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Abstract 

Leading charm hadrons produced in hadron-nucleus interactions cannot be adequately described 
within the parton fusion model. Recent results on charm baryon production in X - A  interactions 
at 330 GeV with the WA89 detector disagree with fusion predictions. Intrinsic heavy quark pairs 
in the Z -  (dds)  wavefunction provide a simple mechanism for producing fast charm hadrons. We 
calculate leading charm baryon production from X-,  and p projectiles in a two component 
model combining parton fusion with intrinsic charm. Final state D - ,  ~ ,  ~"~+, and A+~ do' /dxr 

distributions and D - / D  +, D T / D  + and A+~/-A+~ asymmetries are compared to WA89 data. Pre- 
dictions are made for 650 GeV X - A  and ~'-A interactions in the SELEX detector at Fermilab 
and for 800 GeV pA interactions.  

PACS: 12.38.Bx; 13.75.Ev; 14.20.Lg; 14.40.Lb 

I.  Introduction 

One of the most striking features of charm hadroproduction is the leading particle 

effect: the strong correlation between the quantum numbers of the projectile and the 

final-state charm hadron. For example, more D -  than D + are produced at large XF 

in 7"r-A --+ D + X  interactions [1 -5] .  Such correlations are remarkable because they 

explicitly contradict the perturbative QCD factorization theorem [6] which predicts that 
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1. Introduction 

One of the most striking features of charm hadroproduction is the leading particle 

effect: the strong correlation between the quantum numbers of the projectile and the 

final-state charm hadron. For example, more D- than D+ are produced at large XF 

in 7T- A ----> D±X interactions [I -5]. Such correlations are remarkable because they 

explicitly contradict the perturbative QeD factorization theorem [6] which predicts that 



heavy quarks hadronize through jet fragmentation functions independent of the initial 
state. 

While leading charm effects are well established for D mesons, observations of charm 
baryons are more rare [7]. Two experiments with ~ - ( d d s )  beams promise to clarify the 
situation in the baryon sector. The hyperon beam, with a strange valence quark, presents 
a unique opportunity to study the flavor dependence of leading charm hadroproduction 
since both charm and charm-strange baryons can be leading. The first, WA89, which 
directs a 330 GeV hyperon beam on carbon and copper targets, has reported the XF 
distributions of D-(d-~), ~cc ( ddc ) , ,,~+ ( usc ), and A +(udc) [8] as well as the D - / D  +, 
D;-/D+~ and Ac/-Ac production asymmetries [9]. The second, SELEX [10], has a large 
acceptance for forward charm production, enhancing the charm baryon yield. Their 
650 GeV beam, approximately half 7r-(~d) and 2 - ,  promises to improve current 
samples from both beams by up to an order of magnitude. They also plan to study the 
A dependence of leading charm. 

In previous work [ 11,12], a QCD mechanism which produces leading charm at large 
XF was introduced. An important feature of the model is coalescence, the process through 
which a charm quark hadronizes by combining with quarks of similar rapidities, such as 
projectile spectator valence quarks. In a gauge theory the strongest attraction is expected 
to occur when the spectators and the produced quarks have equal velocities [13]. 
Thus the coalescence probability should be largest at small relative rapidity and rather 
low transverse momentum where the invariant mass of the Qq system is minimized, 
enhancing the binding amplitude. 

This coalescence occurs in the initial state where the projectile wavefunctions of 
e.g. the ~--, p and X- can fluctuate into Fock configurations containing a c~ pair 
such as I-adc-~), luudc~) or Iddsc~) respectively. In these states, two or more gluons are 
attached to the charm quarks, reducing the amplitude by O(a2s) relative to parton fu- 
sion [ 11 ]. The longest-lived fluctuations in states with invariant mass M have a lifetime 
of O(2Plab/M 2) in the target rest frame where elab is the projectile momentum. Since 
the comoving charm and valence quarks have the same rapidity in these states, the heavy 
quarks carry a large fraction of the projectile momentum and can thus readily combine 
to produce charm hadrons with large longitudinal momentum. Such a mechanism can 
then dominate the hadroproduction rate at large xF. This is the underlying assumption of 

the intrinsic charm model [ 14] in which the wavefunction fluctuations are initially far 
off-shell. However, they materialize as charm hadrons when light spectator quarks in the 
projectile Fock state interacts with the target [15]. Since such interactions are strong, 
charm production will occur primarily on the front face of the nucleus in the case of a 
nuclear target. Thus the intrinsic charm mechanism has a stronger A dependence than 
charm production by leading-twist fusion. 

In this work, we concentrate on the charm hadrons studied by WA89 and SELEX 
in order to further examine the relationship between fragmentation and coalescence 
mechanisms. The calculations are made within a two-component model: leading-twist 
fusion and intrinsic charm [ 11,12,16,17]. 
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Leading particle correlations are also an integral part of the Monte Carlo program 

PYTHIA [ 18] based on the Lund string fragmentation model. In this model it is 
assumed that the heavy quarks are produced in the initial state with relatively small 
longitudinal momentum fractions by the leading-twist fusion processes. In order to 
produce a strong leading particle effect at large XF, the string has to accelerate the 
heavy quark as it fragments into the final-state heavy hadron. Such a mechanism demands 
that large changes of the heavy quark momentum take place in the final state. Other 
models of leading charm production by recombination in the final state have been 
suggested [ 19,20]. However, in this work we will only compare our results with the 

commonly used PYTHIA Monte Carlo. 
In this paper, we first discuss the conventional mechanism for charm production at 

leading-twist, parton fusion, and how the hyperon beam is taken into account in the 
model. Section 3 reviews the intrinsic charm model and describes the extension of the 
model used in this work. In Section 4 we compare our results on ~ - A  interactions with 
the WA89 data and make predictions for SELEX with .,~- and ¢r- beams as well as pA 

interactions. Finally, we summarize our results. 

2. Leading-twist charm production 

In this section we briefly review the conventional leading-twist model for the produc- 
tion of charm hadrons in ,~-p,  pp and ~ - p  interactions. In leading-twist QCD, heavy 
quarks are produced by the fusion subprocesses gg QQ and q-~ QQ. The factor- 
ization theorem [6] predicts that fragmentation is independent of the quantum numbers 
of both the projectile and target. We will also show the corresponding distributions of 
charm hadrons predicted by the PYTHIA model [18]. 

Our calculations are at lowest order in as. A constant factor K ,-~ 2-3 is included in 
the fusion cross section since the next-to-leading order XF distribution is larger than the 
leading-order distribution by an approximately constant factor [ 21 ]. An additional factor 
of two is included to obtain the single charm distribution, twice the c~ cross section. 
Note that neither leading-order production nor the next-to-leading-order corrections can 
produce flavor correlations [22] such as those observed in leading charm production. 

The charm hadron XF distribution, where XF (2mr/v/-s)sinhy,  has the factorized 
form [ 17] 

do" "-~-XaXbX/-s / Izl DH/c(z3) dz3 dy2 , n a B ( X a ,  Xb) - -  1 dp 2 (1) 
dXF Z3 

where a and b are the initial partons, 1 and 2 are the produced charm quarks with 
mc 1.5 GeV, and 3 and 4 are the final-state charm hadrons. The convolution of the 
subprocess cross sections for q~ annihilation and gluon fusion with the parton densities 
is included in HAB(X~, Xb), 
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Our calculations are at lowest order in as. A constant factor K rv 2-3 is included in 
the fusion cross section since the next-to-Ieading order XF distribution is larger than the 
leading-order distribution by an approximately constant factor [21]. An additional factor 
of two is included to obtain the single charm distribution, twice the cc cross section. 
Note that neither leading-order production nor the next-to-Ieading-order corrections can 
produce flavor correlations [22] such as those observed in leading charm production. 

The charm hadron x F distribution, where x F == (2mT/ JS) sinh y, has the factorized 
form [17] 

= (1) 

where a and b are the initial partons, 1 and 2 are the produced charm quarks with 
me == 1.5 GeV, and 3 and 4 are the final-state charm hadrons. The convolution of the 
subprocess cross sections for qq annihilation and gluon fusion with the parton densities 
is included in H AB (xa , Xb), 



 

HAB (Xa, Xb) Z A B A d3"q~ [ f q ( x o ) f q ( x b )  + fq(Xo)l (xb)] 
q 

rB. do'gg 
+ fA(xa)  y~ (Xbl , (2) 

where A and B are the interacting hadrons and the scale dependence of the parton 

densities has been suppressed. The subprocess cross sections can be found in Ref. [23]. 

Since we study c~ production with several different projectiles, we specify the general 

q~ convolution for three light flavors: 

~'-~[fA(xa) fB(xb) fA(xa) fBq (Xb) ] .= uA(xa)-UB(xb) -J--uA(xa)uB(xb) 
q 

+dA(Xa)dB (xb) + -dA(Xa)dB(xb) + sA(Xa)SB(xb) + sA(Xa)SB(xb). (3) 

Parton distributions of the hyperon are not available. However, using baryon number 

and momentum sum rules, a set of parton distributions for the 2 -  can be inferred from 

the proton distributions, 

1 1 

(4) 
o o 

1 1 :dP(x) dx=is:-(x)dx= 1. (5) 

0 0 

We also identify sP(x) u z -  (x ) .  Similar relations can be made for the sea quarks. The 

gluon distributions are thus assumed to be the same in the and the proton. Both the 

GRV LO 94 [24] and MRS D - '  [25] parton distribution functions with t~ d q: 

were used. Other, older distributions with a symmetric sea, t~ d g, produce identical 

results for ~Y-p and pp interactions. 

The fragmentation functions, DH/c (Z),  describe the hadronization of the charm quark 

where z PH/Pc is the fraction of the charm quark momentum carried by the charm 

hadron, assumed to be collinear to the charm quark. According to the factorization 

theorem, fragmentation is independent of the initial state and thus cannot produce flavor 

correlations, precluding a leading charm effect. This uncorrelated fragmentation will be 

modeled by two extremes: a delta function, d~(z I), and the Peterson function [28], 

extracted from e+e data. The Peterson function, derived from a non-hadronic initial 

state, predicts a softer XF distribution than observed in hadroproduction, even at moderate 

XF [ 17] since the fragmentation decelerates the charm quark. The parameters of the 

Peterson function we use here are taken from e+e studies of D production ]29]. 

Typically fits to charm baryon fragmentation functions suggest increased deceleration 

of the charm quark in final-state baryons relative to mesons. On the other hand, the 

delta-function assumes that the charm quark coalesces with a low-x spectator sea quark 
or a low momentum secondary quark with little or no momentum loss ]17]. This 

" = 

A ~do-ggB+f g (Xa) f g (Xb) - ~df ' (2) 

where A and B are the interacting hadrons and the scale dependence of the parton 
densities has been suppressed. The subprocess cross sections can be found in Ref. [23]. 
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o 0 

I I
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rWe also identify sP (x) == u (x). Similar relations can be made for the sea quarks. The 
gluon distributions are thus assumed to be the same in the .!- and the proton. Both the 
GRV La 94 [24] and MRS D-' [25] parton distribution functions with it "*=~ d "* s 
were used. Other, older distributions with a symmetric sea, it == d == s, produce identical 
results for .!-P and PP interactions. 

The fragmentation functions, D HIc (z ), describe the hadronization of the charm quark 
where z == PH/Pc is the fraction of the charm quark momentum carried by the charm 
hadron, assumed to be collinear to the charm quark. According to the factorization 
theorem, fragmentation is independent of the initial state and thus cannot produce flavor 
correlations, precluding a leading charm effect. This uncorrelated fragmentation will be 
modeled by two extremes: a delta function, 8( Z -- I), and the Peterson function [28], 
extracted from e+e-- data. The Peterson function, derived from a non-hadronic initial 
state, predicts a softer XF distribution than observed in hadroproduction, even at moderate 
XF [17] since the fragmentation decelerates the charm quark. The parameters of the 
Peterson function we use here are taken from e+e-- studies of D production [29]. 
Typically fits to charm baryon fragmentation functions suggest increased deceleration 
of the charm quark in final-state baryons relative to mesons. On the other hand, the 
delta-function assumes that the charm quark coalesces with a low-x spectator sea quark 
or a low momentum secondary quark with little or no momentum loss [17]. This 
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Fig. 1. Charm production by leading-twist fusion in I - p  interactions. (a) Two patton distribution functions 
with two different fragmentation functions are shown at 330 GeV. The curves show calculations with the MRS 
D - t  patton distributions with delta function fragmentation (solid) and the Peterson function (dot-dashed) and 
with the GRV LO 94 parton distributions with delta function fragmentation (dashed) and the Peterson function 
(dotted). In (b) calculations with the GRV LO 94 patton distributions with delta function fragmentation are 
given at 650 GeV for the q~ component (dashed), gg component (dot-dashed) and the total production cross 
section (solid). Charm hadron production in PYTHIA 6.115 at 330 GeV is shown in (c) and (d) with the 
distributions labeled as indicated. 

assumption is more consistent with low PT charm hadroproduction data [30-32] than 
Peterson fragmentation. 

In Fig. la  we show the inclusive XF distributions calculated for both types of frag- 

mentation in I - p  interactions at 330 GeV. Both sets of parton distributions are also 

shown. Very little difference in either total cross section or shape of the XF distributions 

can be discerned between the two sets of parton distributions. The delta function results 

in harder distributions than those predicted by Peterson fragmentation for XF > 0.2. 
However, as shown in [ 8], even with this hard fragmentation the fusion model cannot 

account for the shape of leading charm baryon distributions. Fig. lb shows the relative 
contributions from gg fusion and q~ annihilation to the total cross section at 650 GeV, 
the energy of the SELEX beam, using the GRV LO 94 parton densities. Gluon fusion 
clearly dominates the production until XF ,~ 0.6. We have checked that this is also true 
at the lower energy of the WA89 experiment, 330 GeV. 

