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String mechanism for the leading charm effect
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We argue that the leading charm effect observed in pion-nucleon interactions indicates the presence of rather
strong color fields in hadronic collisions. We show that a flux tube picture which includes such strong fields
accounts naturally for the leading charm phenomenon, providing a unified description of the production of
charmed and noncharmed leading particles.@S0556-2813~98!00702-X#

PACS number~s!: 24.85.1p, 13.85.Ni, 12.38.Lg, 25.75.Dw
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I. INTRODUCTION

It is a general idea that the hadroproduction of heavy
vors is essentially a perturbative QCD~PQCD! process be-
cause of the large momentum transfer involved. In the c
of charm, however, the quark mass is not large enough
PQCD calculations to be simply granteda priori. In fact,
some experimental results indicate that nonperturbative
cesses play an important role in charm production. For
ample, in a pure PQCD picture thec c̄ pairs are produced
mainly with oppositepT , due to the momentum conservatio
in parton-parton collisions. The observed transverse mom
tum distribution of the charmed pair shows almost no su
back-to-back correlations@1#. In this case, however, one ca
still think of mechanisms that smear out the momentum c
relation of the charm quarks during the hadronization p
cess.

A more clear experimental indication for the existence
nonperturbative mechanisms of charm production is the le
ing charm effect@2#, the strong flavor correlations that a
observed between fast charmed hadrons and the beam
ticles. Recent high-statistics experiments, WA82 at CE
@3# and E769/E791 at Fermilab@4,5#, have shown that in
p6N→D6X reactions thexF spectrum of leadingD mesons
is significantly harder than that of nonleading ones. By d
nition, a leading charmed meson is one that shares a val
quark with the projectile. With ap2 beam~as in the WA82
experiment! the incident quark content isūd, so that
D2( c̄ d) is leading andD1(c d̄) nonleading. A useful mea
sure of the leading charm effect is the production asymm

A~xF!5
s leading~xF!2snonleading~xF!

s leading~xF!1snonleading~xF!
, ~1!

where s leading and snonleading are the cross sections for th
leading and nonleading charmed particles as functions
Feynman’sxF . All experiments find that the asymmetry in
creases fromA.0 atxF.0 toA.0.6 atxF.0.7. This large
leading-nonleading asymmetry in the forward direction
very hard to understand in the PQCD scenario. A pure p
turbative calculation predicts a much smaller effect (A,0.1)
@6#.

The PQCD picture of leading charm production requi
the introduction of somead hoc mechanism that makes
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possible for the charmed quarks, which are produced ma
in the central region, to coalesce with the fast moving be
quarks. An alternative approach, and perhaps a more na
one, is to consider that it is the very process of hadroniza
of the beam quarks that produces the charmed quarks
adhere to. This is actually the case for the leading particle
light flavors in the standard string models. In these mod
hadrons are produced via the breakup of strings exten
between quarks of the projectile and target. The fastest m
ing particles come from the end point string fragments, th
containing the valence quarks of the incident hadrons. T
leads to strong flavor correlations between fast hadrons
the projectile. Unfortunately these models exclude the le
ing charm production, since in most standard string mod

the c c̄ pair production rate is negligible.
In this paper we point out that the leading charm effec

naturally obtained in a string model, as long as one allo
for color fields much stronger than that of a quark-antiqu
string. In this way a general description of the production
leading particles, including charmed ones, can be achie
within the string picture. In previous works, we have in fa
shown that introduction of such strong fields enables one
devise a string model~the ‘‘firetube’’ model of Refs.@7–10#!
that describes rather well the production of charmed a
noncharmed hadrons within a universal scheme. We ar
that the observation of the leading charm effect could thus
considered as an indication that these very intense fields
present in hadronic collisions.

Other nonperturbative mechanisms have been propose
explain the leading charm effect, and could in principle
added to the one considered here. These include intri
charm @11#, valons @12#, and the final state interaction be
tween the~perturbatively produced! c quarks and beam rem
nants as implemented in PYTHIA@13#.

