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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 partic]&0556-28188)00702-X

PACS numbd(s): 24.85+p, 13.85.Ni, 12.38.Lg, 25.75.Dw

I. INTRODUCTION possible for the charmed quarks, which are produced mainly

in the central region, to coalesce with the fast moving beam

It is a general idea that the hadroproduction of heavy flaquarks. An alternative approach, and perhaps a more natural
vors is essentially a perturbative QGQPQCD process be- one, is to consider that it is the very process of hadronization
cause of the large momentum transfer involved. In the casgf the beam quarks that produces the charmed quarks they
of charm, however, the quark mass is not large enough fosdhere to. This is actually the case for the leading particles of
PQCD calculations to be simply grantedpriori. In fact, |ight flavors in the standard string models. In these models
some experimental results indi(_:ate that nonpertL_erative Prdadrons are produced via the breakup of strings extended
cesses play an important role in charm production. For eXpetween quarks of the projectile and target. The fastest mov-
ample, in a pure PQCD picture thec pairs are produced ing particles come from the end point string fragments, those
mainly with oppositepr, due to the momentum conservation containing the valence quarks of the incident hadrons. This
in parton-parton collisions. The observed transverse momeneads to strong flavor correlations between fast hadrons and
tum distribution of the charmed pair shows almost no suchne projectile. Unfortunately these models exclude the lead-

back-to-back correlatior|sL]. In this case, however, one can jng charm production, since in most standard string models

still think of mechanisms that smear out the momentum cor- — . . . .
the c ¢ pair production rate is negligible.

relation of the charm quarks during the hadronization pro- ' . . .
q g P In this paper we point out that the leading charm effect is

cess. - e )
A more clear experimental indication for the existence offaturally obtained in a string model, as long as one allows

nonperturbative mechanisms of charm production is the lead®r color fields much stronger than that of a quark-antiquark
ing charm effec{2], the strong flavor correlations that are String. In this way a general description of the production of
observed between fast charmed hadrons and the beam p&ading particles, including charmed ones, can be achieved
ticles. Recent high-statistics experiments, WA82 at CERNwithin the string picture. In previous works, we have in fact
[3] and E769/E791 at Fermilapt,5], have shown that in shown that introduction of such strong fields enables one to
7" N—D*X reactions thez spectrum of leading) mesons  devise a string modéthe “firetube” model of Refs[7-10])
is significantly harder than that of nonleading ones. By defithat describes rather well the production of charmed and
nition, a leading charmed meson is one that shares a valené@ncharmed hadrons within a universal scheme. We argue
quark with the projectile. With a~ beam(as in the WA82  that the observation of the leading charm effect could thus be
o considered as an indication that these very intense fields are
present in hadronic collisions.
Other nonperturbative mechanisms have been proposed to
plain the leading charm effect, and could in principle be
added to the one considered here. These include intrinsic
A(xg) = O leadind XF) ~ Ononleadin§ XF) (1) charm[11], valons[12], and the final state interaction be-
Tleadind XF) T Tnonleading XF) tween the(perturbatively producec quarks and beam rem-
nants as implemented in PYTHIRL3].
where geading @Nd 0honieading @re the cross sections for the  In the following, we discuss the application of the firetube
leading and nonleading charmed particles as functions ahodel to the production of leading particles ip and 7p
Feynman'sxg . All experiments find that the asymmetry in- collisions. In Sec. |l we describe briefly the basic ideas of the
creases fromd=0 atxg=0 to A=0.6 atxg=0.7. This large firetube model. In Sec. Ill the production of leading particles
leading-nonleading asymmetry in the forward direction is(not necessarily charmgds discussed, and the momentum
very hard to understand in the PQCD scenario. A pure perdistributions of leading protons anft's produced inpp col-
turbative calculation predicts a much smaller effedt(0.1)  lisions are calculated and compared to data. Dheesons
[6]. produced inrN interactions and the leading charm effect are
The PQCD picture of leading charm production requiresdiscussed in Sec. IV. A summary and conclusions are pre-
the introduction of somed hoc mechanism that makes it sented in Sec. V.