We compare the I - p  distributions with those from pp and ~ - p  interactions at the 
same energies with our two choices of parton distributions in Figs. 2 and 3 respectively. 
Since the differences between the I - p  and pp XF distributions are rather small due to 
the dominance of gluon fusion, in Fig. 2a we show the ratio I - p / p p  at 330 GeV. The 
differences between I - p  and pp production are somewhat larger for the GRV LO 94 
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Fig. 1. Charm production by leading-twist fusion in I-p interactions. (a) Two parton distribution functions 
with two different fragmentation functions are shown at 330 GeV. The curves show calculations with the MRS 
0-' parton distributions with delta function fragmentation (solid) and the Peterson function (dot-dashed) and 
with the GRV LO 94 parton distributions with delta function fragmentation (dashed) and the Peterson function 
(dotted). In (b) calculations with the GRV LO 94 parton distributions with delta function fragmentation are 
given at 650 GeV for the q7j component (dashed), gg component (dot-dashed) and the total production cross 
section (solid). Charm hadron production in PYTHIA 6.115 at 330 GeV is shown in (c) and (d) with the 
distributions labeled as indicated. 

assumption is more consistent with low PT charm hadroproduction data [30-32] than 
Peterson fragmentation. 

In Fig. la we show the inclusive XF distributions calculated for both types of frag­
mentation in I-P interactions at 330 GeV. Both sets of parton distributions are also 
shown. Very little difference in either total cross section or shape of the XF distributions 
can be discerned between the two sets of parton distributions. The delta function results 
in harder distributions than those predicted by Peterson fragmentation for XF > 0.2. 
However, as shown in [8], even with this hard fragmentation the fusion model cannot 
account for the shape of leading charm baryon distributions. Fig. 1b shows the relative 
contributions from gg fusion and q-q annihilation to the total cross section at 650 GeV, 
the energy of the SELEX beam, using the GRV LO 94 parton densities. GIuon fusion 
clearly dominates the production until XF ~ 0.6. We have checked that this is also true 
at the lower energy of the WA89 experiment, 330 GeV. 

We compare the I-P distributions with those from pp and 7T-p interactions at the 
same energies with our two choices of parton distributions in Figs. 2 and 3 respectively. 
Since the differences between the I-p and pp XF distributions are rather small due to 
the dominance of gluon fusion, in Fig. 2a we show the ratio I-p / pp at 330 GeV. The 
differences between I-p and pp production are somewhat larger for the GRV LO 94 
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Fig. 2. Charm production by leading-twist fusion in pp interactions. (a) The cross section ratios Opp/Oz_ p 
are given for two patton distribution functions with two different fragmentation functions at 330 GeV. The 
curves show calculations with the MRS D parton distributions with delta function fragmentation (solid) 
and the Peterson function (dot-dashed) and with the GRV LO 94 patton distributions with delta function 
fragmentation (dashed) and the Peterson function (dotted). In (b) calculations with the GRV LO 94 patton 
distributions with delta function fragmentation are given at 650 GeV for the q~ component (dashed), gg 
component (dot-dashed) and the total production cross section (solid). Charm hadron production in PYTHIA 
6.115 at 330 GeV is shown in (c) and (d) with the distributions labeled as indicated. 

distributions than the MRS D -~, due to the relative assumptions of ~/d.  The GRV LO 

94 set is based on more recent data than the MRS D - r  and should thus more accurately 

reflect the sea quark abundancies in the proton. In contrast, assumptions concerning 
charm quark fragmentation do not strongly affect the relative rates• In Fig. 2b we see 

that the relative q~ contribution to p p  production is somewhat larger at XF 0 than in 
Z - p  production at the same energy but this does not affect the point where gg fusion 

ceases to dominate c~ production. The pion valence distributions are harder, allowing 

charm production at larger XF than with a baryon beam, as shown in Fig. 3. For the 
pion, we use the GRV LO pion set [26] with the GRV LO 94 proton set and with 
the MRS D - t  distributions we use the SMRS P2 pion distributions [27]. However, the 
valence quark in the ~r- does not change the relative importance of q~ annihilation 
at 650 GeV, as seen in Fig. 3b. Much lower energies are needed for the zr- antiquark 
to lead to dominance of q~ annihilation in c~ production. 

The charm hadron distributions from PYTHIA 6.115 [ 18] for the three projectiles 
at 330 GeV beam energy are also shown in Figs. 1-3c,d. The PYTHIA calculations, 
based on 107 events, use all default program settings along with the GRV LO 94 parton 
distributions. We note that in PYTHIA the hyperon valence quark distributions are an 
average of the proton valence distributions, d~ z, s~ (u  p + d P ) / 3 .  In Fig. 3c the D - ,  
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Fig. 2. Charm production by leading-twist fusion in pp interactions. (a) The cross section ratios upp/uJ;-P 

are given for two parton distribution functions with two different fragmentation functions at 330 GeV. The 
curves show calculations with the MRS D-' parton distributions with delta function fragmentation (solid) 
and the Peterson function (dot-dashed) and with the GRV LO 94 parton distributions with delta function 
fragmentation (dashed) and the Peterson function (dotted). In (b) calculations with the GRV LO 94 parton 
distributions with delta function fragmentation are given at 650 GeV for the qq component (dashed), gg 
component (dot-dashed) and the total production cross section (solid). Charm hadron production in PYTHIA 

-~ 

6.115 at 330 GeV is shown in (c) and (d) with the distributions labeled as indicated. 

distributions than the MRS D-', due to the relative assumptions of Ii/d. The GRV La 
94 set is based on more recent data than the MRS D-' and should thus more accurately 
reflect the sea quark abundancies in the proton. In contrast, assumptions concerning 
charm quark fragmentation do not strongly affect the relative rates. In Fig. 2b we see 
that the relative qq contribution to pp production is somewhat larger at XF ~~ 0 than in 
~-p production at the same energy but this does not affect the point where gg fusion 
ceases to dominate cc production. The pion valence distributions are harder, allowing 
charm production at larger XF than with a baryon beam, as shown in Fig. 3. For the 
pion, we use the GRV LO pion set [26] with the GRV La 94 proton set and with 
the MRS D-' distributions we use the SMRS P2 pion distributions [27]. However, the 
valence Ii~ quark in the 7T- does not change the relative importance of qq annihilation 
at 650 GeV, as seen in Fig. 3b. Much lower energies are needed for the 7T- antiquark 
to lead to dominance of qq annihilation in cc production. 

The charm hadron distributions from PYTHIA 6.115 [18] for the three projectiles 
at 330 GeV beam energy are also shown in Figs. 1-3c,d. The PYTHIA calculations, 
based on 107 events, use all default program settings along with the GRV La 94 parton 
distributions. We note that in PYTHIA the hyperon valence quark distributions are an 
average of the proton valence distributions, d; == s; == (ue + de) /3. In Fig. 3c the D- , 
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Fig. 3, Charm production by leading-twist fusion in ~r-p interactions. (a) Two patton distribution functions 
with two different fragmentation functions are shown at 330 GeV. The curves show calculations with the MRS 
D J parton distributions with delta function fragmentation (solid) and the Peterson function (dot-dashed) and 
with the GRV LO 94 parton distributions with delta function fragmentation (dashed) and the Peterson function 
(dotted). In (b) calculations with the GRV LO 94 parton distributions using delta function fragmentation are 
given at 650 GeV for the q~ component (dashed), gg component (dot-dashed) and the total production cross 
section (solid). Charm hadron production in PYTHIA 6,115 at 330 GeV is shown in (c) and (d) with the 
distributions labeled as indicated• 

D+s, Ac and --cW° XF distributions are shown while the D +, D s ,  ~c and ~ +  distributions 

are given in Fig. 3d. The magnitude of  the curves reflect the relative abundancies of  

charm hadrons produced by PYTHIA. 

The Lund string fragmentation model  [ 18 ] produces charm quarks at string endpoints. 

The strings pull the charm quarks toward the opposite endpoints, typically the beam 

remnants. When the two string endpoints are moving in the same general direction, 

the charm hadron can be produced with larger longitudinal momentum than the charm 

quark. In the case where the string invariant mass is too small for multiple particle 

production, a single hadron is produced [33] ,  as in the ~ ( d d c )  and -w°~(dsc) which 

share two valence quarks with the ~ - .  These distributions have a minimum at xF 0.3 

and 0.1 respectively and a peak at XF ~" 0.8, illustrating the acceleration undergone by 

charm quarks by strings with small invariant mass. The Ac and ,_~+ are also accelerated 

by string fragmentation but the effect is not as strong because only one valence quark 

is in common with the projectile. 

In contrast, with a proton beam, as shown in Fig. 2, only the Ac shows strong forward 

acceleration due to the common u and d quarks with the maximum in the XF distribution 

occurring at XF 0.8. A second peak is notable for the ~cc but the acceleration effect 

is weaker for charm-strange baryon production, presumably due to the additional mass 
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Fig. 3. Charm production by leading-twist fusion in Tr- p interactions. (a) Two parton distribution functions 
with two different fragmentation functions are shown at 330 Gey. The curves show calculations with the MRS 
D-' parton distributions with delta function fragmentation (solid) and the Peterson function (dot-dashed) and 
with the GRV LO 94 parton distributions with delta function fragmentation (dashed) and the Peterson function 
(dotted). In (b) calculations with the GRV LO 94 parton distributions using delta function fragmentation are 
given at 650 GeV for the qq component (dashed), gg component (dot-dashed) and the total production cross 
section (solid). Charm hadron production in PYTHIA 6.115 at 330 GeV is shown in (c) and (d) with the 
distributions labeled as indicated. 

Vi, Ac and E~ Xp distributions are shown while the V+, V;, ~ and Et distributions 
are given in Fig. 3d. The magnitude of the curves reflect the relative abundancies of 
charm hadrons produced by PYTHIA. 

The Lund string fragmentation model [18] produces charm quarks at string endpoints. 
The strings pull the charm quarks toward the opposite endpoints, typically the beam 
remnants. When the two string endpoints are moving in the same general direction, 
the charm hadron can be produced with larger longitudinal momentum than the charm 
quark. In the case where the string invariant mass is too small for multiple particle 
production, a single hadron is produced [33], as in the ~(ddc) and ~(dsc) which 
share two valence quarks with the 1:-. These distributions have a minimum at Xp ~ 0.3f"V 

and 0.1 respectively and a peak at Xp 0.8, illustrating the acceleration undergone byf"V 

charm quarks by strings with small invariant mass. The Ac and at are also accelerated 
by string fragmentation but the effect is not as strong because only one valence quark 
is in common with the projectile. 

In contrast, with a proton beam, as shown in Fig. 2, only the Ac shows strong forward 
acceleration due to the common u and d quarks with the maximum in the Xp distribution 
occurring at Xp ~~ 0.8. A second peak is notable for the ~ but the acceleration effect 
is weaker for charm-strange baryon production, presumably due to the additional mass 



  

of the strange quark. While meson production does not show any significant leading 
behavior with a baryon projectile, the situation is reversed with the 7r- beam where D 
and Ds production is clearly forward of all charm baryon production, produced centrally 
in the forward xv region. We will make further comparisons with PYTHIA when our 

full model is discussed. 

3. Intrinsic particle production 

The wavefunction of a hadron in QCD can be represented as a superposition of Fock 

state fluctuations, e.g. [nv), Invg), InvQQ) . . . .  components where nv dds  for a 
~ - ,  uud  for a proton and ~d for a 7r-. When the projectile scatters in the target, the 

coherence of the Fock components is broken and the fluctuations can hadronize either by 

uncorrelated fragmentation as for leading-twist production or coalescence with spectator 
quarks in the wavefunction [14,15]. The intrinsic heavy quark Fock components are 
generated by virtual interactions such as gg QQ  where the gluons couple to two or 
more projectile valence quarks. The probability to produce Q Q  fluctuations scales as 
a2s(Ma-~)/m2a relative to leading-twist production [34]. Intrinsic QQ Fock states are 

dominated by configurations with equal rapidity constituents so that, unlike sea quarks 

generated from a single parton, the intrinsic heavy quarks carry a large fraction of the 

parent momentum [ 14]. 
The frame-independent probability distribution of an n-particle c? Fock state is 

dPinc NnOt4s ( Mc_e ) ~(1 ~-~in__l Xi ) 
d x i . . ,  dxn (m~, ~~in=, (ff~2/xi) )2 ' (6) 

where N, normalizes the Inc-8) probability, Pi~, and n 4, 5 for meson and baryon 
production from the [nvc-8) configuration. The delta function conserves longitudinal 
momentum. The dominant Fock configurations are closest to the light-cone energy shell 
and therefore the invariant mass, M 2 • i  nl2/xi' i s  minimized where a/z k2T, i + m 2 

is the effective transverse mass of the i th particle and xi is the light-cone momentum 

fraction. Assuming (k2T, i) i s  proportional to the square of the constituent quark mass, we 

choose ~q 0.45 GeV, ms 0.71 GeV, and mc 1.8 GeV [16,17]. 

The intrinsic charm production cross section for a single charm hadron from the 
n-particle state can be related to Pic and the inelastic h N  cross section by 

n / z2  
O ' i c ( h U  ) pincoJtnN ~m2c . (7) 

The factor o f / z 2 / 4 ~  arises from the soft interaction which breaks the coherence of the 
Fock state. To set the scale of the coherence factor/x we assume that the NA3 diffractive 
J/~b cross section [ 35 ] can be attributed to intrinsic charm. In this experiment the nuclear 
dependence of J/~p production in ~ - A  interactions into a "hard" contribution with a 
nearly linear A dependence at low XF and a high XF "diffractive" contribution scaling as 
A where fl 0.77 for pion and 0.71 for proton beams, characteristic of soft interactions. 

of the strange quark. While meson production does not show any significant leading 
behavior with a baryon projectile, the situation is reversed with the 7T- beam where D 

and D s production is clearly forward of all charm baryon production, produced centrally 
in the forward XF region. We will make further comparisons with PYTHIA when our 
full model is discussed. 