In the following, we discuss the application of the firetu
model to the production of leading particles inpp and pp
collisions. In Sec. II we describe briefly the basic ideas of
firetube model. In Sec. III the production of leading particl
~not necessarily charmed! is discussed, and the momentu
distributions of leading protons andL ’s produced inpp col-
lisions are calculated and compared to data. TheD mesons
produced inpN interactions and the leading charm effect a
discussed in Sec. IV. A summary and conclusions are p
sented in Sec. V.
953 © 1998 The American Physical Society
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II. FIRETUBE MODEL

The firetube model is a combination of the string a
statistical approaches to particle production in hadronic c
lisions. In this section we give only a rapid description of t
model; more details can be found in Refs.@7–10#. The basic
idea of the model is that the two colliding hadrons exchan
gluons as they pass by each other, acquiring color cha
6Q in the process~we omit the color SU3 indices for sim-
plicity!. A flux tube is formed between the receding particl
confining the chromoelectric field created by their co
charges. This tube is represented as a single effective
dimensional classical string with a tensionk proportional to
the energy density of the chromoelectric field. Because of
multiple exchange of gluons, the color structure at the e
points of the tube is more complicated than that of an ‘‘
ementary’’ color-tripletq q̄ string ~for example, that gener
ated in the electron-positron annihilation process!. If the ra-
dius of the flux tube is independent of the color charge at
end points, as suggested by lattice QCD calculations@14#,
the string tension depends uponQ as

k5k0Q2, ~2!

wherek0 is the tension of aq q̄ string ~we takeQ51 as the
quark color charge!. The color chargeQ fluctuates from one
collision to another because different numbers of gluons m
be exchanged, and also because of the SU3 rules of color
addition. Assuming that each gluon exchange is a step
random walk in color space@15#, the mean end point charg
is given by

Q25 9
4 n̄ , ~3!

where n̄ is the average number of exchanged gluons. I
clear from Eqs.~2! and ~3! that the exchange of even a fe
gluons generates string tensions significantly larger than
of a q q̄ string.

The motion of the two colored particles at the string e
points is given by the classical equations

dpi

dt
57k, ~4!

dxi

dt
5

pi

Api
21mi

2
, ~5!

wherexi and pi ( i 51,2) are the coordinates and momen
along the string direction. The minus~plus! sign in Eq.~4!
applies when particlei is to the right~left! of its partner. In
the center-of-mass frame, the trajectories of the end p
particles are given by branches of hyperbolas

S xi7
As

2kD 2

2S t i2
As

2kD 2

5S mi

k D 2

. ~6!

The mi appearing in Eqs.~5! and ~6! are not the masses o
the projectile and target. We assume that the incoming
ticles are excited by the collision, and thatmi , the masses o
the resulting colored systems, are given bymi5Mi1m,
whereMi is a minimum value andm has a Gaussian prob
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ability distribution exp(2m2/2sm
2 ). We takesm to be pro-

portional to the number of gluons exchange
sm5ngluonsDm, Dm being a parameter of the model. ForMi
we use the mass of the corresponding incident particle p
that of a pion.

The chromoelectric field inside the tube produces qua
antiquark pairs by a process similar to the Schwinger mec
nism of electron-positron creation in QED@16#. The produc-
tion rate ofq q̄ pairs per unit volume and unit time can b
calculated~in the Abelian approximation! from Schwinger’s
formula

Rq5
F2

4p3(n51

`
1

n2
exp~2npmq

2/F !, ~7!

where F52k0Q is the chromoelectric force that a qua
feels inside the tube, andmq is the quark mass. In our cal
culations we have modified Eq.~7! in order to account for
the final state interaction of theq q̄ system and the finite size
of the flux tube@17–19#.

The quarks pairs created by the chromoelectric field te
to screen the end point chargesQ. This screening makes i
possible for the flux tube to break up into two pieces onceQ
pairs have been produced inside it. A simple estimate for
flux tube fragmentation rate per unit length per unit time
then obtained as

dP

dxdt
5

SR
Q

, ~8!

where S is the cross section area of the tube, a
R5Ru1Rd1Rs1 ••• is the total number of quarks pro
duced per unit volume and unit time. We assume that
flux tube breaks up according to the Artru-Mennessier a
law @20# ~see Ref.@21# for an alternative approach!, and the
resulting fragments are regarded as clusters of excited
ronic matter, or ‘‘fireballs,’’ which decay statistically into
the observed hadrons. The temperature of a fireball is de
mined by its mass, being typically of the order 100 Me
The fireballs can have strangeness or charm, if one of ths
or c quarks produced by the color field happens to be c
tured inside it during the fragmentation process. In this c
the mesons produced by the fireball thermal decay will
clude aK or a D.

