and resolution. The resulting "Monte Carlo tapes" 
were analyzed in the same way as the regular data. 
The model predictions included D production by sec- 
ondary interactions in the calorimeter (which 
amounted to 15% of the primary contribution). In the 
calculation of the contribution of secondary interac- 
tions we have used the energy dependence of charm 
production from the QCD calculation of Carlson and 
Suaya [2]. The results that we quote for cross sec- 
tions and distributions are for the primary collisions 
only. 

Because of multiple Coulomb scattering in the cal- 
orimeter the data do not constrain the Pt fits very well. 
Separate fits to/2 + and 12- distributions yield consis- 
tent but poorly determined values of b and b' .  A com- 
parison of the model predictions with the Pt distribu- 
tions of the combined/1 + and /a -  prompt single-muon 
data yield b = 2.0 + 0.3 (X 2 = 1.52/degree of freedom) 
and b' = 3.75 -+ 0.75 (X 2 = 1.53/degree of freedom), 
where b and b'  are in units of GeV -1 .  A QCD calcula- 
tion by Leveille [3] yields b = 2.5 and b '  = 3.45. That 
model also predicts that the e x p ( - b ' m t )  form should 
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give a better description of D meson production espe- 
cially at low Pt- The fits to our data indicate that D 
mesons are produced with a m e a n P  t of 0.92 -+ 0.14 
GeV/c and a mean p2  of 1.2 -+ 0.3 (GeV/c) 2. Our Pt 
distributions are consistent with results of the CERN 
NA16 experiment [11 ] using the high resolution bub- 
ble chamber LEBC which indicate a mean p2  for D 
mesons produced in 360 GeV p - p  collision of 0.9 
-+ 0.2 (GeV/c) 2. 

The x acceptance of the detector is relatively insen- 
sitive to the shape of the Pt distributions. The extrac- 
tion of the best fits to the D meson x distribution is 

done by comparing the model predictions to the mo- 
mentum distributions of single-muon events in fig. 2. 
The best fit to the 1/~ + data is obtained with the distri- 
bution 

+ 1 . 7  
(I - I x l )  4 " l - H  . 

Extrapolation of this form to x = 0 yields a total cross 
_ +6.0 section OD(--1 < x  < 1) = 17.8 + 2.6 ( -4 .2 ) / lb /nu-  

cleon. The best fit to the 1~-  data is obtained with a 
distribution 

(1 - I x  ) 5"4+1"~ , 

which yields a total cross section OD(--1 < x  < 1) 
= 25.9 ± 2.7 (+5~0)/Jb/nucleon. A fit constraining 

both distributions to yield the same cross section and 
the same value of ~ yields the distribution 

(1 - I x l )  5.°-+°.8 , 

and a total cross section OD~ = 22.6 -+ 2.1 (-+3.6)/Jb/ 
nucleon (see fig. 3). The cross sections were extracted 
assuming an average semileptonic branching ratio of 
8% and a linear atomic weight dependence (/t) for the 
cross section. The first error that is quoted includes 
the dominant statistical error and the systematic er- 
rors on background subtractions. The error in paren- 
thesis is the systematic error in the extrapolation of 
the cross section to x = 0 from the uncertainty in the 
x dependence exponent cL Using the best fit to the x 
distribution we determine that 10.2% of the semilep- 
tonic decays of D's produced in the forward hemi- 
sphere are accepted by our trigger. The sensitivity of 
the extracted cross section to the power in (1 - x )  ~ is 
shown in fig. 3 along with the X 2 values of the fits to 
the data. To the extent that (1 Ix[) ~ is a proper de- 
scription of charm production, the systematic error in- 
cludes the model uncertainty. 
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Fig. 3. The total charm production cross sections as a function 
of the exponent c~ in the (1 - Ix[) c~ distribution for D meson 
production (dashed line), and the X 2 values of the fits to the 
data (solid line). (a) 1N + data (D's) 6 degrees of freedom; 
(b) 1~- data (D's), 6 degrees of freedom; (c) 1N + and 1/~- data 
combined (DD), 13 degrees of freedom. The cross sections are 
extracted assuming a linear A dependence and an 8% branch- 
ing ratio. 

The central-like x distribution suggests that g l u o n -  
gluon processes are important in charm production 
with incident protons at 350 GeV. For example, in 
the QCD calculation of ref. [3] the x distribution of 
the produced charm quarks has a dependence 
(1 - [ x l )  5-1. 

Preliminary results from the Fermilab neutrino 
beam-dump experiment [10] at 400 GeV indicate 
that (1 - Ixl)5 yields a somewhat better fit to their 
data than (1 - Ix l )3  Their DD cross section (extrapo- 
lated to x = 0 using a (1 - Ixl) 5 form is 30 ± 6/~b, in 
good agreement with our data. Within QCD models 
[2,3] one expects a 10% to 20% increase in the cross 
section between 350 GeV and 400 GeV. 
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A comparison with charm cross sections extracted 
from the CERN neutrino beam-dump experiments [9, 
12] is complicated by the fact that  those experiments 
have smaller acceptance and typically assume a 
(1 - Ixl)3 dependence of the cross section. In addi- 
tion, some of  them obtain a smaller charm cross sec- 
tion from the prompt  electron neutrinos than from 
the prompt  muon neutrinos. If we assume a (1 - Ixl) 3 
dependence (not the best fit to our data) we obtain 
(see fig. 3) a cross section of  14.4 -+ 1.2/Jb/nucleon 

which is close to the cross section that those beam- 
dump experiments extract from their electron neu- 
trino data. The Fermilab neutrino beam-dump experi- 
ment  [10] obtains a cross section of  18 +- 4 t~b, assum- 
ing a (1 - [xl) 3 dependence. 