3. Intrinsic particle production 

The wavefunction of a hadron in QeD can be represented as a superposition of Fock 
state fluctuations, e.g. Iny), Inyg), InyQQ), ... components where ny =-= dds for a 
.r-, uud for a proton and lid for a 7T-. When the projectile scatters in the target, the 
coherence of the Fock components is broken and the fluctuations can hadronize either by 
uncorrelated fragmentation as for leading-twist production or coalescence with spectator 
quarks in the wavefunction [14,15]. The intrinsic heavy quark Fock components are 

~ QQ where the gluons couple to two orgenerated by virtual interactions such as gg ----> 

more projectile valence quarks. The probability to produce QQ fluctuations scales as 
a; (MQQ) / m~ relative to leading-twist production [34]. Intrinsic QQ Fock states are 
dominated by configurations with equal rapidity constituents so that, unlike sea quarks 
generated from a single parton, the intrinsic heavy quarks carry a large fraction of the 
parent momentum [14]. 

The frame-independent probability distribution of an n-particle ee Fock state is 

dp;'~ 4 8( 1 - ~~=l Xi) _ - - (6)= Nnas(Mec ) 2 ",n ~2/ 2 ' 
dXi ... d Xn (m" -- ui=1 (m; Xi)) 

where N n normalizes the Inee) probability, Pi~' and n == 4, 5 for meson and baryon 
production from the Inyee) configuration. The delta function conserves longitudinal 
momentum. The dominant Fock configurations are closest to the light-cone energy shell 
and therefore the invariant mass, M2 == ~i mr /Xi, is minimized where mr == kf,i + mr 
is the effective transverse mass of the ith particle and Xi is the light-cone momentum 
fraction. Assuming (k~i) is proportional to the square of the constituent quark mass, we 
choose mq == 0.45 GeV, ms == 0.71 GeV, and me == 1.8 GeV [16,17]. 

The intrinsic charm production cross section for a single charm hadron from the 
n-particle state can be related to Pi~ and the inelastic hN cross section by 

2" 
ufc(hN) == Pi~a1~N4':2 . (7) 

me 

The factor of f-t2 /4m~ arises from the soft interaction which breaks the coherence of the 
Fock state. To set the scale of the coherence factor f-t we assume that the NA3 diffractive 
J/ 1/J cross section [35] can be attributed to intrinsic charm. In this experiment the nuclear 
dependence of J/ 1/J production in 7T- A interactions into a "hard" contribution with a 
nearly linear A dependence at low XF and a high XF "diffractive" contribution scaling as 
A,B~ where f3 == 0.77 for pion and 0.71 for proton beams, characteristic of soft interactions. 



  

Then we assume that the diffractive fraction of the production cross section [35] is the 

same for charmonium and charm hadrons. In Ref. [ 11], tz 2 ,,~ 0.2 GeV 2 was found. 

However, calculations with more recent parton densities suggest that/22 0.1 GeV 2. 

We thus obtain o-4c(~rN) 0.5 /zb and o-iSc(PN) 0.7 /~b at 200 GeV. We take 
PiSc 0.31%, as determined from an analysis of the EMC charm structure function 

data [36]. A recent reanalysis of the EMC data with next-to-leading-order calculations 
of leading-twist and intrinsic charm electroproduction is consistent with the presence 

of an intrinsic charm component in the proton at large xBj of 1% or less [37]. For 
simplicity, we will always assume that the total probability for a charm quark in an 

Invc-~) state is 0.31% [36,37], regardless of the projectile identity. 

The inelastic 2 - p  cross section has not been measured. However, the total and elastic 

Ap cross sections have been parameterized for beam momenta less than 200 GeV albeit 

with large statistical uncertainties. Extrapolating these cross sections to 330 GeV, we 
in at this energy which seems unlikely. To be conservative, we found that o-~p > O'pp 

therefore scaled o~pnp to tr~p at the highest measured Ap energy and used the energy 

dependence of O-ipnp thereafter to set the scale for Z - p  interactions at larger values of v G. 

There are two ways of producing charm hadrons from intrinsic c? states. The first 
is by uncorrelated fragmentation, previously discussed in Section 2. Additionally, if the 

projectile has the corresponding valence quarks, the charm quark can also hadronize 

by coalescence with the valence spectators. The coalescence mechanism thus introduces 
flavor correlations between the projectile and the final-state hadrons, producing e.g. ~ ° ' s  

with a large fraction of the momentum. 
First we briefly discuss charm production by uncorrelated fragmentation. If  we assume 

that the c quark fragments into a D meson, the D distribution is 

dPinc F f dPi" c 

J dz  [ l  dXi dx l  . . . dxnDD/c (  Z )t~(XD ZXc) , (8) 
d x o  

i=1 

These distributions are assumed for all intrinsic charm production by uncorrelated frag- 
mentation with Dn/c (Z  ) t~(z 1). We will not use Peterson function fragmentation 

further in this work. 
The coalescence distributions, on the other hand, are specific for the individual charm 

hadrons. It is reasonable to assume that the intrinsic charm Fock states are fragile 

and can easily materialize into charm hadrons in high-energy, low momentum transfer 

reactions through coalescence. These contributions, taken from Ref. [ 14], do not include 

any binding energy of the produced hadrons or any mass effects. The coalescence 

contribution to charm hadron production is 

dPinc c f f i - .  dPinc ~ ,  
~XH -- J ~ : l a x ' d x l " ' d x "  (XH -- XHI -- . . .  -- XH,, v)  • (9) 

!= 

The coalescence function is simply a delta function combining the momentum fractions 
of the quarks in the Fock state configuration that make up the valence quarks of the 
final-state hadron. 

Then we assume that the diffractive fraction of the production cross section [35] is the 

same for charmonium and charm hadrons. In Ref. [11], f-L2 rv 0.2 Gey2 was found. 
However, calculations with more recent parton densities suggest that f-L2 ~rv 0.1 Gey2. 
We thus obtain (T~(7T'N) ::::::::::::~ 0.5 f-Lb and (Tfc(pN) ~ 0.7 f-Lb at 200 GeY. We take 
Pi~ == 0.31 %, as determined from an analysis of the EMC charm structure function 
data [36]. A recent reanalysis of the EMC data with next-to-Ieading-order calculations 
of leading-twist and intrinsic charm electroproduction is consistent with the presence 
of an intrinsic charm component in the proton at large XBj of ::::::~ I% or less [37]. For 
simplicity, we will always assume that the total probability for a charm quark in an 
Invcc) state is 0.31 % [36,37], regardless of the projectile identity. 

The inelastic $-p cross section has not been measured. However, the total and elastic 
Ap cross sections have been parameterized for beam momenta less than 200 GeY albeit 
with large statistical uncertainties. Extrapolating these cross sections to 330 GeY, we 

•found that (T~p > (T~p at this energy which seems unlikely. To be conservative, we 
therefore scaled ui;p to (T~p at the highest measured Ap energy and used the energy 
dependence of ui;p thereafter to set the scale for $-p interactions at larger values of -/S. 

There are two ways of producing charm hadrons from intrinsic cc states. The first 
is by uncorrelated fragmentation, previously discussed in Section 2. Additionally, if the 
projectile has the corresponding valence quarks, the charm quark can also hadronize 
by coalescence with the valence spectators. The coalescence mechanism thus introduces 
flavor correlations between the projectile and the final-state hadrons, producing e.g. E~'s 

with a large fraction of the $- momentum. 
First we briefly discuss charm production by uncorrelated fragmentation. If we assume 

that the c quark fragments into a D meson, the D distribution is 

~ -

dpnF ~n dpnJ 
__IC_ = dz II dx; d lCd DD/c(z)8(XD --- ZXC ), (8) 
dXD . XI··· Xn1=1 

These distributions are assumed for all intrinsic charm production by uncorrelated frag­
mentation with D H/ c ( z) == 8( z -- 1). We will not use Peterson function fragmentation 
further in this work. 

The coalescence distributions, on the other hand, are specific for the individual charm 
hadrons. It is reasonable to assume that the intrinsic charm Fock states are fragile 
and can easily materialize into charm hadrons in high-energy, low momentum transfer 
reactions through coalescence. These contributions, taken from Ref. [14], do not include 
any binding energy of the produced hadrons or any mass effects. The coalescence 
contribution to charm hadron production is 

dpnC dpnJ n 
__IC_ = II dx; d ICd 8(XH - XH\ - ... - XH"v) . (9)
dXH . Xl ... Xn,=1 

The coalescence function is simply a delta function combining the momentum fractions 
of the quarks in the Fock state configuration that make up the valence quarks of the 
final-state hadron. 



 

Table 1 
The lowest number of partons needed in an intrinsic charm Fock state configuration for the charm particle 
to be produced by coalescence. Note that 4 and 5 correspond to the minimal Invc-?) configuration while the 
higher states refer to [nvc~d'd), etc. 

Particle ,Y- ( dds ) p ( uud ) zr- (-rid) 

D- (d6) 5 5 4 
O +(dc) 7(dd) 7(dd) 6(d~) 
Ac(udc) 7(uK) 5 6(ufi) 
~c(ddc) 5 7(dd) 6(dd) 
D s (sF) 5 7(sX) 6(s~) 
D + (Tfc) 7(s~) 7(s~) 6(s~) 
~-~cc(dsc) 5 7(s~) 6(s~) 
~+ (usc) 7(u~) 7(s~) 8 (s~u~) 

We now compare and contrast D - ,  D +, D s and D + meson and Ac, ~cc, ~o  and 

z'+ baryon production by coalescence from 2?-, p and 7r- projectiles. We note that ~ c  

not all of  these hadrons can be produced from the minimal intrinsic charm Fock state 

configuration, [nvc-6). However, coalescence can also occur within higher fluctuations 

of  the intrinsic charm Fock state. For example, in the proton, the D + and ~0 can be ~ ¢  

produced by coalescence from Invc-ed-d) and Invc-~s-~) configurations. These higher Fock 

state probabilities can be obtained using earlier results [ 12,38]. In a previous study of  ¢0¢0 

production from Invc-~c-e) states [38] the double intrinsic charm production probability, 

Picc, was determined assuming that all the measured ¢ ~  pairs [ 39,40] arise from these 

configurations. The resulting upper bound on the model, ~r¢¢ o-i¢'~ ( ~ - N )  20 pb set 

by experiment [39] ,  requires Picc 4.4% Pie [38,41]. This value can then be used to 

estimate the probability of  light quark pairs in an intrinsic charm state. We expect that 

the probability of  additional light quark pairs in the Fock states to be larger than Pice, 

Picq Picc, (10) 

leading to Piou Pica 70.4% Pie and Pie~ 28.5%/~c. To go to still higher configu- 

rations, e.g. for ~ +  production from a 7r-, one can make the similar assumption that 

Picsu 70.4%Pics. 
In Table 1 we show the minimum number of  partons needed in each configuration 

to produce a given charm hadron. When more than the minimal ]nvc-e) state is neces- 

sary for coalescence to occur, the additional light quark pairs required in the state are 

indicated. While we include the eight particle configuration necessary to produce a ~ +  

by coalescence from a 7r- projectile, we will confine our discussion to charm hadron 

production from the minimal state and states with one additional q~ pair only. 

The total intrinsic charm contribution to charm hadron production is a combination 

of  uncorrelated fragmentation and coalescence. In previous works [ 11,12,16,17] only 

production by uncorrelated fragmentation from the minimal Invc~) states and coalescence 

from the minimum Fock state configuration was considered. This was so because a 

significant leading effect is present only in the minimal configuration, i.e. there is 

Table I 
The lowest number of partons needed in an intrinsic charm Fock state configuration for the charm particle 
to be produced by coalescence. Note that 4 and 5 correspond to the minimal Invcc) configuration while the 
higher states refer to Invccdd). etc. 

Particle X- (dds) p(uud) 7/"- Cud) 

D- (dC) 5 5 4 
D+(dc) 7(dd) 7(dd) 6(dd) 
Ac(udc) 

21 (ddc) 

7(uu) 

5 
5 
7(dd) 

6(uii) 

6(dd) 

D; (sc) 5 7(ss) 6(ss) 

Di(sc) 7(ss) 7(ss) 6(ss) 

Ej(dsc) 5 7(ss) 6(ss) 

S"t(usc) 7(uii) 7(ss) 8(ssuii) 

We now compare and contrast D-, D+, D; and Dt meson and Lie, .r:?, ~ and 
E: baryon production by coalescence from I-, p and 7T- projectiles. We note that 
not all of these hadrons can be produced from the minimal intrinsic charm Fock state 
configuration, Invcc). However, coalescence can also occur within higher fluctuations 
of the intrinsic charm Fock state. For example, in the proton, the D+ and E~ can be 
produced by coalescence from Invccdd) and Invccss) configurations. These higher Fock 
state probabilities can be obtained using earlier results [12,38]. In a previous study of I/JI/J 
production from Invcccc) states [38] the double intrinsic charm production probability, 
Pice, was determined assuming that all the measured I/JI/J pairs [39,40] arise from these 
configurations. The resulting upper bound on the model, a r/Jr/J == afcr/J (7T- N) ~~ 20 pb set 
by experiment [39], requires Piee ~~ 4.4% Pie [38,41]. This value can then be used to 
estimate the probability of light quark pairs in an intrinsic charm state. We expect that 
the probability of additional light quark pairs in the Fock states to be larger than P'ee, 

Picq ~~ (::) 2 Piee , ( 10) 

leading to Pieu == Pied ~~ 70.4% Pie and Pies ~~ 28.5% Pic. To go to still higher configu­
rations, e.g. for E: production from a 7T-, one can make the similar assumption that 

Picsu == 70.4%Pies. 

In Table 1 we show the minimum number of partons needed in each configuration 
to produce a given charm hadron. When more than the minimal Invcc) state is neces­
sary for coalescence to occur, the additional light quark pairs required in the state are 
indicated. While we include the eight particle configuration necessary to produce a E: 
by coalescence from a 7T- projectile, we will confine our discussion to charm hadron 
production from the minimal state and states with one additional qq pair only. 

