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Leading charm production in the interacting gluon model
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We discuss leading charm production in connection with energy deposition in the central rapidity reg
Special attention is given to the correlation between production in central and fragmentation regions. I
fraction of the reaction energy released in the central region increases the asymmetry in thexF distributions of
charmed mesons will become smaller. We illustrate this quantitatively with simple calculations perfor
using the interacting gluon model. Leadingb-quark production is also considered.@S0556-2821~96!05409-4#
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Several experiments have reported@1# a significant differ-
ence between thexF dependence of leading and nonleadin
charmed mesons. It was not possible to explain these d
with the usual perturbative QCD@2# or with the string frag-
mentation model contained inPYTHIA @3# and some alterna-
tive mechanisms have been advanced. The most detailed
analysis, including predictions for asymmetry and leadi
particle effect at higher energies, has been carried out w
the intrinsic charm model~ICM! @4#. In this model, the es-
sential ingredient for a good description of asymmetries
the recombination mechanism which binds together the
trinsic ~fast! charm quarks and the valence quarks of th
projectile. Apart from this fast component, there is a slo
one, which populates predominantly the central rapidity~low
xF) region and is given by perturbative QCD. The ICM i
thus a two-component model where the central~parton fu-
sion! and fragmentation regions~containing intrinsic charm!
components are completely independent and added i
simple way. In particular, there isno energy conservation
constraint, which would obviously result in some simple ki
nematical correlations between them.

The purpose of this work is to show that such a kinema
cal correlation between central and noncentral production
relevant for the study of the observed asymmetries in t
production of charmed mesons and that it is also connec
to another characteristic of high energy multiparticle produ
tion processes, namely, to the inelasticityK of the reaction. It
defines the fraction of the initial energyAs which is released
and deposited in the central region of reaction. In particul
its energy (As) dependence will be important here. All mod
els that address charm production in the central region p
dict that there is no asymmetry in this region. Asymmet
comes from the fragmentation~large rapidity y) region.
Therefore, ifK increases with energy, there will be less e
ergy available in the largey region and this will result in a
softening of the leadingxF distributions. Notice that this is
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independent of all ingredients of the hadronization proce
since they are universal and energy independent~such as, for
example, the fragmentation functions!. The xF distributions
of the leading charmed particles will thus eventually merg
with the distribution of the centrally produced charmed pa
ticles, which will then become broader. The asymmetry w
then not be observed. The opposite might also be true ifK
decreases with energy. In this case the leading system w
carry proportionally more and more energy, implying a fast
leading charm and resulting in stronger asymmetry@5#.

The asymmetry problem can therefore be well formulate
just in terms of kinematical considerations. All dynamic
will show itself only in the way through which initial energy
of projectiles will be distributed in rapidity space. For ex
ample, one would naively expect that, if perturbative QC
becomes more important at higher energies~because of, for
example, increased minijet activity!, the central production
~and also energy deposition in central region! will become
dominant and the asymmetry will decrease or even disa
pear. This goes along with the expected increase with ene
of inelasticity deduced from the analysis of accelerator a
cosmic ray data@6#.

In what follows we shall therefore study leading charm
production in terms of the interacting gluon model~IGM!
@7#, which has been invented to describe the inelasticity a
its energy behavior and recently used also to successf
describe many aspects of multiparticle production~including
its semihard minijets component, which can be important f
charm production at high energies!.

Since the IGM has already been described previously
great detail@7#, we shall provide here, for completeness, on
the most basic formulas and concentrate our attention on
specific mechanisms of charm production and on the calc
lation of the asymmetries between leading and nonlead
charm mesons. The asymmetry has been most accura
measured in thepp scattering; therefore, we shall start dis
cussing this process first@8#. In Fig. 1~a! we show the IGM
description of the energy flow in a hadron-hadron collision
high energies. Through the cooperative action of a certa
number of soft gluons, carrying an overall momentum fra
tion x1 of the incoming pion, colliding with a similar bunch
of gluons coming from the target nucleon and carrying fra
6136 © 1996 The American Physical Society
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FIG. 1. ~a! Illustration of a pion-nucleon col-
lision: fractionsx1 andx2 of the incoming hadron
momenta form a central fireball~CF! with prob-
ability x(x1 ,x2). The fraction 12x15xL is car-
ried by the leading jet~LJ!. The leading jet mo-
mentum spectrum isf LJ(xL); ~b! NonleadingD
meson production by central fireball fragmenta
tion; ~c! NonleadingD meson production by
leading jet fragmentation;~d! LeadingD meson
production by leading jet recombination.
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tion x2 of its momentum, an object called central fireba
~CF! is formed. It will decay later on producing observe
secondaries. In the IGM@7#, the probability for this to hap-
pen is given by the functionx(x1 ,x2). The pion remnants
leaving the central region~i.e., their valence quarks plus
some gluons which did not interact! carrying momentum
xL are called in the IGM theleading jet ~LJ! and, being
themselves excited objects, may also produce particles~in-
cludingD mesons!.