experiment the incident quark content isud, so that

D~ (cd) is leading and *(c d) nonleading. A useful mea-
sure of the leading charm effect is the production asymmetry,

0556-2813/98/52)/953(6)/$15.00 57 953 © 1998 The American Physical Society



954 AGUIAR, KODAMA, NAZARETH, AND PECH 57

IIl. FIRETUBE MODEL ability distribution expu?/202). We takeo, to be pro-

The firetube model is a combination of the string angPortional to  the number of gluons —exchanged,
statistical approaches to particle production in hadronic colm="guonA M, AM being a parameter of the model. Ady
lisions. In this section we give only a rapid description of theWe Use the mass of the corresponding incident particle plus
model; more details can be found in Ref&-10]. The basic  that of a pion. S
idea of the model is that the two colliding hadrons exchange 'Nne chromoelectric field inside the tube produces quark-
gluons as they pass by each other, acquiring color charg@s_”“quark pairs by a process smﬂay to the Schwinger mecha-
+Q in the processwe omit the color Sy indices for sim-  NISM of eIectEn—posnron creation in QED6]. The produc-
plicity). A flux tube is formed between the receding particles,tion rate ofqq pairs per unit volume and unit time can be
confining the chromoelectric field created by their colorcalculated(in the Abelian approximationfrom Schwinger's
charges. This tube is represented as a single effective onésrmula
dimensional classical string with a tensikrproportional to

the energy density of the chromoelectric field. Because of the F2 =
multiple exchange of gluons, the color structure at the end Rq=—32 —Zexp(—mrmglF), (7)
points of the tube is more complicated than that of an “el- 4mn=1n

ementary” color-tripletqq_string (for example, that gener- ) )

ated in the electron-positron annihilation progessthe ra- ~ Where F=2k,Q is the chromoelectric force that a quark
dius of the flux tube is independent of the color charge at théeels inside the tube, anul, is the quark mass. In our cal-
end points, as suggested by lattice QCD calculatidr, culations we have modified Eq7) in order to account for

the string tension depends up@nas the final state interaction of th}:q_system and the finite size
5 of the flux tube[17-19.
k=koQ%, ) The quarks pairs created by the chromoelectric field tend

] ) - to screen the end point charg®s This screening makes it
wherek, is the tension of &) q string (we takeQ=1 as the  pogsible for the flux tube to break up into two pieces o@ce
quark color charge The color charg® fluctuates from one  hairs have been produced inside it. A simple estimate for the
collision to another because different numbers of gluons may,x tupe fragmentation rate per unit length per unit time is
be exchanged, and also because of thg 8lles of color  hen obtained as
addition. Assuming that each gluon exchange is a step of a
random walk in color spadel5], the mean end point charge

L dP SR
is given by

dxdt. Q (8)

n, (3)

Bl

Q*=

o where S is the cross section area of the tube, and
where n is the average number of exchanged gluons. It iSR=R,+Ryq+Rst -+ is the total number of quarks pro-

clear from Egs(2) and(3) that the exchange of even a few duced per unit volume and unit time. We assume that the

gluons generates string tensions significantly larger than thdlux tube breaks up according to the Artru-Mennessier area

of aqq string. law [20] (see Ref[21] for an alternative approaghand the
The motion of the two colored particles at the string endresulting fragments are regarded as clusters of excited had-
points is given by the classical equations ronic matter, or “fireballs,” which decay statistically into
the observed hadrons. The temperature of a fireball is deter-
dpi mined by its mass, being typically of the order 100 MeV.
dat +k (4 The fireballs can have strangeness or charm, if one oéthe

or ¢ quarks produced by the color field happens to be cap-
dx 0, tured inside it during the fragmentation process. In this case
R s (5  the mesons produced by the fireball thermal decay will in-

dt  Jp?+m?’ clude aK or aD.