The quoted systematic errors in the cross section 
do not include the uncertainty in the A dependence or 
in the semileptonic braching ratio. Some information 
on the A dependence and the average semileptonic 
branching ratio may be obtained by comparing our re- 
sults to results obtained in 360 GeV p - p  collisions in 
the LEBC hydrogen filled bubble chamber [11 ] .  Their 

= 32 +13 is consistent with our result result of  Ochar m 
of  22.6 -+ 2.1 (+3.6) where we have assumed a linear 

dependence and an 8% branching ratio. Note that our 
cross sections would be a factor of 3.8 larger if we as- 
sumed an A 2[3 dependence. The situation is not en- 
tirely clear because the LEBC data also imply d N / d x  
c~ (1 - [xl) 1"8-+0"8 for x ~> 0, which is flatter than 
what is indicated by our data. It is possible that the 
nuclear effects are a function o f x  and distort  the x 
distribution in iron. For example, the A dependence 
for A and K production [13] is a function of x ,  and 
high x production is suppressed relative to low x pro- 
duction for nuclear targets. Our data with Pu > 8 
GeV/c trigger (which has an acceptance for 80% of  the 
forward hemisphere) will yield a more model  indepen- 
dent total cross section, and could be directly com- 
pared to the LEBC results. 

The central-like x distributions which are indicated 
by the data do not favor a large diffractive component  
predicted by intrinsic charm models. A 1% intrinsic 
charm (cg) component  in the nucleon wave function 
has been proposed by  Brodsky et al. [4] to explain 
the large (300/ lb  to 1000/~b) forward charm produc- 
tion cross sections reported [14] at ISR energies (x/~ 
= 60 GeV). A 1% intrinsic charm component  implies a 
diffractive production cross section of  210/ab for 350 

GeV incident protons,  and A c and D x distributions 
peaked near x = 0.5 (due to the fact that the massive 
charm quarks carry most of  the proton momentum).  

We have used the Brodsky x distributions for the 
A c and D to obtain the spectra of  the ~+ [assuming 
50% A c ~ A0/au and 50% A c ~ A(1520)tap] a n d / l -  
(assuming 60% B -+ K/au and 40% B --' K*~u) events. 
As was done for the central production fits, the contri- 
bution of  diffractive production by  secondary interac- 
tions was included. In order to obtain an upper limit 
on the contribution of the intrinsic charm process, we 
have assumed that  all the prompt  muons with Pu > 50 
GeV/c are due to diffractive AcD production.  The fits 
to the data with Pu > 50 GeV]c yield 

ointrinsic charm ~< 2.7 -+ 0.9/~b × A 1"0 
Ac 

~< 10.3 -+ 3.2/ab × A 2/3 , 

intrinsic charm o~ ~< 1.3 +- 0.3/~b × A 1.0 

~<4.7-+ 1 . 2 p b X A 2 / 3  , 

where semileptonic branching ratios [15] of  4.5% 
-+ 1.7% and 8% -+ 1% were used for the A c and D re- 
spectively. The quoted errors on limits represent the 
statistical errors from the fits. If we assume an A 2/3 
dependence for diffractive production [4] then the 
4.7/ab limit on the cross section implies ,4 a limit on 
the intrinsic cE component  of  0.022%. If we assume 
that the D state consists primarily of neutral D's (i.e. a 
4% rather than an 8% branching ratio) then the limit 
becomes 0.044%. This limit is comparable to the limit 
of 0.012% extracted by this collaboration [16] from 
dimuon events with missing energy. A limit of  0.28% 
has been reported [17] by the European Muon 
Collaboration. Note that the above cross section limits 
are a factor of  3.8 smaller for the case of  linear A de- 
pendence (as proposed by some authors [18]) .  The 
above limits apply only to the intrinsic charm process 
and a larger contribution from forward dissociation 

,4 The relation between the intrinsic charm fraction Pc, and 
diffractive charm production at asymptotic energy depends 
on whether we take Pc =- ac~]Ototal as originally defined 
by Brodsky in ref. [4], and used in this analysis,P c ~- Oc~ / 
aelasti c as proposed in ref. [5], or Pc ~ Oc~/adiffractive as 
proposed in ref. [6 ]. The above definitions differ by a fac- 
tor of six. 
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processes with softer x distributions can be accommo- 
dated by the data. 

In conclusion, the data on the forward production 
of  prompt  single muons in 350 GeV p - F e  interactions 
implies that D mesons are produced with an invariant 
cross section that has a (1 - Ix[) 5"0-+0"8 dependence. 
We extract a total charm production ( - 1  < x  < 1) of  
22.6 -+ 2.1 (+3.6)/2b/nucleon assuming a linear A de- 
pendence of  the cross section and an average semilep- 
tonic branching ratio of  8%. The data indicate that the 
contr ibution of the intrinsic charm process is very 
small. 
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