From the basic functionx(x1 ,x2), we can compute the
Feynman momentum distributions of the CF,x(xCF), where
xCF5x12x2 , and of the LJ,f LJ(xL), by a simple change of
variables:

x~xCF!5E
0

1

dx1E
0

1

dx2d~xCF2x11x2!x~x1 ,x2!

3u~x1x2s24mD
2 !, ~1!

f LJ~xL!5E
0

1

dx1E
0

1

dx2d~12x12xL!x~x1 ,x2!

3u~x1x2s2m0
2!, ~2!

wheremD ~1.8 GeV! andm0 are the masses of theD meson
and of the lightest state produced in such collisions@7#. In
the above equations, we clearly see the connection betw
central and fragmentation productions. The momentum d
tributions of the systems which will later give origin to
charmed particles are derived from the same quan
x(x1 ,x2). Moreover,x(xCF) and f LJ(xL) carry all the energy
ll
d
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(As) dependence of the process, which is both explicit,
the u functions, and implicit, sincex(x1 ,x2) depends on
As . In Fig. 1~b! we show centralDD̄ meson production
whereD(D̄) is anyD meson carrying ac( c̄) quark. Notice
that, in the spirit of IGM, the central production ignores th
valence quarks of target and projectile~defined here as those
which carry the essential quantum numbers of the collidin
pions and protons! which, in the first approximation, just
‘‘fly through.’’ Because of this, the centrally producedD ’s
will not show any leading particle effect. There are two dis
tinct ways to produceD mesons out of LJ’s: fragmentation
and recombination. It is assumed here that, whenever ene
allows, we shall have alsoc̄c pairs in the LJ~produced, for
example, from the remnant gluons present there!. These
charmed quarks may undergo fragmentation intoD mesons,
as shown in Fig. 1~c!, but may also as well recombine with
the valence quarks as depicted in Fig. 1~d!. It turns out that
only this last process will produce asymmetry. In the case
pion-nucleon scattering, the measured leading charmed m
sons areD2 and the nonleading areD1.

We shall now write the FeynmanxF single inclusive dis-
tribution ofD2 mesons produced by the CF, by the fragme
tation (F) in the LJ and by the recombination (R) there:

dsCF

dxD2
5E

xD2

1

dxCFx~xCF!E
xD2

xCF
dxc̄g~x c̄ !DS xD2

x c̄
D , ~3!

dsF

dxD2
5E

xD2

1

dxL f LJ~xL!E
xD2

xL
dxc̄g~x c̄ !DS xD2

x c̄
D , ~4!
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FIG. 2. xF distributions ofD mesons calcu-
lated with the IGM. The solid line shows the con-
tribution of the central fireball fragmentation. The
dashed line shows the contribution of the leading
jet fragmentation and the dotted line shows the
contribution of the leading jet recombination.
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dsR

dxD2
5E

xD2

1

dxL f LJ~xL!E dxcE dxc̄E dxūE dxd

3g~xc!g~x c̄ ! f ~xū ! f ~xd!d~xD22x c̄2xd!