The firetube model has a small number of parameters. The
most important one is the mean color cha@eor, alterna-
tively, the average number of gluons exchanged per colli-
n§ion, n. Other relevant parameters are the elementary string
constantky, the flux tube cross sectid®, and the leading-
fragment excitation paramet&m. Finally, a few constants
)2 define the minimum fireball mass, and determine how the

wherex; andp; (i=1,2) are the coordinates and momenta

along the string direction. The minydplus) sign in Eq.(4)

applies when patrticlé is to the right(left) of its partner. In

the center-of-mass frame, the trajectories of the end poi

particles are given by branches of hyperbolas
V2[R

Xi+ﬁ t ok =

m.
?' (6) effective temperature and longitudinal expansion rate of a

fireball depend upon its mass. For proton-proton collisions

The m; appearing in Eqs(5) and (6) are not the masses of We usen=2.0, ko=1 GeV/fm, S=1.5 fn?, andAm=0.3
the projectile and target. We assume that the incoming pa/GeV, obtaining a very good description of the momentum
ticles are excited by the collision, and thmt, the masses of distributions of pions, kaons, arfal's [7]. For pion-nucleon
the resulting colored systems, are given imy=M;+ u, collisions the only changes in this parameter setrare2.5
whereM; is a minimum value angk has a Gaussian prob- andAm=0.6 GeV.
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FIG. 1. xg spectrum of protons fro collisions. Triangles FlG 3. c.m. rapidity disFribytion ol hyperons produced ipp
and circles rFefeFr) to diﬁeren?experimerintpg,zsil. The solid Iing is CO”'S'OUS' Open squares indicate data takep at 200 G@m;
the firetube model calculation. The dashed line is the diffractive2PE" diamonds and black squares are from different experiments at
cross section. 300 GeVk [26,27). The solid line is the firetube model result.
IIl. LEADING PARTICLE SPECTRA wherety=/s/(2k), and the argument of thé function is

the trajectory of the end point particlesee Eq.(6) and the

The leading nucleons produced in proton-proton colli-corresponding sign conventiojnsThe distribution of the
sions have a fairly flaxg distribution. This experimental leading fragment break points does not follow the uniform
observation is better reproduced if we assume that the exspace-time density of internal string ruptures given in Eq.
tremities of the flux tube, which carry the projectile and tar-(8), but this is not surprising since the more complex struc-
get remnants, detach from the string at space-time pointsires at the end points of the flux tube should affect some-

distributed(in the c.m. framgaccording to how the detaching mechanism. The time distribution of lead-
) ing break points can be written
el — V2t 32 (m k)2
i =20l (T o)’ = (t=to)*= (M /%], (9) P 1 0
, dt (1)’
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FIG. 2. p;2 spectrum of protons fronpp inelastic collisions.
Experimental data is from Ref24]. The solid line is the firetube FIG. 4. p;? spectrum ofA hyperons produced ipp collisions
model calculation. at 205 GeV¢ [25]. The solid line is the firetube model calculation.
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FIG. 7. The charge® production asymmetryl as a function of
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FIG. 5. The distribution irxg for nonleading D*/F) mesons.

Since the momentum of the end point particles is linearly
related to the timd, such aP(t) gives rise to a homoge-
neous longitudinal momentum distribution of the leading

The solid curve is the firetube model prediction. EXpeI’imentanragments_ We assume that each fragment decays into two

points are from Ref[2].

where (in the c.m. framg \;(t) = V(t—to)*+ (m;/k)?. The
probability density for the detaching to occurta then

te—totAi(te)

_ft dt’ B 1
A Y B W NPT WO
(11)

1
Pi(t):)\__(t)

wheret. is the collision time[ x4 (t.) =X,(te) ]
In high-energy collisions we haveys>m, and
P(t)=1k,, a constant probability distribution for<0t<t,.
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FIG. 6. The distribution irxg for leading © ~/D° mesons. The

leading particles, both carrying valence quarks that originally
belonged to the beam. One of these particles is typically a
pion. The other is the leading baryon or meson we are inter-
ested in or a low-lying excitation of it. There is a finite prob-
ability that the end point fragments carry strangeness or
charm. This is because the color screening that occurs during
the detaching process should involve to some extent the
quarks produced inside the flux tube, and these include
strange and charmed ones. We consider the fra@ign/ R

to be the probability that a leading fragment carries a strange
or charmed quarkRs . is the strangeness or charm creation
rate as given by Eq.7), andR denotes the total quark pro-
duction rate as used in E¢B).