The firetube model has a small number of parameters.
most important one is the mean color chargeQ2 or, alterna-
tively, the average number of gluons exchanged per co
sion, n̄ . Other relevant parameters are the elementary st
constantk0 , the flux tube cross sectionS, and the leading-
fragment excitation parameterDm. Finally, a few constants
define the minimum fireball mass, and determine how
effective temperature and longitudinal expansion rate o
fireball depend upon its mass. For proton-proton collisio
we use n̄52.0, k051 GeV/fm, S51.5 fm2, and Dm50.3
GeV, obtaining a very good description of the momentu
distributions of pions, kaons, andD ’s @7#. For pion-nucleon
collisions the only changes in this parameter set aren̄52.5
andDm50.6 GeV.
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III. LEADING PARTICLE SPECTRA

The leading nucleons produced in proton-proton co
sions have a fairly flatxF distribution. This experimenta
observation is better reproduced if we assume that the
tremities of the flux tube, which carry the projectile and ta
get remnants, detach from the string at space-time po
distributed~in the c.m. frame! according to

d2Pi

dxdt
52d@~x7t0!22~ t2t0!22~mi /k!2#, ~9!

FIG. 1. xF spectrum of protons frompp collisions. Triangles
and circles refer to different experiments@22,23#. The solid line is
the firetube model calculation. The dashed line is the diffrac
cross section.

FIG. 2. pT
2 spectrum of protons frompp inelastic collisions.

Experimental data is from Ref.@24#. The solid line is the firetube
model calculation.
-

x-
-
ts

where t05As/(2k), and the argument of thed function is
the trajectory of the end point particles@see Eq.~6! and the
corresponding sign conventions#. The distribution of the
leading fragment break points does not follow the unifo
space-time density of internal string ruptures given in E
~8!, but this is not surprising since the more complex stru
tures at the end points of the flux tube should affect som
how the detaching mechanism. The time distribution of le
ing break points can be written

dPi

dt
5

1

l i~ t !
, ~10!

e

FIG. 3. c.m. rapidity distribution ofL hyperons produced inpp
collisions. Open squares indicate data taken at 200 GeV/c @25#;
open diamonds and black squares are from different experimen
300 GeV/c @26,27#. The solid line is the firetube model result.

FIG. 4. pT
2 spectrum ofL hyperons produced inpp collisions

at 205 GeV/c @25#. The solid line is the firetube model calculatio
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where ~in the c.m. frame! l i(t)5A(t2t0)21(mi /k)2. The
probability density for the detaching to occur att is then

Pi~ t !5
1

l i~ t !
expS 2E

tc

t dt8

l i~ t8!
D 5

1

l i~ t !

tc2t01l i~ tc!

t2t01l i~ t !
,

~11!

wheretc is the collision time@x1(tc)5x2(tc)#.
In high-energy collisions we haveAs@mi and

P(t).1/t0 , a constant probability distribution for 0,t,t0 .

FIG. 5. The distribution inxF for nonleading (D1/D̄0) mesons.
The solid curve is the firetube model prediction. Experimen
points are from Ref.@2#.

FIG. 6. The distribution inxF for leading (D2/D0) mesons. The
solid curve is the firetube model prediction. Experimental points
from Ref. @2#.
Since the momentum of the end point particles is linea
related to the timet, such aP(t) gives rise to a homoge
neous longitudinal momentum distribution of the leadi
fragments. We assume that each fragment decays into
leading particles, both carrying valence quarks that origina
belonged to the beam. One of these particles is typicall
pion. The other is the leading baryon or meson we are in
ested in or a low-lying excitation of it. There is a finite pro
ability that the end point fragments carry strangeness
charm. This is because the color screening that occurs du
the detaching process should involve to some extent
quarks produced inside the flux tube, and these incl
strange and charmed ones. We consider the fractionRs,c /R
to be the probability that a leading fragment carries a stra
or charmed quark.Rs,c is the strangeness or charm creati
rate as given by Eq.~7!, andR denotes the total quark pro
duction rate as used in Eq.~8!.