The total intrinsic charm contribution to charm hadron production is a combination 
of uncorrelated fragmentation and coalescence. In previous works [11,12,16,17] only 
production by uncorrelated fragmentation from the minimal Invcc) states and coalescence 
from the minimum Fock state configuration was considered. This was so because a 
significant leading effect is present only in the minimal configuration, i.e. there is 
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Fig. 4. Charm hadron production in the intrinsic charm model with a 2:- projectile. The probability distribu- 
tions, (1/Pine )(dPin e/dxH), for uncorrelated fragmentation and coalescence are given for the minimal 5-particle 
Fock state (a) and for the 7-particle Fock states with light quarks q u, d (b) and with strange quarks 
(c). The solid curve in each case is the charm quark distribution which also serves as the hadron distribution 
for independent fragmentation. The other curves are the probability distributions for hadron production by 
coalescence, including: D-  (dashed), ~cc (dot-dashed), (dot-dash-dashed) and D s (dotted). If the shape 
of the probability distribution is the same for any two hadrons (such as the ~cc and the A + in (b)) in a 
configuration, it is indicated. 

no difference between D + and D -  mesons produced from Invc-~d-d) states. Also,  as 

more partons are included in the Fock state, the coalescence distributions soften and 

approach the fragmentation distributions, eventually producing charm hadrons with less 

momentum than uncorrelated fragmentation from the minimal c~ state if a sufficient 

number of  q~ pairs are included. There is then no longer any advantage to introducing 

more light quark pairs into the conf igurat ion-- the  relative probabili ty will decrease 

while the potential gain in momentum is not significant. However, if some fraction of  

the final-state hadrons are assumed to be produced from higher Fock configurations, then 

all possible final states from those configurations should also be included. Therefore in 

this paper, we consider production by fragmentation and coalescence from the minimal 

state and the next higher states with u~, d d  and s~ pairs. 

The probabil i ty distributions, (1 /P ic ) (dP inc /dxn ) ,  are given in Figs. 4 -6  for Z - ,  p 

and 7r-  projecti les respectively. It is clear from Fig. 4 that the 2 -  projectile allows the 

greatest coalescence production of  charm hadrons from the minimal Fock configuration, 

Fig. 4a. The charm baryons are quite fast, taking more than 50% of  the projecti le 

momentum. The difference between charm and charm-strange hadron production is very 

small due to the strange and light quark mass difference, Because the strange quark 

is more massive, it carries a somewhat larger fraction of  the 2 -  momentum than the 

light quarks, resulting in a slightly larger average momentum for the -c~° and the D s 

' ' 
3 -

= 2 

ol"""""""'......---L_.L..-....&:::......""""'~ 

0.00 

' __ 

" ' "  

2 

1.00 

Fig. 4. Charm hadron production in the intrinsic charm model with a I- projectile. The probability distribu­
tions, (II Pi~ ) (dPi~ IdxH). for uncorrelated fragmentation and coalescence are given for the minimal 5-particle 
Fock state (a) and for the 7-particle Fock states with light quarks q == u, d (b) and with strange quarks 
(c). The solid curve in each case is the charm quark distribution which also serves as the hadron distribution 
for independent fragmentation. The other curves are the probability distributions for hadron production by 
coalescence, including: D- (dashed), ~ (dot-dashed), ~~ (dot-dash-dashed) and D; (dotted). If the shape 
of the probability distribution is the same for any two hadrons (such as the ~ and the At in (b» in a 
configuration, it is indicated. 

no difference between D+ and D- mesons produced from Invccdd) states. Also, as 
more partons are included in the Fock state, the coalescence distributions soften and 
approach the fragmentation distributions, eventually producing charm hadrons with less 
momentum than uncorrelated fragmentation from the minimal cc state if a sufficient 
number of q"ij pairs are included. There is then no longer any advantage to introducing 
more light quark pairs into the configuration-the relative probability will decrease 
while the potential gain in momentum is not significant. However, if some fraction of 
the final-state hadrons are assumed to be produced from higher Fock configurations, then 
all possible final states from those configurations should also be included. Therefore in 
this paper, we consider production by fragmentation and coalescence from the minimal 
state and the next higher states with uu, dd and ss pairs. 

The probability distributions, (l / Pi~)( dPi~/ dXH), are given in Figs. 4-6 for ,t-, p 
and 7T- projectiles respectively. It is clear from Fig. 4 that the ,t- projectile allows the 
greatest coalescence production of charm hadrons from the minimal Fock configuration, 
Fig. 4a. The charm baryons are quite fast, taking more than 50% of the projectile 
momentum. The difference between charm and charm-strange hadron production is very 
small due to the strange and light quark mass difference, Because the strange quark 
is more massive, it carries a somewhat larger fraction of the ,t- momentum than the 
light quarks, resulting in a slightly larger average momentum for the E~ and the D; 
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Fig. 5. Charm hadron production in the intrinsic charm model with a proton projectile. The probability dis- 
tributions, (1/Pinc)(dPn/dxtt), for uncorrelated fragmentation and coalescence are given for the minimal 
5-particle Fock state (a) and for the 7-particle Fock states with light quarks q u, d (b) and with strange 
quarks (c). The solid curve in each case is the charm quark distribution which also serves as the hadron 
distribution for independent fragmentation. The other curves are the probability distributions for hadron pro- 
duction by coalescence, including: D -  (dashed), A + (dot-dashed), (dot-dash-dashed) and D s (dotted). 
If the shape of the probability distribution is the same for any two hadrons (such as the 2~c and the A + in 
(b))  in a configuration, it is indicated. 

relative to the ~c and D - ,  on the order of 3-4%, as can be seen in Table 2. The c quark 
distribution itself, leading to uncorrelated fragmentation, carries 25% of the projectile 
momentum in the minimal state. This is reduced by 35% in the seven-particle Fock 

configurations. In this model, the c and U probability distributions are identical. We 
note that these higher configurations can produce, for example, 2~ and Ac baryons from 
InvcUd-d) and Invc-~ua) states respectively with the same probability distribution, shown 

in Fig. 4b, but not necessarily with the same relative probability, as we will show shortly. 
Introducing an s~ pair to the 7-particle configuration reduces the average momentum 

of the final-state hadron by 2% over the average in the 7-particle configurations 
with lighter q~ pairs. In addition to the reduction of the average momentum of the c 
quark in the higher configurations, the final-state charm hadron momentum from this 
configuration is reduced as well, suggesting that no more significant contribution to the 
overall momentum of the final hadron will be obtained by including yet higher Fock 
configurations. 

While fewer charm hadrons can be directly produced from the minimal configuration 
of a proton projectile, as evident from Fig. 5, their average momentum is somewhat 
higher than the 2 -  due to the absence of the strange valence quark. However, this only 
affects the final-state average momentum by 1-2%. Final-state charm hadrons from a 
pion projectile, shown in Fig. 6 have, on average, 20% more momentum than from a 
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Fig. 5. Charm hadron production in the intrinsic charm model with a proton projectile. The probability dis­
tributions, (I/Pi~)(dPi~/dxH), for uncorrelated fragmentation and coalescence are given for the minimal 
5-particle Fock state (a) and for the 7-particle Fock states with light quarks q == u, d (b) and with strange 
quarks (c). The solid curve in each case is the charm quark distribution which also serves as the hadron 
distribution for independent fragmentation. The other curves are the probability distributions for hadron pro­
duction by coalescence, including: D- (dashed), At (dot-dashed), ~~ (dot-dash-dashed) and D; (dotted). 
If the shape of the probability distribution is the same for any two hadrons (such as the .t,! and the At in 
(b» in a configuration, it is indicated. 

relative to the ~ and D- , on the order of 3-4%, as can be seen in Table 2. The c quark 
distribution itself, leading to uncorrelated fragmentation, carries ~~ 25% of the projectile 
momentum in the minimal state. This is reduced by ~~ 35% in the seven-particle Fock 
configurations. In this model, the c and c probability distributions are identical. We 
note that these higher configurations can produce, for example, ~ and Ac baryons from 
Invccdd) and Invccuu) states respectively with the same probability distribution, shown 
in Fig. 4b, but not necessarily with the same relative probability, as we will show shortly. 
Introducing an ss pair to the 7-particle configuration reduces the average momentum 
of the final-state hadron by ~~ 2% over the average in the 7-particle configurations 
with lighter qq pairs. In addition to the reduction of the average momentum of the c 
quark in the higher configurations, the final-state charm hadron momentum from this 
configuration is reduced as well, suggesting that no more significant contribution to the 
overall momentum of the final hadron will be obtained by including yet higher Fock 
configurations. 

While fewer charm hadrons can be directly produced from the minimal configuration 
of a proton projectile, as evident from Fig. 5, their average momentum is somewhat 
higher than the $- due to the absence of the strange valence quark. However, this only 
affects the final-state average momentum by 1-2%. Final-state charm hadrons from a 
pion projectile, shown in Fig. 6 have, on average, 20% more momentum than from a 
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Fig. 6. Charm hadron production in the intrinsic charm model with a 7r- projectile. The probability distribu- 
tions, ( l/Pinc )(dAn/dxH ), for uncorrelated fragmentation and coalescence are given for the minimal 5-particle 
Fock state (a) and for the 7-particle Fock states with light quarks q u, d (b) and with strange quarks 
(c). The solid curve in each case is the charm quark distribution which also serves as the hadron distribution 
for independent fragmentation. The other curves are the probability distributions for hadron production by 
coalescence, including: D -  (dashed), Ac + (dot-dashed), (dot-dash-dashed) and DZ (dotted). If the 
shape of the probability distribution is the same for any two hadrons (such as the ~c and the Ac + in (b))  in 
a configuration, it is indicated. 

baryon projectile because the total velocity is shared between fewer initial partons. Note 

also that mesons from a four-particle Fock configuration and baryons from a six-particle 

Fock state each receive half of  the projectile momentum. 

4. Model predictions 

We now turn to specific predictions of  our model. We begin with the XF distribution 
of the final-state charm hadrons. The xr distribution for final-state hadron H is the sum 

of the leading-twist fusion and intrinsic charm components, 

dO'hHN -- do'ltH d- dO'iHc ( 1 1) 
dXF dXF dXF ' 

w h e r e  d t r ~ / d X F  is r e l a t e d  to dPH/dXF by  

d°'i H in /a2 dPH 
: O'hu-~..~ 2 (12) 

dXF ~m c dXF 

The probability distribution is the sum of all contributions from the InvcPl and the 
InvcPq-~l configurations with q u, d, and s and includes uncorrelated fragmentation 
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Fig. 6. Charm hadron production in the intrinsic charm model with a TT- projectile. The probability distribu­
tions. (I / Pi~ ) (dPi~ / dxH), for uncorrelated fragmentation and coalescence are given for the minimal 5-particle 
Fock state (a) and for the 7-particle Fock states with light quarks q == u, d (b) and with strange quarks 
(c). The solid curve in each case is the charm quark distribution which also serves as the hadron distribution 
for independent fragmentation. The other curves are the probability distributions for hadron production by 
coalescence, including: D- (dashed), At (dot-dashed), ~.s;> (dot-dash-dashed) and D; (dotted). If the 
shape of the probability distribution is the same for any two hadrons (such as the ~ and the At in (b» in 
a configuration, it is indicated. 

baryon projectile because the total velocity is shared between fewer initial partons. Note 
also that mesons from a four-particle Fock configuration and baryons from a six-particle 
Fock state each receive half of the projectile momentum. 

4. Model predictions 

We now turn to specific predictions of our model. We begin with the XF distribution 
of the final-state charm hadrons. The XF distribution for final-state hadron H is the sum 
of the leading-twist fusion and intrinsic charm components, 

d(T~N d(T~ d(T~ 
--=--+--, (11 )
dXF dXF dXF 

where d(T~/dxF is related to dPH/dxF by 

d(T~ in t-t2 dPH
--=(T ---- (12)dx !IN 4m2 dx .F c F 

The probability distribution is the sum of all contributions from the Invcc) and the 
Invccqq) configurations with q == u, d, and s and includes uncorrelated fragmentation 



 

Table 2 
The average value of XF for charm particles produced by coalescence from 2;-, p and zr- projectiles in 
[nvc-d), [nvc-dq~) and [nvc-ds~) states. In this case, qq uu, d-d. 

State Particle ,~-  (nv  dds)  p ( n v  uud)  zr -  (nv  ffd) 

I nvc-d) c 0.251 0.256 0.308 
D- (d-d) 0.41 0.419 0.499 
Ac ( udc ) 0.58 
~Y~ ( ddc)  0.573 
Dj- (s-d) 0.427 
~cc(dsc)  0.59 

Invc-?q~) c 0.185 0.188 0.219 
D -  (d-d) D+('dc)  0.31 0.314 0.359 
Ac (udc)  0.433 0.438 0.5 
~ c ( d d c )  0.433 0.438 0.5 
D~- (s-d) 0.32 
~-~)c(dsc) ~ + ( u s c )  0.444 

[nvc-ds~) c 0.179 0.181 0.211 
D- (d-d) 0.302 0.306 0.349 
Ac (udc)  0.429 
) ,~(ddc)  0.424 
D s  (s-d) D+(gc)  0.312 0.316 0.361 

(dsc )  0.434 0.439 0.5 
~ +  ( u sc ) 0.434 

and coalescence when appropriate, as described below. We use the same fragmentation 

function, either the delta or Peterson function, to calculate uncorrelated fragmentation 

in both leading-twist fusion and intrinsic charm. In this section, we use only the delta 

function. 

Since experimental information on the relative rates of charm hadron production is 

incomplete, we assume that all the lowest lying charm hadrons produced by uncorrelated 

fragmentation have equal probability in both leading-twist fusion and intrinsic charm. 