3d~xL2x c̄2xc2xd2xū !, ~5!

where f (x) and g(x) are distribution functions of valence
and charm quarks, respectively, and theD(z)’s are charm
quark fragmentation functions@4#. TheD1 momentum dis-
tributions are given by~3! and ~4! with the replacements:
D2→D1, c̄→c. These nonleading mesons will not be pro
duced by recombination@Eq. ~5!#. The functionsf (x) and
g(x) are essentially unknown since they are momentum d
tributions of partons inside the CF and inside the LJ after t
collision. Following our assumption that the valence quar
interact weakly, we shall approximatef (x) by the initial
state valence quark distributions and take them from Ref.@9#.
As for the charm quark distributiong(x), the situation is less
clear. Thec2 c̄ pairs do not come directly from the sea: i
the CF they are produced and in the LJ they may be excit
It is therefore reasonable to think that the charm quarks w
be somewhat faster than ordinary sea quarks. According
we shall use forg(x) the ansatz proposed by Barger an
collaborators@10#:

g~x!5S 12x

x D 1/2 ~6!

which is less singular than 1/x but still much softer than an
intrinsic charm distribution which behaves typically like
x(12x). The fragmentation functions have the Peters
form @11#

Dc→D~z!5
N

z@121/z2«/~12z!#2
, ~7!

where«. ^mq
21pqT

2 &/^mQ
2 1pQT

2 & andmq , pqT , mQ , pQT
are mass and transverse momentum of the light and of
heavy quark, respectively andN is a normalization constant.
In the present case«.0.06. In Fig. 2 we show the~unnor-
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malized! contributions coming from the three processe
above@Eqs. ~3!, ~4!, and ~5!#. As expected, central produc-
tion ~solid line! leads to the softestD mesonxF distribution,
recombination in the leading jet~dotted line! leads to the
hardest final distribution, and the leading jet fragmentatio
~dashed line! lies in between. This is so becausex(x CF) is
softer than f LJ(xL) and because recombination adds mo
menta whereas fragmentation always causes some dece
tion. Note that, although flat, the dashed and dotted curv
have pronounced maxima at very lowxD . This is a direct
consequence of the behavior ofg(x). If, instead of the form
~6!, we use an intrinsic charm distribution, we will obtain
strong suppression at lowx and a maximum around
xD50.4–0.6. A final comment on this figure is that our dis
tribution of centrally producedD ’s ~solid line! is broader
than the one obtained from perturbative QCD. This is s
because the cooperative mechanism adds together soft
ons, increasing the energy released in the central region,
voring higher values ofx1 andx2 @in Fig. 1~a!# and allowing
for fluctuations with higherxCF. Considering all that was
said above, we can conclude that the IGM~like the ICM! is
a two-component model in which the components are n
very much different in shape from each other~in sharp con-
trast to what happens with the components of the ICM! and
have some overlap. Because of this we expect to find sma
asymmetries than those found in Ref.@4#, but this depends,
of course, on how one mixes the different components.
what follows we write the differential cross section as th
sum of a central fireball~CF! and a leading jet~LJ! compo-
nents and the last one as the sum of a fragmentation (F) and
a recombination (R) components, using a similar notation a
in Ref. @4#:

1

s

ds

dxD2
5~12h!

1

sCF

dsCF

dxD2
1h

1

sLJ

dsLJ

dxD2
, ~8!

1

sLJ

dsLJ

dxD2
5~12j!

1

sF

dsF

dxD2
1j

1

sR

dsR

dxD2
, ~9!

where the mixture parameters arej (0<j<1) and



53 6139LEADING CHARM PRODUCTION IN THE INTERACTING . . .
FIG. 3. ~a! xF distribution ofD1 mesons calculated with our model and compared with WA82 data;~b! xF distribution ofD2 mesons
calculated with our model and compared with WA82 data. Solid line corresponds toj50.8 in Eq. ~9! while dashed and dotted lines
correspond toj50.5 andj50.2, respectively;~c! the asymmetry calculated with the IGM and compared with WA82~solid circles!, E769
~open squares!, and E791~open triangles! data. Solid, dashed, and dotted lines correspond to the same choice ofj as in ~b!.
.

e

h5
sLJ

sCF1sLJ . ~10!

In the case of theD1 distribution, the expressions above ar
the same butj50.

The ICM parameterh has been chosen 0.2 because of
analogy betweens ic ~our sLJ) and the diffractive charm
cross section. On the other hand, in the valon model@12# the
same data are addressed without any central component.
would correspond to takingh5 1. Here, because of the ki-
nematical mixing between CF and LJ, the value ofh is es-
sentially free. In what follows we will choose it to be
h5 0.7. Note also that, in our case,j50 corresponds to no
asymmetry. Since existing data on open charm product
@1# apparently do not show nuclear effects@13#, we use here
e

an

This

ion

~as all other models which address these data! the IGM for
hadron-nucleon collisions@14#.