In Fig. 1 we show thexF spectrum of protons frompp
reactions atAs520 GeV. For 0,xF,0.7 the model calcu-
lation ~solid line! is in reasonable agreement with the da
@22,23#. At larger values ofxF the cross section for diffrac
tive dissociation becomes important~dashed line!. If this is
added to our calculation, we see that a good overall ag

l

e

FIG. 7. The chargedD production asymmetryA as a function of
xF . The solid curve corresponds to the firetube model calculat
The experimental data are from the WA82@3#, E769@4#, and E791
@5# Collaborations.

FIG. 8. The chargedD production asymmetryA as a function of
pT . The solid curve corresponds to the model calculation. The
perimental points are from Ref.@5#.
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57 957STRING MECHANISM FOR THE LEADING CHARM EFFECT
ment with the experimental data is achieved. The transv
momentum distribution of protons frompp inelastic colli-
sions atplab5400 GeV/c is shown in Fig. 2. The calculation
follows quite well the experimental distribution@24#.

In Fig. 3 we show the rapidity distribution ofL hyperons
produced inpp collisions. A good agreement is found b
tween the model calculations and the experimental data@25–
27#. The transverse momentum distribution we obtain for
L is also in accordance with the experimental results@25#, as
seen in Fig. 4.

IV. LEADING CHARM EFFECT

We now discuss in detail the leading charm effect o
served inpN interactions. In applying the firetube model
charm production, we assume that onlyD and D* mesons
come out of the charmed fireballs, and that their relat
number is given by the multiplicity of spin states,D* /D53.
Considering for definiteness that the beam particle is ap2,
the cross sections for the production of the differentD me-
sons are

sD250.122s~C!10.244s~L !, ~12!

sD150.122s~C!, ~13!

sD050.378s~C!10.500s~L !, ~14!

s D̄050.378s~C!10.256s~L !, ~15!

wheres (C) is the fraction of the total charm cross secti
associated with the mesons that come out of the central
balls, ands (L) is the corresponding fraction for the end poi
~leading! fragments. Note that nonleadingD̄0 mesons may
originate from the decay of a leadingD* 2. This explains the
s (L) contribution to theD̄0 cross section.

In Figs. 5 and 6 we show thexF distribution of nonleading
(D1/D̄0) and leading (D2/D0) charmed mesons produce
in p2p reactions at 360 GeV/c. We note the harder spec
ch

as
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se

e
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e
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trum of the leading particles and the good agreement
tween the calculations and the experimental data@2#.

Written in terms ofs (L,C), theD6 production asymmetry
measured by the WA82 and E769/E791 Collaborations
the simple form

A5
s~L !

s~C!1s~L !
. ~16!

In Fig. 7 we compare this asymmetry, calculated as a fu
tion of xF , with the experimental results@3–5#. The overall
agreement is good, although we tend to underestimate
data at largexF . The asymmetryA as a function of the
transverse momentum is shown in Fig. 8. The calculat
follows reasonably well the recent experimental data
E791, except in the high-pT region.

V. SUMMARY

Leading particle effects appear naturally in soft hadro
zation schemes like string models. The usual string mod
fail to describe the leading charm effect only because t
predict that no charm is produced by the fragmentation p
cess. This is not the case with the firetube model, which
based on the idea that a single flux tube confining a v
strong color field is formed between the colliding hadro
after they pass by each other. The tension of the tub
larger than the usual triplet-antitriplet string tension, and m
reach values at which evenc c̄ pairs are produced at signifi
cant rates. This gives a simple explanation for the lead
charm effect: Ac c̄ pair that contributes to the screening
the end point color charge will have one of its quarks carr
out by the leading fragment, which also contains the origi
valence quarks of the beam particle. The decay of this fr
ment gives rise to the flavor correlations that characterize
leading charm effect.

The results of this work show that such a framework
able to account for the main features of the leading cha
effect, providing a unified view of all leading particle phe
nomena.
ys.
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