There are ten charm hadrons- -and  the same number of anticharm hadrons- - i f  excited 

charm hadrons such as D* and A+(2593) are excluded. Therefore the probability dis- 

tribution for uncorrelated fragmentation into each of these hadrons is 10% of the total 

probability. As can be seen in Table 1, only a fraction of the possible final-state hadrons 

can be produced by coalescence. We use a simple counting scheme to arrive at the 

coalescence probability which enhances the production of leading charm at large XF.  

We note that the combined probability of fragmentation and coalescence of all charm 

hadrons cannot exceed the total production probability of the Fock state configuration. 

Thus when a particular final-state hadron can be produced both by uncorrelated frag- 

mentation and coalescence, we multiply the sum of the fragmentation and coalescence 

probabilities by 0.5 to keep the total probability fixed. 

As a concrete example of how the total probability distributions of charm hadron 

production from the intrinsic charm model is calculated, we will describe D + and D -  

production from the beam in our model in detail. The full complement of equations 

Table 2 
The average value of XF for charm particles produced by coalescence from -r-, p and 7T- projectiles in 
Invcc), Invccqq) and Invccss) states. In this case, qq == uli, dd. 

State	 Particle -r- (nv == dds) p(nv == uud) 7T- (nv == lid) 

Invcc)	 c 0.251 0.256 0.308
 
D- (de) 0.41 0.419 0.499
 
AC<udc) - 0.58
 
2}(ddc) 0.573
 
D; (sc) 0.427 - -

d1(dsc) 0.59 - -


Invccqq)	 c 0.185 0.188 0.219
 
D-(de) == D+(dc) 0.31 0.314 0.359
 
Ac(udc) 0.433 0.438 0.5
 
2}(ddc) 0.433 0.438 0.5 
D;(sc) 0.32 - -
d1(dsc) == st (usc) 0.444 - -

Invccss)	 c 0.179 0.181 0.211
 
W(de) 0.302 0.306 0.349
 
Ac(udc) - 0.429 -

2,~(ddc) 0.424 - -

D;(sc) == D;(Sc) 0.312 0.316 0.361
 
d1(dsc) 0.434 0.439 0.5
 
st(usc) 0.434 - -


and coalescence when appropriate, as described below. We use the same fragmentation 
function, either the delta or Peterson function, to calculate uncorrelated fragmentation 
in both leading-twist fusion and intrinsic charm. In this section, we use only the delta 
function. 

Since experimental information on the relative rates of charm hadron production is 
incomplete, we assume that all the lowest lying charm hadrons produced by uncorrelated 
fragmentation have equal probability in both leading-twist fusion and intrinsic charm. 
There are ten charm hadrons-and the same number of anticharm hadrons-if excited 
charm hadrons such as D* and At (2593) are excluded. Therefore the probability dis­
tribution for uncorrelated fragmentation into each of these hadrons is 10% of the total 
probability. As can be seen in Table 1, only a fraction of the possible final-state hadrons 
can be produced by coalescence. We use a simple counting scheme to arrive at the 
coalescence probability which enhances the production of leading charm at large XF. 

We note that the combined probability of fragmentation and coalescence of all charm 
hadrons cannot exceed the total production probability of the Fock state configuration. 
Thus when a particular final-state hadron can be produced both by uncorrelated frag­
mentation and coalescence, we multiply the sum of the fragmentation and coalescence 
probabilities by 0.5 to keep the total probability fixed. 

As a concrete example of how the total probability distributions of charm hadron 
production from the intrinsic charm model is calculated, we will describe D+ and D­

production from the I- beam in our model in detail. The full complement of equations~ -



for all the final-state charm hadrons from 2 - ,  p and projectiles considered in this 
work can be found in Appendix A. In the [ddsc-~} configuration, there are four final-state 

hadrons with a valence c quark (2_~ °, 2~ and J/O) and also four final-state hadrons 

with a valence quark ( 2 D - ,  D s and J/O). Note that the J/O has been counted in each 
category. The D -  is then produced by coalescence with 50% of the total coalescence 

probability for hadrons with a valence P as well as by uncorrelated fragmentation of 

the P while the D + is only produced by uncorrelated fragmentation from this state. The 

probability distributions from this minimal Fock configuration are then 

d P S _ _  1 ( 1 dPiSc F 5c I dPi~c "~ 
dXF 2 \ f O  + 2 dXF ] '  (13) 

dPg+_ 1 d ~  F 
dXF l0 dXF 

(14) 

where F refers to uncorrelated fragmentation and C to coalescence into the specific 
final state with the associated probability distribution, shown in Fig. 4a. The ]ddsc-dq~) 
configurations where q~ ug, dd  and s? allow coalescence production of eight final- 

state hadrons with a valence c and five final-state hadrons with a valence in each 

case. We will discuss D + and D -  from each of these configurations in turn. When 
9 ='+ ~0 2Ac +, ~cc, DO and q~ u~, the possible hadrons produced by coalescence are: - - c ,  - c ,  

J/O with a valence c and 2 D - ,  D s ,  ~-o and J/O with a valence 5. A final state D + 

can be produced by coalescence from the dd configuration in one of the eight possible 
final-state hadrons with a valence c quark ( 3 ~  c, a=0 D + and J/O) while the D -  is w-c,  
produced by coalescence in three out of five combinations ( 3 D - ,  D~- and J/O) with a 
valence ~. The s~ configuration yields no D + by coalescence--4~c °, ~cc, l-2~(ssc), D + 
and J/O are allowed--while 2 D -  are allowed out of five possible hadrons with valence 

qua rks - -2D- ,  2D j- and J/O. Finally, the total intrinsic charm probability distribution 
for these mesons is: 

( ) 1 7F 7C dPicu "~ dP D- 1 1 dPi 5F + 1 dPi 5c 1 ( dPic u 2 

2 10dx   dx--T 

( ) 1 1 dPi 7F + 3dPi 7c + 1 ( dP(c 2dPic s (15) 
lO d --T \ lO + dx---7- ' 

dPo+ 1 d PiSc F 1 1 ( 1 dPiT~ F 7c 7F 1 dPitc~ x 1 dPic s dPiTcFu+ + + - - - -  (16) 
dXF 10 dXF + 1-0 dx-----F- 2 \ 10 dXF 8 dXF ] 10 dXF 

Lastly we note that only fragmentation from the minimal Fock state was included along 
with coalescence from the lowest possible configuration in earlier work [ 11,12,17]. This 
corresponds to the first term of the D -  probability distribution while the D + distribution 

1 7c would be proportional to 0.5( ~dPiSt /dxr  + gdPic d/dXF). 
We must also account for the fact that most of the data are taken on nuclear targets. 

In this case, the model assumes a linear A dependence for leading-twist fusion and an 
A" dependence for the intrinsic charm component [ 35 ] where a 0.77 for pions and 
0.71 for protons (and 2 - )  

~-- projectiles considered in thisfor all the final-state charm hadrons from $-, p and 7T­

work can be found in Appendix A. In the Iddscc) configuration, there are four final-state 
hadrons with a valence c quark (2~, ~ and J/ l/J) and also four final-state hadrons 
with a valence c~ quark (2D- , D; and JN). Note that the J/ l/J has been counted in each 
category. The D- is then produced by coalescence with 50% of the total coalescence 
probability for hadrons with a valence c as well as by uncorrelated fragmentation of 
the c while the D+ is only produced by uncorrelated fragmentation from this state. The 
probability distributions from this minimal Fock configuration are then 

~dPh- = ~ (~dPi~F + ~ dPi~C) , (13)
dXF 2 ~10 dXF 2 dXF 

dPb+ 1 dPi~F 
(14)

dXF = 10 dXF '' 

where F refers to uncorrelated fragmentation and C to coalescence into the specific 
final state with the associated probability distribution, shown in Fig. 4a. The Iddsccqq) 
configurations where qq == UU, dd and ss allow coalescence production of eight final­
state hadrons with a valence c and five final-state hadrons with a valence c~ in each 
case. We will discuss D+ and D- from each of these configurations in turn. When 
qq == UU, the possible hadrons produced by coalescence are: 2Et, ~, 2At, ~, DO and 

J/l/J with a valence c and 2D-, D;, If and IN with a valence c. A final state D+ 
can be produced by coalescence from the dd configuration in one of the eight possible 
final-state hadrons with a valence c quark (3~, 3E2, D+ and IN) while the D- is 
produced by coalescence in three out of five combinations (3D-, D; and J/l/J) with a 
valence c. The ss configuration yields no D+ by coalescence-4E2, ~, d1(ssc), Di 
and J/l/J are allowed-while 2D- are allowed out of five possible hadrons with valence 
c quarks-2D-, 2D; and JN. Finally, the total intrinsic charm probability distribution 
for these mesons is: 

_dPD- = ~ (~dPi~F + ~ dPi~C) + ~ (~dPi~~ + ~ d~~~) 
dXF 2 10 dXF 2 dXF 2 10 dXF 5 dXF 

_ ~+~ (~dPi~~ + ~ dPi~<J) + ~ (~dPi~~ + ~ dPi~;) (15) 
2 10 dXF 5 dXF 2 10 dXF 5 dXF ' 

_dPD+ = ~ dPi~F + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~<J) + ~ dPi~~ . (16) 
dXF 10 dXF 10 dXF 2 10 dXF 8 dXF 10 dXF 

Lastly we note that only fragmentation from the minimal Fock state was included along 
with coalescence from the lowest possible configuration in earlier work [11,12,17]. This 
corresponds to the first term of the D- probability distribution while the D+ distribution 
would be proportional to 0.5 ( fodPi~F / dXF + kdPi~<J / dXF). 

We must also account for the fact that most of the data are taken on nuclear targets. 
In this case, the model assumes a linear A dependence for leading-twist fusion and an 
Aa dependence for the intrinsic charm component [35] where a == 0.77 for pions and 
0.71 for protons (and $-) 
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Fig. 7. Model predictions are compared to the 2 - A  data of Ref. [8] for (a) D - ,  (b) A +, (c) 2°cc and (d) 
='+ The solid and dashed curves represent our full model, with the intrinsic charm probability distributions 
given in Eqs. (A. 1 ) - (A.8)  for carbon and copper targets respectively. The dot-dashed and dotted curves 
contrast the results for carbon and copper targets respectively with the simplified model which considers only 
fragmentation from the minimal Fock state and coalescence only from the state with the minimum number of 
partons necessary to produce it. 

d°'h~ A do-~ A a d°-iMc (17) 
dxy  dXv + dXF" 

This A dependence is included in the calculations. The intrinsic charm contribution to 

the longitudinal momentum distributions per nucleon is thus reduced for nuclear targets. 

We now compare the model calculations, both the full model of Eqs. (15) and (16) 
and the simpler model used previously, to the WA89 data [8] on carbon and copper 
targets in Fig. 7. Since the data are unnormalized, we have normalized all curves to 
the first data point. The dot-dashed and dotted curves are results with the previous 
simplified model [ 11,12,17] on carbon and copper targets respectively. The full model 

is illustrated in the solid and dashed curves for the same targets. The agreement with the 
data is quite reasonable given both the low statistics of the data and our normalization 
to the first data point rather than fitting the normalization to the data. The differences 
in the model distributions are most obvious for the ~cc, shown in Fig. 7c. The simpler 
model emphasizes the coalescence production from the Invc-~) state only. As can be 
seen from Fig. 4 and Table 2, the average XF of the coalescence distribution is more 
than a factor of two larger than that of a production by independent fragmentation 
of a c quark, producing a shoulder in the x v  distribution, particularly for the carbon 
target (dot-dashed curve). Because the is produced by coalescence with 30% 
less average momentum from the 7-particle Foek states, the intermediate XF region is 
partially filled in, resulting in a smoother XF distribution even though the probability 
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given in Eqs. (A.l)-(A.8) for carbon and copper targets respectively. The dot-dashed and dotted curves 
contrast the results for carbon and copper targets respectively with the simplified model which considers only 
fragmentation from the minimal Fock state and coalescence only from the state with the minimum number of 
parlons necessary to produce it. 

- (17) 

This A dependence is included in the calculations. The intrinsic charm contribution to 
the longitudinal momentum distributions per nucleon is thus reduced for nuclear targets. 

We now compare the model calculations, both the full model of Eqs. (15) and (16) 
and the simpler model used previously, to the WA89 data [8] on carbon and copper 
targets in Fig. 7. Since the data are unnormalized, we have normalized all curves to 
the first data point. The dot-dashed and dotted curves are results with the previous 
simplified model [11,12,17] on carbon and copper targets respectively. The full model 
is illustrated in the solid and dashed curves for the same targets. The agreement with the 
data is quite reasonable given both the low statistics of the data and our normalization 
to the first data point rather than fitting the normalization to the data. The differences 
in the model distributions are most obvious for the ~, shown in Fig. 7c. The simpler 
model emphasizes the coalescence production from the Invcc) state only. As can be 
seen from Fig. 4 and Table 2, the average XF of the coalescence distribution is more 
than a factor of two larger than that of a ~~ production by independent fragmentation 
of a c quark, producing a shoulder in the XF distribution, particularly for the carbon 
target (dot-dashed curve). Because the ~~ is produced by coalescence with ;::::~ 30% 
less average momentum from the 7-particle Fock states, the intermediate XF region is 
partially filled in, resulting in a smoother XF distribution even though the probability 



 

Table 3 
The average value of x.¢ for charm particles produced in the full model for ~'-, p and 7r- projectiles on a 
copper target. The model results are given at 330 GeV and 650 GeV for ~v-Cu interactions, 650 GeV for 
~'-Cu interactions and 800 GeV for pCu interactions. For comparison, the average from PYTHIA at xv > 0 
in each case is also shown. 