In Fig. 3 we compare our calculations with WA82 data
Figures 3~a! and 3~b! show thexF spectrum ofD1 and
D2, respectively, and Fig. 3~c! shows the asymmetry which
is given by

A~xF!5

ds

dxD2
2

ds

dxD1

ds

dxD2
1

ds

dxD1

. ~11!

In Figs. 3~b! and 3~c! solid, dashed, and dotted lines cor-
respond toj50.8, 0.5, and 0.2, respectively. Data points ar
from the WA82, E769, and E791@15# Collaborations. As it
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FIG. 4. ~a! Momentum distributionx(xCF) of the central fireball atAs526 GeV ~solid line! and atAs51800 GeV~dashed line!; ~b!
Momentum distributionf LJ(xL) of the leading jet atAs526 GeV ~solid line! and atAs51800 GeV~dashed line!; ~c! The asymmetry in
pion-proton collision calculated with the IGM: solid line corresponds toAs526 GeV with h50.7 and dashed line corresponds t
As51800 GeV withh50.25. In both casesj50.8.
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can be seen, a satisfactory description of data can be
tained with the IGM. The best description can be obtain
with a large amount of recombination (j50.8). This is ulti-
mately because of our choice ofg(x). We have checked that
the choice of an ordinary sea distribution for the char
quarks in the CF and LJ requiresh51.0 andj51.0 for a
reasonable fit. The choice of an intrinsic charm distributio
allows for small values ofh andj. The conclusion seems to
be that although data do not rule out usual sea distributio
as an input, good fits with more reasonable values of
parameters can be obtained using harder charm quark di
butions such as~6! or the one used in Ref.@4#.

We consider now the energy dependence of the asym
try. All details concerning the particularities of charm pro
duction are energy independent. In Eqs.~8! and~9! h, j, and
the differential distributions, i.e., respectively normalizatio
and shape of the curves, can depend onAs. For simplicity
we shall assume thatj does not change with the energy. Th
ob-
ed

m

n

ns
the
stri-

me-
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e

distributionsds/dxD2 will depend onAs through x(xCF)

and f LJ(xL). The behavior of these last functions withAs is
shown in Figs. 4~a! and 4~b!, respectively. We observe a
very modest broadening ofx(xCF), implying a small in-
crease of ^x CF& and a more pronounced softening o
f LJ(xL) with the corresponding reduction of^xL&. As for
h, an extensive analysis@7# of charged particle production
up to Tevatron energies has shown that it decreases b
factor of 3 when we go from CERN Intersecting Storag
Rings ~ISR! to Fermilab Tevatron energies. Assuming
similar reduction for the case of charmed particle productio
h will change from 0.7 to 0.25. Considering what was sa
above, we evaluate again all the expressions~1!–~9! at
As51800 GeV. The resulting asymmetry is shown in Fig
4~c! with a dashed line. For comparison we show in the sam
figure the asymmetry~with a solid line! at As526 GeV cal-
culated with the same parameters. It decreases 20% in



53 6141LEADING CHARM PRODUCTION IN THE INTERACTING . . .
FIG. 5. xF distribution @x(xCF)# of centrally
producedb2b̄ ~solid line! andc2 c̄ ~dashed line!
quark pairs.
u-

F
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-
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region xF>0.5. Although this is not a very impressive
change, it illustrates the trend. Moreover, we know that t
asymmetry goes asymptotically to zero sinceh→0. We em-
phasize that this is so because the IGM~in its version@7#!
predicts that at higher energies, because of the action
minijets, the energy deposition in the central region will in
crease implying two effects: a growth of the central mult
plicity ~thus implying an increase of 12h) and a softening
of the leading jet momentum distribution. We can therefo
conclude that, irrespective of details of charm productio
these both effects combined will reduce the asymmetry. It
interesting to mention that the data collected in Fig. 3~c!
come from three different collaborations E769, WA82, an
E791, with beam energies of 250, 340, and 500 GeV, resp
tively. In the c.m. system~c.m.s.! this corresponds to a varia-
tion from As523 GeV toAs533 GeV. This energy change
is small and the error bars are large and therefore no cha
in the asymmetry is visible yet. At higher energies there is
chance to experimentally verify this behavior at the BN
Relativistic Heavy Ion Collider~RHIC! or CERN Large
Hadron Collider~LHC!.
he