In Fig. 1 we show thexg spectrum of protons fronpp
reactions at/s=20 GeV. For 0<xz<0.7 the model calcu-
lation (solid line) is in reasonable agreement with the data
[22,23. At larger values ofg the cross section for diffrac-
tive dissociation becomes importafitashed ling If this is
added to our calculation, we see that a good overall agree-
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FIG. 8. The charge® production asymmetryl as a function of

solid curve is the firetube model prediction. Experimental points arg;. The solid curve corresponds to the model calculation. The ex-

from Ref.[2].

perimental points are from Ref5].
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ment with the experimental data is achieved. The transversieum of the leading particles and the good agreement be-

momentum distribution of protons fromp inelastic colli-  tween the calculations and the experimental data
sions atp;,,=400 GeVk is shown in Fig. 2. The calculation ~ Written in terms ofo(~©), theD* production asymmetry
follows quite well the experimental distributid@4]. measured by the WA82 and E769/E791 Collaborations has

In Fig. 3 we show the rapidity distribution &€ hyperons the simple form
produced inpp collisions. A good agreement is found be-
tween the model calculations and the experimental [&a oL
27]. The transverse momentum distribution we obtain for the A=———. (16)
A is also in accordance with the experimental reqi#fg, as o'+

seen in Fig. 4. : .
9 In Fig. 7 we compare this asymmetry, calculated as a func-

tion of xg, with the experimental resul{8-5]. The overall

agreement is good, although we tend to underestimate the
We now discuss in detail the leading charm effect ob-data at largexe. The asymmetryA as a function of the

served inN interactions. In applying the firetube model to transverse momentum is shown in Fig. 8. The calculation

charm production, we assume that ofilyand D* mesons follows reasonably well the recent experimental data of

come out of the charmed fireballs, and that their relativeE791, except in the high+ region.

number is given by the multiplicity of spin statd3¥ /D = 3.

IV. LEADING CHARM EFFECT

Considering for definiteness that the beam particle is"a V. SUMMARY
the cross sections for the production of the differBntne-
sons are Leading particle effects appear naturally in soft hadroni-
zation schemes like string models. The usual string models
0p-=0.1229+0.244 L), (12  fail to describe the leading charm effect only because they

predict that no charm is produced by the fragmentation pro-
cess. This is not the case with the firetube model, which is

0p+=0.122'), (13 pased on the idea that a single flux tube confining a very
strong color field is formed between the colliding hadrons
0po=0.378"%+0.500", (14)  after they pass by each other. The tension of the tube is
larger than the usual triplet-antitriplet string tension, and may

050=0.37&"%+0.25601, (15) reach values at which evarc pairs are produced at signifi-

cant rates. This gives a simple explanation for the leading
where o(© is the fraction of the total charm cross section charm effect: Ac ¢ pair that contributes to the screening of
associated with the mesons that come out of the central firdh€ end point color charge will have one of its quarks carried

balls, ando (1) is the corresponding fraction for the end point out by the leading fragment, which also contains the original

. i~ valence quarks of the beam patrticle. The decay of this frag-
(Iga@ng) fragments. Note that no_nlez{dn@ _mesons may oy gives rise to the flavor correlations that characterize the
originate from the decay of a leadiy* ~. This explains the

0 o =5 i leading charm effect.

o~ contribution to theD™ cross section. _ The results of this work show that such a framework is
In Figs. 5 and 6 we show the: distribution of nonleading  aple to account for the main features of the leading charm

(D*/DY and leading D /D% charmed mesons produced effect, providing a unified view of all leading particle phe-

in 7~ p reactions at 360 Ge¥/ We note the harder spec- nomena.
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