This Model 

Particle £-Cu (330) ,~-Cu (650) lr-Cu (650) pCu (800) 

O- (d-d) 0.192 0.147 0.169 0.120 
D +(dc) 0.133 0.112 0.152 0.107 
Ac(udc) 0.145 0.118 0.154 0.146 
.~!(ddc) 0.187 0.140 0.154 0.107 
Ds (sT) 0.165 0.129 0.151 0.106 
D~-(2c) 0.132 0.111 0.151 0.105 
_~'~c(dsc) 0.221 0.160 0.151 0.106 
E+(usc) 0.160 0.126 0.150 0.106 

PYTHIA 

Particle 2 - p  (330) ,~-p (650) ~'-p (650) pp (800) 

D-  (dP) 0.14 0.126 0.254 0.113 
D +(dc) 0.18 0.159 0.173 0.160 
Ac (udc) 0.54 0.468 0.153 0.604 
~cc (ddc) 0.72 0.707 0.146 0.35 
D.~- (sT) 0.155 0.139 0.172 0.097 
D+(~c) 0.171 0.154 0.16 0.153 

(dsc) 0.76 0.767 0.157 0.123 
~+ (usc) 0.55 0.477 0.156 0.155 

is reduced for the higher Fock states. Similar results can be seen for the other charm 

hadrons in Fig. 7. 

Note that the model results are in much better agreement with the data than the 

PYTHIA simulations at the same energy with the default settings, shown in Fig. lc,d. 

If the PYTHIA predictions are superimposed on Fig. 7 with the same normalization 

as our model, the PYTHIA results would considerably exceed the data at large XF for 

the charm baryons. In particular, since the c quark is pulled forward by a valence dd 

diquark, the ~cc rate from PYTHIA at x r  0.8 would exceed the data by nearly four 

orders of magnitude. The differences in the results are also obvious in Table 3 where the 

average XF of all the model distributions on a copper target are compared to PYTHIA 

calculations with a proton target at the same energy. 

Another way to quantify leading charm production is through the asymmetry between 

leading and non-leading charm. The asymmetry is defined as 

A ( X F )  dO'L/dXF dO'NL/dXF 
dO-L/dXv + dOVNL/dXF (18) 

where L represents the leading and N L  the non-leading charm hadron. High statistics 

Table 3 
The average value of XF for charm particles produced in the full model for -r- , p and 1T- projectiles on a 
copper target. The model results are given at 330 GeV and 650 GeV for -r-Cu interactions, 650 GeV for 
1T-CU interactions and 800 GeV for pCu interactions. For comparison, the average from PYTHIA at XF > 0 
in each case is also shown. 

This Model 

Particle -r-Cu (330) -r-Cu (650) 1T-CU (650) pCu (800) 

D-(dC) 0.192 0.147 0.169 0.120 
D+(dc) 0.133 0.112 0.152 0.107 
Ac(udc) 0.145 0.118 0.154 0.146 
J!j(ddc) 0.187 0.140 0.154 0.107 
D; (sc) 0.165 0.129 0.151 0.106 
D;-Csc) 0.132 0.111 0.151 0.105 
ar)(dsc) 0.221 0.160 0.151 0.106 
S;"(usc) 0.160 0.126 0.150 0.106 

PYTHIA 

Particle pp (800) 

D-(dC) 0.14 0.126 0.254 0.113 
D+(dc) 0.18 0.159 0.173 0.160 
Ac(udc) 0.54 0.468 0.153 0.604 
J!j(ddc) 0.72 0.707 0.146 0.35 
D-; (sc) 0.155 0.139 0.172 0.097 
D:i Csc) 0.171 0.154 0.16 0.153 
ar)(dsc) 0.76 0.767 0.157 0.123 
S;"(usc) 0.55 0.477 0.156 0.155 

is reduced for the higher Fock states. Similar results can be seen for the other charm 
hadrons in Fig. 7. 

Note that the model results are in much better agreement with the data than the 
PYTHIA simulations at the same energy with the default settings, shown in Fig. IC,d. 
If the PYTHIA predictions are superimposed on Fig. 7 with the same normalization 
as our model, the PYTHIA results would considerably exceed the data at large XF for 
the charm baryons. In particular, since the c quark is pulled forward by a valence dd 

diquark, the ~ rate from PYTHIA at XF ~>=::! 0.8 would exceed the data by nearly four 
orders of magnitude. The differences in the results are also obvious in Table 3 where the 
average XF of all the model distributions on a copper target are compared to PYTHIA 
calculations with a proton target at the same energy. 

Another way to quantify leading charm production is through the asymmetry between 
leading and non-leading charm. The asymmetry is defined as 

= -- (18)
' 

where L represents the leading and NL the non-leading charm hadron. High statistics 
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Fig. 8. Model predictions are compared to the X-A data of Ref. [9] for the following asymmetries: (a) 
+ - - +  

D-/D +, (b) Ds/D + and (c) A c/A c , as well as our prediction for the (d) D-/~cc asymmetry. The 
solid and dashed curves represent our full model, with the intrinsic charm probability distributions given in 
Eqs. (A.1)-(A.8) for carbon and copper targets respectively. The dot-dashed and dotted curves for carbon and 
copper targets respectively contrast the results with the simplified model which considers only fragmentation 
from the minimal Fock state and coalescence only from the state with the minimum number of partons 
necessary to produce it. 

data has previously been available only from 7r- beams where a significant enhancement 

of  D -  over D + production was seen at XF > 0.3 [ 1,4,5], in qualitative agreement with 

the intrinsic charm calculation of  Ref. [11].  The model  [12] also correctly predicted 

the symmetric production of  D s and D + mesons and A + and baryons by 7r-  

beams [7,32,42].  

Statistics are unfortunately limited on charm production by baryon beams. Recently 
+ --+ 

the WA89 collaboration has presented the D - / D  +, D-;-/D + and A c / A  c asymmetries 

from their X -  data [9] .  In Fig. 8 we compare our calculations with both models to 

this data as well as show a prediction for the asymmetry between the D -  and w0 ~ c ,  

both of  which are produced from the partons of  the minimal Fock configuration. The 

full model  gives a larger asymmetry between D -  and D ÷ at low XF than the simpler 

assumptions of  previous work [11,12] because D -  production at intermediate XF is 

enhanced by coalescence production from the 7-particle configurations, see also Fig. 7a. 

Our results with the full model  are in qualitative agreement with the data, shown in 
+ --+ 

Fig. 8a. The measured D-;-/D + and A c / A  c asymmetries are larger than our predictions 

at intermediate XF. The probabili ty distribution for ~cc in our model  is 

dP-~ 1 dpi4Fd_ l dPi 6F + 1 dPi 6F d- 1 dPi 6F (19) 

dXF 10 dxF 10 dXF 10 dxF 10 dxF 

Some of  the discrepancies between the model  and the data may arise from the relatively 
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Fig. 8. Model predictions are compared to the ;£- A data of Ref. [9] for the following asymmetries: (a) 
D-jD+, (b) D;jDi and (c) At/Ii:. as well as our prediction for the (d) D-j!f1 asymmetry. The 
solid and dashed curves represent our full model, with the intrinsic charm probability distributions given in 
Eqs. (A.l )-(A.8) for carbon and copper targets respectively. The dot-dashed and dotted curves for carbon and 
copper targets respectively contrast the results with the simplified model which considers only fragmentation 
from the minimal Fock state and coalescence only from the state with the minimum number of partons 
necessary to produce it. 

data has previously been available only from 7T- beams where a significant enhancement 
of D- over D+ production was seen at XF > 0.3 [1,4,5], in qualitative agreement with 
the intrinsic charm calculation of Ref. [11]. The model [12] also correctly predicted 
the symmetric production of D; and Di mesons ~and At and A7 baryons by 7T­

beams [7,32,42]. 
Statistics are unfortunately limited on charm production by baryon beams. Recently 

the WA89 collaboration has presented the D- ID+, D; IDi and AtIiI: asymmetries 
from their $- data [9]. In Fig. 8 we compare our calculations with both models to 
this data as well as show a prediction for the asymmetry between the D- and E~, 

both of which are produced from the partons of the minimal Fock configuration. The 
full model gives a larger asymmetry between D- and D+ at low XF than the simpler 
assumptions of previous work [11,12] because D- production at intermediate XF is 
enhanced by coalescence production from the 7-partic1e configurations, see also Fig. 7a. 
Our results with the full model are in qualitative agreement with the data, shown in 
Fig. 8a. The measured D; IDi and AtIiI: asymmetries are larger than our predictions 
at intermediate XF. The probability distribution for A7 in our model is 

dP-;j+ 1 dp4F 1 dp6F 1 dp6F 1 dp6F _ 
__c = IC_ + _ ------!£!!... + _ -----!£!!.. + _ -..!£L . (19)
dXF 10 dXF 10 dXF 10 dXF 10 dXF 

Some of the discrepancies between the model and the data may arise from the relatively 
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Fig. 9. Predictions for charm hadron production are given in our full model for Z-Cu interactions at 650 GeV. 
The individual xF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D-  (dashed), Ac + (dot-dashed), - c  
(dotted) and D j  (dot-dashed-dashed). In (b) the hadron distributions are D + (dashed), 2~c (dot-dashed), 
=+ (dotted) and D + (dot-dashed-dashed). Predictions of the asymmetries are given in (c) for D - / D  + ~ c  
(solid) and Ds/D+s (dashed) while the prediction for the D-/_~c asymmetry is given in (d). 

low statistics of  the Ds and Ac measurements.  Our model is also quite crude in overall 

normalization for the different final states since we assume that all final-state hadrons 

are produced by independent fragmentation with the same probability. Not enough high 

statistics data exist yet  for us to use experimental absolute production rates as a guide. 

The asymmetry  between D -  and ~-0 is interesting because the Iddsc-C) state of  the ~ ¢  

,Y- can be thought of  as a virtual D-_~-~ fluctuation, as has been suggested for proton 

fluctuations into K+A [43,44] and D - A  + [44] .  The D-/_~'~ asymmetry is positive 

at first since the D -  XF distribution is larger at intermediate XF, especially when the 

7-particle configurations are included. At  larger XF, the baryon distributions always lead 

over charm mesons produced in the same configuration, causing the D - / ~ o  asymmetry 

to approach - 1  as xp 1. Similar results should be expected from the models  of  

Refs. [43,44] .  

We now turn to predictions of  charm hadron production at SELEX with 650 GeV 

beams of  .S-  and ~r- [ 10]. First we give the charm hadron x~ distributions for 2 : -Cu  

interactions and the relevant asymmetries  in Fig. 9. Since the leading-twist fusion cross 

section grows faster than o-icn, the average xp of  the particles studied decreases 30% 

from 330 GeV to 650 GeV. A smaller decrease is found from the PYTHIA model,  

showing the relative strength of  the string fragmentation mechanism, as can be seen 

in Table 3. The is clearly the hardest distribution, followed by the ~c. The -c~° 

leads the ~cc because the more massive valence s quark carries more of  the velocity 

' ' ' ' ' ' 

-
_ 

~ -

-

' ' ' ' ' ' ' 

1.0 --D-/D+ 

1 
- - - -D.-/D/ ;.'" _ / 

O.IS /-< 
/ (0) 

_ 

,/ 
0.0 -- -1.0 

, I , I , I , 
0.00 0.215 0.150 0.715 1.00 0.00 0.215 0.150 MIS 1.00 

Xr X, 

Fig. 9. Predictions for chann hadron production are given in our full model for .I-eu interactions at 650 Gey. 
The individual XF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D- (dashed), At (dot-dashed), ~~ 

(dotted) and D:; (dot-dashed-dashed). In (b) the hadron distributions are D+ (dashed), ~ (dot-dashed), 
Et (dotted) and Dt (dot-dashed-dashed). Predictions of the asymmetries are given in (c) for D- /D+ 
(solid) and D:; /Dt (dashed) while the prediction for the D-/~ asymmetry is given in (d). 

low statistics of the Ds and Ac measurements. Our model is also quite crude in overall 
normalization for the different final states since we assume that all final-state hadrons 
are produced by independent fragmentation with the same probability. Not enough high 
statistics data exist yet for us to use experimental absolute production rates as a guide. 
The asymmetry between D- and E~ is interesting because the Iddscc) state of the 
I- can be thought of as a virtual D-~ fluctuation, as has been suggested for proton 
fluctuations into K+ A [43,44] and D- At [44]. The D- / ~ asymmetry is positive 
at first since the D- XF distribution is larger at intermediate XF, especially when the 
7-particle configurations are included. At larger XF, the baryon distributions always lead 
over charm mesons produced in the same configuration, causing the D- / E~ asymmetry 
to approach -1 as XF ~-. 1. Similar results should be expected from the models of 
Refs. [43,44]. 

We now turn to predictions of charm hadron production at SELEX with 650 GeV 
beams of .I- and 7T- [10]. First we give the charm hadron XF distributions for .I-eu 
interactions and the relevant asymmetries in Fig. 9. Since the leading-twist fusion cross 
section grows faster than lT~, the average XF of the particles studied decreases ~~ 30% 
from 330 GeV to 650 GeY. A smaller decrease is found from the PYTHIA model, 
showing the relative strength of the string fragmentation mechanism, as can be seen 
in Table 3. The ~~ is clearly the hardest distribution, followed by the ~. The E~ 

leads the ~ ~ -because the more massive valence s quark carries more of the .I- velocity 
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Fig. 10. Predictions for charm hadron production are given in our full model for 650 GeV 7r-Cu interactions. 
The individual xF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D -  (dashed), A + (dot-dashed), 
(dotted) and DZ (dot-dashed-dashed). In (b) the hadron distributions are D + (dashed), ~c (dot-dashed), 
~'+ (dotted) and D + (dot-dashed-dashed). A prediction of the D - / D  + asymmetry is given in (c). 

~ C  

than the d valence quarks. The ~-+ leads the A + in the 7-particle uK state for the same 
reason. The D -  and D j-, also produced from the 5-particle state have the hardest meson 

distributions but lag the baryons. The D + and D + have the softest distributions with the 
D + slightly harder because the quarks in the dd  configuration get slightly more velocity 

than the s~ configuration with the more massive strange quarks. The asymmetries, which 

should be compared to the dashed curves in Fig. 8, are somewhat reduced at higher 

energies, again due to the larger leading-twist cross section. 