of
-
i-

re
n,
is

d
ec-

nge
a
L

As a straightforward extension of our analysis we calc
late now the asymmetry inB meson production. This is done
by simply replacingmD by mB54.75 GeV in ~1! and
«50.06 by «50.006 in ~7!. In principle, we should also
changeg(x) but in a first estimate we keep the ansatz~6!. If
we would use an intrinsic distribution forg(x), it would be
very weakly dependent on the heavy quark mass@4#. In Fig.
5 we show thex(xCF) distribution for charm~dashed line!
and for theb-quark production~solid line! with the proper
change in Eq.~1!. The energy isAs526 GeV. The effect of
increasing the production threshold@mD→mB in theu func-
tion in Eq. ~1!# is to select events with a more massive C
and with larger lower limits forx1 andx2 , suppressing thus
larger values ofxCF5x12x2 with respect to charm produc-
tion ~in the limit of total energy deposition, i.e.,x15x251,
the CF would be at rest!. This effect is, however, very small.
This is expected and is seen in Fig. 5. In Fig. 6~a! @6~b!# we
show thexF distributions of nonleading@leading# D andB
mesons. The energy and the parameters are the same a
Fig. 5 (h50.7 andj50.8). Nonleading spectra are calcu
lated with Eqs.~3! and~4!. The Peterson fragmentation func
FIG. 6. ~a! xF distribution of nonleadingB ~solid line! andD ~dashed line! mesons;~b! The same as~a! for leadingB ~solid line! and
D ~dashed line! mesons. The energy is in both casesAs526 GeV.
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FIG. 7. B2/B1 ~solid lines! and D2/D1

~dashed lines! asymmetries atAs5 26 and 1800
GeV.
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tions, appearing in those equations, are very sensitive to
value of«. In the case of theb-quark, the strong reduction of
« makes the fragmentation function strongly peaked at ve
large values ofz. The emergingB’s will therefore be much
less decelerated than theD ’s. This effect compensates the
previous one and the final nonleadingB distribution is harder
than the nonleadingD one. The leading distributions include
recombination, given by Eq.~5!, which is not affected by the
change in the heavy quark mass. Because of this, the spe
in Fig. 6~b! exhibit the same qualitative behavior (B’s faster
thanD ’s! seen in Fig. 6~a! but the difference betweenB’s
and D ’s is smaller. The asymmetries ofB2/B1 and D2/
D1 are shown in Fig. 7 with solid and dashed lines, respe
tively, for As526 and 1800 GeV. The asymmetry in theb
quark is about 50% weaker than that in charm atxF50.8 and
both show a similar decrease with energy.

In conclusion, the IGM describes the energy flow in hig
the

ry

ctra

c-

h

energy hadron collisions. It properly takes into account th
correlation between energy deposition in the central regi
and the leading particle momentum distribution. It accoun
for charmed meson production in a natural and satisfacto
way and makes the prediction that at higher energies,
increase of inelasticityK ~see@7#! will lead to the decrease of
the asymmetry in heavy quark production. It also predicts
weaker asymmetry for theb quark. We believe that this point
should also be addressed by other models which deal w
asymmetry in heavy flavor production@16#.
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@3# T.Sjöstrand, Comput. Phys. Commun.39, 344 ~1986!; T.Sjös-
trand and Bengtsson,ibid. 43, 367 ~1987!.

@4# R. Vogt and S.J. Brodsky, Nucl. Phys.B438, 261 ~1995!; R.
Vogt, S.J. Brodsky, and P. Hoyer,ibid. B383, 643 ~1992!.

@5# The energy dependence of the leading particle effect in cha
production is relevant also for experimental reasons. The e
periment E781, scheduled to run in the near future at Fermila
is strongly based on the existence of this effect. Since it wi
use a pion beam of energies higher than those presently av
able, predictions for the corresponding leading charm distrib
tions are in order here.

@6# Cf., for example, J. Bellandi, R.J.M. Covolan, and A.L. Godoi
Phys. Lett. B343 , 410 ~1995!, and references therein. How-
ever, one should also stress here that the problem of ene
rm
x-
b,
ll
ail-
u-

,

rgy

dependence ofK is essentially still open, cf. Z.Włodarczyk, in
Cosmic Ray Conference, Proceedings of the 23rd International
Conference, Calgary, Canada, 1993, edited by D.A. Leah
et al. ~World Scientific, Singapore, 1994!, p. 355.
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