Since SELEX will also measure charm hadroproduction with a 7r- beam at the same 

energy, these predictions are shown in Fig. 10. Because only the D -  is produced from 

the minimal Fock state configuration, it shows the hardest XF distribution in Fig. 10a. 

Note that since cC production by leading-twist fusion alone is already significantly 
harder than the equivalent production by baryon projectiles, the distributions produced 
by coalescence from 6-particle configurations are not substantially enhanced over the 
fusion cross section, even at large XF. The intrinsic charm cross section is proportional 

in which increases slowly compared to the leading-twist cross section, further to O'Tr N 

decreasing the predicted leading charm enhancement. Additionally, we note that charm 
baryons lead mesons produced by coalescence only in the 6-particle configurations since 
the baryons take ,~ 50% of the pion momentum while the mesons take less, as seen in 
Fig. 6 and Table 2. The PYTHIA distributions in Fig. 3, aside from the leading D - ,  are 
more central, also evident from Table 3. In Fig. 10c, only the D - / D  + asymmetry is 
shown because the model predicts identical D s and D + meson and Ac and ~cc baryon 
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Fig. 10. Predictions for charm hadron production are given in our full model for 650 GeV 1T-CU interactions. 
The individual XF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D- (dashed), At (dot-dashed), E1 
(dotted) and D; (dot-dashed-dashed). In (b) the hadron distributions are D+ (dashed), ~ (dot-dashed), 
Et (dotted) and Dt (dot-dashed-dashed). A prediction of the D- /D+ asymmetry is given in (c). 

than the d valence quarks. The Et leads the At in the 7-particle uu state for the same 
reason. The D- and D; , also produced from the 5-particle state have the hardest meson 
distributions but lag the baryons. The D+ and D; have the softest distributions with the 
D+ slightly harder because the quarks in the dd configuration get slightly more velocity 
than the ss configuration with the more massive strange quarks. The asymmetries, which 
should be compared to the dashed curves in Fig. 8, are somewhat reduced at higher 
energies, again due to the larger leading-twist cross section. 

Since SELEX will also measure charm hadroproduction with a 7T- beam at the same 
energy, these predictions are shown in Fig. 10. Because only the D- is produced from 
the minimal Fock state configuration, it shows the hardest XF distribution in Fig. lOa. 
Note that since cc production by leading-twist fusion alone is already significantly 
harder than the equivalent production by baryon projectiles, the distributions produced 
by coalescence from 6-particle configurations are not substantially enhanced over the 
fusion cross section, even at large XF. The intrinsic charm cross section is proportional 
to (T~N which increases slowly compared to the leading-twist cross section, further 
decreasing the predicted leading charm enhancement. Additionally, we note that charm 
baryons lead mesons produced by coalescence only in the 6-particle configurations since 
the baryons take ~ 50% of the pion momentum while the mesons take less, as seen in 
Fig. 6 and Table 2. The PYTHIA distributions in Fig. 3, aside from the leading D-, are 
more central, also evident from Table 3. In Fig. lOc, only the D- / D+ asymmetry is 
shown because the model predicts identical D; and D-; meson and Ac and ~ baryon 
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Fig. 11. Predictions for charm hadron production are given in our full model for pCu interactions at 800 GeV. 
The individual XF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D -  (dashed), A + (dot-dashed), 
(dotted) and D s  (dot dashed dashed). In (b) the hadron distributions are D + (dashed), ~c (dot-dashed), 
=+ (dotted) and Ds + (dot dashed dashed). Predictions of the asymmetries are given in (c) for D - / D  + ~ c  

(solid) and D's-/D + (dashed) while the prediction for the D - / A  + asymmetry is given in (d). 

distributions, see Appendix A, hence no asymmetry. We note that the asymmetry is 

reduced compared to calculations at lower energy [ 11 ]. 

The primary proton beam for fixed-target experiments at Fermilab is 800 GeV so for 
completeness, we also give predictions for a possible pA measurement at this energy 

in Fig. 11. In this case, the A + has the hardest xe distribution followed by the D - ,  

both of which are produced by coalescence from the 5-particle Fock state. Again, the 
2~ and D + are somewhat harder than the ~ +  and D + distributions respectively due to 
the relative partitioning of the parton velocity in the 7-particle u~ and dd configurations 
compared to the 7-particle s~ state. The model predicts a strong D - / D  + asymmetry 
as well as a D - / A  + asymmetry, comparable to the D - / / ~  asymmetry predicted for 
the I - A  interactions. On the other hand, the D~-/D + asymmetry is quite weak. Such 
measurements with a proton beam would provide a useful complement to a high statistics 
I -  measurement. A comprehensive understanding of data with proton projectiles has 
suffered in the past from a lack of statistics and high precision proton data, compared 
to that from I -  and projectiles, could eliminate certain models. 

101 101 
' ' ' ' ' ' 

(a) p Cu 800 GeV - ~ 
100 ........
:0- 100 

- - ..c 
~-

~10-1 --
'~.,' .... 

--
10-1 ~ 

~.""" ..."" ~ ---~ \~10-2 - '-"" 10-2 ~ - -II"" ',. \ 
. - 4.+ "."~10-3 - . .. ... \. \ 10-3 ~ 
'----Il,,- \. , , 

10-' 10--' 

' ' ' ' ' ' ' ' 

1.0 - - --D-;n+ 0.0 

- -D.-;n/........ - - ........
... 
H"" 0.15 -o.15~--< (0) -< 

0.0 -1.0 

, , 

0.00 0.215 0.150 0.715 1.00 0.00 0.215 0.150 0.715 1.00 

Xr Xr 

Fig. 11. Predictions for charm hadron production are given in our full model for pCu interactions at 800 GeV 
The individual XF distributions are given in (a) and (b). All cross sections are compared to the leading-twist 
fusion calculation in the solid curve. In (a) the hadron distributions are D- (dashed), At (dot-dashed), ~ 

(dotted) and D; (dot dashed dashed). In (b) the hadron distributions are D+ (dashed), ~ (dot-dashed), 
Et (dotted) and Dt (dot dashed dashed). Predictions of the asymmetries are given in (c) for D-/D+ 
(solid) and D; /Dt (dashed) while the prediction for the D-/At asymmetry is given in (d). 

distributions, see Appendix A, hence no asymmetry. We note that the asymmetry is 
reduced compared to calculations at lower energy [11]. 

The primary proton beam for fixed-target experiments at Fermilab is 800 GeV so for 
completeness, we also give predictions for a possible pA measurement at this energy 
in Fig. 11. In this case, the At has the hardest XF distribution followed by the D-, 
both of which are produced by coalescence from the 5-particle Fock state. Again, the 
~ and D+ are somewhat harder than the Et and Di distributions respectively due to 
the relative partitioning of the parton velocity in the 7-particle uu and dd configurations 
compared to the 7-particle ss state. The model predicts a strong D- /D+ asymmetry 
as well as a D- / At asymmetry, comparable to the D- / E? asymmetry predicted for 
the I- A interactions. On the other hand, the D; / Di asymmetry is quite weak. Such 
measurements with a proton beam would provide a useful complement to a high statistics 
I- measurement. A comprehensive understanding of data with proton projectiles has 
suffered in the past from a lack of statistics and high precision proton data, compared 
to that from I- and 1T- projectiles, could eliminate certain models. ~ -



5. Summary and conclusions 

We have refined the intrinsic charm model of Refs. [11,12,17], including both the 
minimal Fock state and all the configurations with an additional q~ pair. We have 
applied a simple counting scheme to determine the relative contribution of each state 
to the final charm hadron distribution. The model compares rather favorably to the XF 
distributions measured by WA89 [8] and produces reasonable agreement with their 

measured D - / D  + asymmetry while falling short of the Ds/D+s and Ac/-Ac data [9] 
at intermediate XF. 

Further, we have made predictions for charm hadron production at the energy of 
SELEX for both and 7r- projectiles. Predictions for production by an 800 GeV 
proton beam are also given. High statistics data on charm production from a combination 
of these projectiles could eliminate certain classes of models and perhaps distinguish 
between coalescence in the initial state, as in the intrinsic charm model, and in the final 
state, as in models such as PYTHIA [ 18]. The simple counting scheme employed here 
could be replaced with relative rates from data. However, the shapes of the distributions 
would not change significantly in our model. Therefore a collection of charm production 

data could define the role of intrinsic charm in future experiments. 

Acknowledgements 

We thank S.J. Brodsky, E. Ramberg, H.-W. Siebert and T. Sj6strand for discussions. 

Appendix A 

Here we give the probability distributions for D - ,  D +, D s and D + mesons and A +, 
XOc, ~o  and E+  baryons for production by the minimal and first three higher Fock state 
configurations from 2 - ,  proton and 7 -  projectiles. The probability distributions for 
each final state are given in Figs. 4-6. We note that the predictions for A + and 2 + are 
identical in all cases because their quark content is the same. Recall that PiSc 0.31%, 
Pi7u PiTcd 70.4% PiSc and Pi7s 28.5% PiSc. 

We begin with the ~?-. In the ]ddsc-d) configuration, there are four final-state hadrons 
with a valence c quark (2, ,  ~°, ~cc and J/O) and also four final-state hadrons with a 
valence quark ( 2 D - ,  D~- and J/O). The ]ddsc~q'~) configurations where q~ u~, 
dd  and s~ allow coalescence production of eight possible final-state hadrons with a 
valence c and five possible final-state hadrons with a valence ~. When q~ u~, the 
possible hadrons produced by coalescence are 2~+,  ~c,~° 2A +, ~cc, DO and J/O with a 

valence c and 2D- ,  D s ,  ~-o and J/O with a valence ~. The dd  configuration allows 
coalescence production of the following hadrons with a valence c quark, 3~cc, 3_~cc, D + 
and J/O, and, with a valence ~, 3D- ,  D s and J/O. The s-g configuration yields 4 ~  °, 

5. Summary and conclusions 

We have refined the intrinsic charm model of Refs. [11,12,17], including both the 
minimal Fock state and all the configurations with an additional qZj pair. We have 
applied a simple counting scheme to determine the relative contribution of each state 
to the final charm hadron distribution. The model compares rather favorably to the XF 

distributions measured by WA89 [8] and produces reasonable agreement with their 
measured D- ID+ asymmetry while falling short of the D; ID; and AclAc data [9] 
at intermediate XF. 

Further, we have made predictions for charm hadron production at the energy of 
SELEX for both ~ -~- and 1T- projectiles. Predictions for production by an 800 GeV 
proton beam are also given. High statistics data on charm production from a combination 
of these projectiles could eliminate certain classes of models and perhaps distinguish 
between coalescence in the initial state, as in the intrinsic charm model, and in the final 
state, as in models such as PYTHIA [18]. The simple counting scheme employed here 
could be replaced with relative rates from data. However, the shapes of the distributions 
would not change significantly in our model. Therefore a collection of charm production 
data could define the role of intrinsic charm in future experiments. 
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Appendix A 

Here we give the probability distributions for D-, D+, D; and D; mesons and At, 
~, E~ and Et baryons for production by the minimal and first three higher Fock state 
configurations from ~-, proton and 1T- projectiles. The probability distributions for 
each final state are given in Figs. 4-6. We note that the predictions for At and ~t are 
identical in all cases because their quark content is the same. Recall that Pi~ == 0.31 %, 

Pi~u == Pi~d == 70.4% Pi~ and Pi~s == 28.5% Pi~' 
We begin with the ~-. In the Iddscc) configuration, there are four final-state hadrons 

with a valence c quark (2E~, ~ and fir/!) and also four final-state hadrons with a 
valence c~ quark (2D-, D; and f N). The IddsccqZj) configurations where qq == uu, 
dd and ss allow coalescence production of eight possible final-state hadrons with a 
valence c and five possible final-state hadrons with a valence c. When qZj == UU, the 
possible hadrons produced by coalescence are 2E:, E~, 2At, ~, DO and fir/! with a 

valence c and 2D-, D;, If and fir/! with a valence c. The dd configuration allows 
coalescence production of the following hadrons with a valence c quark, 3~, 3~, D+ 
and fN, and, with a valence c, 3D-, D; and fir/!. The ss configuration yields 4~. 



~c, ~c(SSC), D+s and J/~ while the final-state valence ? quarks hadrons are 2D- ,  2Dj- 
and J/¢.  We have 

dPo- 1 ( 1  dPi  5c ( 7c i l I + 2 dPi'  
dxv 2 \ ~0 ~XF + 2  dXF J + 2 . 1 0  dXF 5 dXF J 

1 ( 1 dPiTff 3 7c [ 7F 7C _dP/c' ~ 1 1 dPic s 2dPic s 
+ ~  + + \ + (A.1) 

k, 10 dXF 5 dXF ] 2 10 dXF 5 ~ X F j '  
_ _ _ _  ( l dPi7ff ) l dPi 7F dPD+ 1 dPiSc F + 1 dPi7Fu + 1 l dPi71f + _ _ _  + - - ~ ,  (A.2) 

dxF 10 dXF 10 dXF 2 1"--6 dx'----F 8 dxF 10 dXF 
7C 7F 7F dP A t 1 dPiSc F + 1 1 dPi 7F + + - - - -  + - - - - ,  (g.3) l dPi~ ~ '~ 1 dPic d 1 dPic ~ 

dxv 10 dXF 2 10 dXF 4 dxF J 10 dXF 10 dXF 
dP~ 1 ( 1 deiSc F 1 5c ( 7F 7C dPi~c t "~ 1 1 dPic u + l_ dPi~ct~ "~ 
dXF 2 \1-0 ~XF + 4  dXF J + 2 . 1 0  dXr 8 dx f  J 

/ 1 rlD7F 7C [" 7F 7C 3 deilc~ "~ 1 1 dei~ 1 dei'c~ 1 [ ~" icd q- + (A.4) +8d  j 
) 1 ( 1 dPiTr 7c I dPi~c'~ "~ dPD i- 1 ( 1 dPiSc F l dPiS~ c + _ _ _ _ +  

dXF 2 \ ~0 + 4  dx t  2 10 dXF 5 dXF ,] 
/" 1 d D 7 F  7C i e 7F 7C 2 dgic ~ "~ dPic d '~ 1 1 dPic s 1 [ _  ,.. icd 1 

+ 2  -1-5 2 ~,10 dXF 5 dXF J \ l0 dXF ----~XFJ + - - - -  + ' (A.5) 

1 dPi7Yu 1 dPi7~ 1 ( 1  dPi7Fs l dPi :C) dPD~ 1 dPiSc r + - -  + - - - - +  + , (A.6) 
dxr 10 dx~- 10 dXF 10 dXF 2 10 dXF 8 dXF 

dP~o 1 1 dPi 5F + I dPiSc._S_ c 1 1 dPi7u r + 1 7c 

dXF 2 10 dXF 2 dXF -}-2 10 dXF 8 dXF ,I 

( ) 1 ( 1  dPi 7F 1 7c dPies 1 1 dei 7F + 3dPi 7c + - - +  , (A.7) 
+ 2 1--0 dx----~ "8 dx----~ 2 10 dxF 2 ~ J 

1 dPi7Fs dP~+ 1 dPiSc r q- 1 ( 1 dPiTc F 1 dPiTcu c + 1 dPi 7F + _ _ _ _  (A.S) 
dxF 10 dxF 2 k,l-O ~ + -4 dx------F 1--0 dx--7 10 dxr 

Fewer charm hadrons are produced by coalescence from the five-quark configuration 
of the proton since it has no valence strange quark. In the luudc-~) configuration, there 
are four final-state hadrons with a valence c quark (2A +, 2++(uuc) and J/O) and also 

four final-state hadrons with a valence quark (2D -°, D -  and J/~).  The luudc-~q-#) 
configurations allow coalescence production of eight possible final-state hadrons with 
a valence c and five possible final-state hadrons with a valence ~. When q~ u~, the 
possible hadrons produced by coalescence are 3A +, 3Zc ~++, D O and J/¢  with a valence 

c and D - ,  3D -° and JAb with a valence ?. The dd  configuration allows coalescence 
production of the following hadrons with a valence c quark, 4A +, ~cc, 27++, D+ and 
J/¢s, and, with a valence ~, 2D- ,  2D -° and JAb. The s~ configuration yields 2E  +, ~0 

2ac +, 2++, Ds + and J/O while the final-state valence quarks hadrons are 2D- ,  ~-o, 
D s and J/~. Then 

~, d!: (sse), D-; and iN while the final-state valence c quarks hadrons are 2D-, 2D; 
and ill/!. We have 

~ 
- - (AI) 

(A2) 

(A.3) 

= _ 

~ ~ - - - - (A4) 

_ 

~ 

(A5) 

_ 
(A6) 

(A7) 

(A8) 

Fewer charm hadrons are produced by coalescence from the five-quark configuration 
of the proton since it has no valence strange quark. In the luudec) configuration, there 
are four final-state hadrons with a valence e quark (2At, .tt+ (uue) and ill/!) and also 

four final-state hadrons with a valence c~ quark (2If, D- and ill/!). The luudecq7j) 

configurations allow coalescence production of eight possible final-state hadrons with 
a valence c and five possible final-state hadrons with a valence c. When q7j == UU, the 
possible hadrons produced by coalescence are 3At, 3.tt+, DO and ill/! with a valence 

e and D-, 3If and ill/! with a valence c. The dd configuration allows coalescence 
production of the following hadrons with a valence c quark, 4At, ~, .tt+, D+ and 

iN, and, with a valence C, 2D-, 2If and iN. The ss configuration yields 2S:, ~, 
2At, .tt+, D; and ill/! while the final-state valence c~ quarks hadrons are 2D-, If, 
D; and IN. Then 



dXF 

dPo_~ ~ 1 f !  dpiScF 1 5C ( 7F 1 dPi7c C ) dPi~C'~ 1 1 dPic u + _ _ _  
dXF 2 \ 10 dXF + 4  dXF J + 2 . 1--'0 dx----F'- 5 dXF 

I 

1 ( 1 dPic d7F 2 dPic dvc ",) 1 ( 1 dPiTc F 1 dPi7f)  
+ + + - - -  

1 (1-~ dPiTcF 1 dPi7c C ) 1 dPi 7F dPo+ 1 dpiSc F + 1 dPi7c F + _ _ + _ _ _  + - - - - ,  
dx---7 10 dXF 10 dx~ 2 dXF 8 dXF 10 dXF 

<+ 1 = I_ dPi~C'~ 1 1 dPic u + 
dXF 2 \1-0 ~XF + 2  dxr J + 2 \ 10  dXv 8 dXF / 

(A.9) 

(A.10) 

1 (1_ dPiTc F 7C ( 7F 7C) 
+ ~  + + - - - - + - - -  , (A.11) 

\ 1 0  dXF 2 dxF J 2 10 dXr 4 dXF 

1 ( 1  dPiTcd F l dPi 7c)  1 dPiVcFs 1 dPiSc F 1 dPi7F+ + - - -  + , (A.12) 
l0 dXF + 10 dx--7 2 10 dXF 8 dXF 10 dXF 

dPD 7 1 dPi 5F + l dPiTc r + - - - - +  + - - -  , (A.13) 
dXF 10 dx---7 1--6 dx----F- 10 dXF 2 1 0  dXF 5 dXF 

1 dPi 7F 1 dPi 7F 1 ( l  dP, 7F l dPi7s c )  dPo+ ~ 1 dPiSc F + - -  + - - - -  + + - - -  , (A.14) 
dx---r-- I0 dx---7- 10 dXF 10 dXF 2 10 dXF 8 dXF 

dP~o_ l dPiSc F 1 d P i 7 F + _ _ _ _  + + - - -  , (A.15) 
dx~ 10 dx---7- + 10 dx--7 10 dXF 2 1 0  dXF 8 dXF / 

dP=: 1 dPiSc F + 1 dPi7Fu + - -  + + . (A.16) 
dx--7- 10 dx--7 10 dx--7 10 dXF 2 1 0  dXF 4 dxy 

Charm and anticharm hadron production is more symmetric from the rr- because the 
projectile contains a valence antiquark of its own. In the minimal ]-adc-d} configuration, 
there are two possible final-state hadrons with a valence c quark (D O and J/g,) and also 
two possible final-state hadrons with a valence quark ( D -  and J/W). The [-adceq-~} 
configurations allow coalescence production of four possible final-state hadrons with a 
valence c and likewise four possible final-state hadrons with a valence ~. When q~ u~, 
the possible hadrons produced by coalescence are: A +, 2D ° and Jill, with a valence c 
and D - ,  ~-o, --++ 2 c and J/~b with a valence ~. The dd  configuration allows coalescence 
production of the following hadrons with a valence c quark, ~cc, DO, D+ and J/W, and, 
with a valence ~, D - ,  ~-o and J/~. The s~ configuration yields ,=-o, D +, D O and 
JAb with a valence c while the possible final-state valence quarks hadrons are D - ,  
D~-, --~c and J/g,. In this case 

dP~- 

dPD+ 

1 ( 1  dPi 4F 1 4 c  l ( 1  dPi 6F 1 dPi6Cu) 
+ + - - - 

dXF 2 \1-0 ~XF + 2 dXF ] 2 .10 dXF 4 dXF 

+ 2  \f-0 | ~'iCddTF + d'd~F ] 2 1  dPic d '~ + 21 101 dPic s_dxF + 41 deic sdxF ' 

1 dPi 1 + l r l  dpi ; + 1 
d x ~ - -  l0 dXF + l0 dx----7 2 ~, 10 dXF -4 dx--7) 1--6 dx---7-' 

(A.17) 

(A.18) 

dPD- :::: ~ (~d~~F + ~ d~~C) + ~ (~dPi~~ + ~ dPi~~)
 
dXF 2 10 dXF 4 dXF 2 10 dXF 5 dXF
 

I ( I dp7F 2 dP7C) I ( I dp7F I dP7C)+- -~ + _~ + _ _-!.£L +_-!.£L (A9)
2 10 dXF 5 dXF 2 10 dXF 5 dXF ' 

_dPD+ :::: ~ dPi? + ~ d~~~ + ~ (~d~~~ + ~ dPi~J) + ~ dPi~~ (AIO)
dXF 10 dXF 10 dXF 2 10 dXF 8 dXF 10 dXF ' 

dPAt :::: ~ (~d~~F + ~ dPi~C) + ~ (~d~~~ + ~ dPi~~) 
dXF 2 10 dXF 2 dXF 2 10 dXF 8 dXF 

+~ (~ d~~~ + ~ dPi~J) + ~ (~d~~~ + ~ dPi~f) (All)
2 10 dXF 2 dXF 2 10 dXF 4 dXF ' 

dP2Jj :::: ~ dPi~F + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~J) + ~ dPi~~ (A.12)
dXF 10 dXF 10 dXF 2 10 dXF 8 dXF 10 dXF ' 

dPD; :::: ~ dPi~F + ~ dPi~~ + ~ dPi~~ + ~ (~d~~~ + ~ dPi~f) , (AI3)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 5 dXF 

dPD ;- :::: ~ dPi~F + ~ d~~~ + ~ d~~~ + ~ (~dPi~~ + ~ dPi~f) , (A.14)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 8 dXF 

dPs~ :::: ~ dPi~F + ~ dPi~~ + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~f) , (AI5)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 8 dXF 

dPst :::: ~ dPi~F + ~ dPi~~ + ~ d~~~ + ~ (~dPi~~ + ~ dPi~f) . (A.16)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 4 dXF 

Charm and anticharm hadron production is more symmetric from the 1T- because the 
projectile contains a valence antiquark of its own. In the minimal judce) configuration, 
there are two possible final-state hadrons with a valence c quark (Do and J/l/J) and also 
two possible final-state hadrons with a valence e~ quark (D- and J/l/J). The ludceqq) 
configurations allow coalescence production of four possible final-state hadrons with a 
valence c and likewise four possible final-state hadrons with a valence e. When qq::::= uu, 
the possible hadrons produced by coalescence are: At, 2Do and J/ l/J with a valence c 

and D-, If, "I:+ and J/l/J with a valence e. The dd configuration allows coalescence 
production of the following hadrons with a valence c quark, ~, DO, D+ and J/ l/J, and, 

with a valence e, D-, If, ~~ and J/l/J. The ss configuration yields E~, Dt, DO and 
J/l/J with a valence c while the possible final-state valence e~ quarks hadrons are D-, 

D;, a: and IN. In this case 

::::_ ~ (~d~~~- _ + ~ dPi~~)dPD- (~d~~F + ~ dPi~C) + ~ _
 

dXF 2 10 dXF 2 dXF 2 10 dXF 4 dXF / 


I ( I dPi~~ I d~~J ) 1 ( I dPi~~ I dPi~;)+- -- (AI7)---+--- +- ---+--­
2 10 dXF 2 dXF 2 10 dXF 4 dXF ' 

dPD+ :::: ~ dPi~F + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~J) + ~ dPi~~ , (A.18)
dXF 10 dXF 10 dXF 2 10 dXF 4 dXF 10 dXF 



dPA: 
dXF 10 dXF 

dP~ 1 dPi 4F 

dXF 10 dXF 10 dXF 

dPD7 1 dPi4c F + 1 dPi6Fu + 

dXF 10 dXF 10 dXF 

dPD?_ 1 dPi 4F l dpi6ff+ 

dXF 10 dXF + 10 dx--7- 

d P ~o 1 d Pi4cF + 1 d Pi6ccFu + 

dXF 10 dXF 10 dXF 

dPz? 1 dPi4cF+ 1 dPi6c F 

dXF 10 dXF 10 dXF 

10 dXF ' 

1 ( l_ dPi6  ldPi°'d "~ 1 dPic s 
1 dPi6Fu + 2  \10  dXF + 4  dXF J + 

1 dPi 6F + 1 1 dPi 6F + 

10 dx~  2 10 dXF 

1 dPi6c F + 1 1 dPi 6F + 

10 dx----F -2 10 dXF 

1 1 dPi 6F 1 dPi 6F + _ _  + 

10 dx~  2 10 dXF 

1 dPi 6F 1 dPi 6F 
+ + (A .24 )  

10 dXF 10 dXF 

1 ( 1  dPi 6F + l d P i 6 c C u ) +  1 dPi6cF+ 1 dPi 6F 
1 dPi4c F + 2  10 dXF -4 dx----~ 1-0 dx-----v - - - - 

 

(A .19 )  

( A . 2 0 )  
10 dXF ' 

1 6c 
dPi~ (A .21 )  

4 dXF ,] '  
1 6C 

dPics ( A . 2 2 )  
4 

1 6c 
dPi°c~ ( A . 2 3 )  

4 dXF ] '  
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dPAt = ~ dPi~F + ~ (~dPi~~ + ~ dPi~~) +~ dPi~~ +~ dPi~~ (A19)
dXF 10 dXF 2 10 dXF 4 dXF 10 dXF 10 dXF ' 

dP~ = ~ dPi~F + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~J) + ~ dPi~~ - - - - (A20)
dXF 10 dXF 10 dXF 2 10 dXF 4 dXF 10 dXF ' 

_dPD ; = ~ dPi~F + ~ d~~~ + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~f)~ (A.21)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 4 dXF ' 

dPD: =~ dPi~F + ~ dPi~~ + ~ dPi~~ + ~ (~dPi~~ + ~ dPi~f) ,~ (A.22)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 4 dXF 

_dPs~ = ~ dPi~F + ~ dPi~~ + ~ dPi~~ + ~ (~dPi~~ + ~ ~dPi~f) , (A23)
dXF 10 dXF 10 dXF 10 dXF 2 10 dXF 4 dXF
 

dPst _ 1 dPi~F 1 dPi~~ 1 dPi~~ 1 dPi~~
 
-- = --- + - - +---- - + ---.	 (A24)
dXF 10 dXF 10 dXF 10 dXF 10 dXF 
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