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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 region.
Special attention is given to the correlation between production in central and fragmentation regions. If the
fraction of the reaction energy released in the central region increases the asymmetnyidigtebutions of
charmed mesons will become smaller. We illustrate this quantitatively with simple calculations performed
using the interacting gluon model. Leadibegquark production is also considerd@&0556-282(196)05409-4

PACS numbe(s): 13.85.Ni, 13.87.Fh, 14.40.Lb, 14.65.Dw

Several experiments have reporfddia significant differ-  independent of all ingredients of the hadronization process
ence between the: dependence of leading and nonleadingsince they are universal and energy indepen¢anth as, for
charmed mesons. It was not possible to explain these dagxample, the fragmentation functionhe xg distributions
with the usual perturbative QC[2] or with the string frag-  of the leading charmed particles will thus eventually merge
mentation model contained PYTHIA [3] and some alterna- with the distribution of the centrally produced charmed par-
tive mechanisms have been advanced. The most detailed dat@les, which will then become broader. The asymmetry will
analysis, including predictions for asymmetry and leadingthen not be observed. The opposite might also be trie if
particle effect at higher energies, has been carried out witgecreases with energy. In this case the leading system will
the intrinsic charm modellCM) [4]. In this model, the es- carry proportionally more and more energy, implying a faster
sential ingredient for a good description of asymmetries iSeading charm and resulting in stronger asymméiy
the recombination mechanism which binds together the in- The asymmetry problem can therefore be well formulated
trinsic (fasy charm quarks and the valence quarks of thejust in terms of kinematical considerations. All dynamics
projectile. Apart from this fast component, there is a slowwil| show itself only in the way through which initial energy
one, which populates predominantly the central rapiddy  of projectiles will be distributed in rapidity space. For ex-
Xg) region and is given by perturbative QCD. The ICM is ample, one would naively expect that, if perturbative QCD
thus a two-component model where the cenfparton fu-  pecomes more important at higher enerdisscause of, for
sion) and fragmentation regior(gontaining intrinsic charin  example, increased minijet activitythe central production
components are completely independent and added in @nd also energy deposition in central regiavill become
simple way. In particular, there iso energy conservation dominant and the asymmetry will decrease or even disap-
constraint which would obviously result in some simple ki- pear. This goes along with the expected increase with energy

nematical correlations between them. . _of inelasticity deduced from the analysis of accelerator and
The purpose of this work is to show that such a kinemati-cosmic ray dat46].

cal correlation between central and noncentral production is |n what follows we shall therefore study leading charm
relevant for the study of the observed asymmetries in theyroduction in terms of the interacting gluon modéGM)
production of charmed mesons and that it is also connecteff], which has been invented to describe the inelasticity and
to another characteristic of high energy multiparticle producits energy behavior and recently used also to successfuly
tion processes, namely, to the inelastidityf the reaction. It describe many aspects of multiparticle produciimeiuding
defines the fraction of the initial energfs which is released its semihard minijets component, which can be important for
and deposited in the central region of reaction. In particularcharm production at high energjes
its energy (/s) dependence will be important here. Al mod-  Since the IGM has already been described previously in
els that address charm production in the central region pregreat detai[ 7], we shall provide here, for completeness, only
dict that there is no asymmetry in this region. Asymmetrythe most basic formulas and concentrate our attention on the
comes from the fragmentatioflarge rapidity y) region. specific mechanisms of charm production and on the calcu-
Therefore, ifK increases with energy, there will be less en-lation of the asymmetries between leading and nonleading
ergy available in the largg region and this will result in a charm mesons. The asymmetry has been most accurately
softening of the leadingg distributions. Notice that this is measured in therp scattering; therefore, we shall start dis-
cussing this process firg8]. In Fig. 1(a) we show the IGM
description of the energy flow in a hadron-hadron collision at

" Electronic address: dunga@if.usp.br high energies. Through the cooperative action of a certain
T Electronic address: navarra@if.usp.br number of soft gluons, carrying an overall momentum frac-
*Electronic address: cnunes@if.usp.br tion x; of the incoming pion, colliding with a similar bunch
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FIG. 1. (a) lllustration of a pion-nucleon col-
lision: fractionsx, andx, of the incoming hadron
X2 momenta form a central firebalCF) with prob-
ability x(x1,Xp). The fraction x,=x_ is car-

_— ried by the leading jefLJ). The leading jet mo-

P O§ mentum spectrum i$, 5(x,); (b) NonleadingD
meson production by central fireball fragmenta-
tion; (c) Nonleading D meson production by
leading jet fragmentationid) LeadingD meson

™ o ” production by leading jet recombination.
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tion x, of its momentum, an object called central fireball (\'s) dependence of the process, which is both explicit, in
(CF) is formed. It will decay later on producing observed the ¢ functions, and implicit, sincey(x;,x,) depends on
secondaries. In the IGN7], the probability for this to hap- /s . In Fig. 1(b) we show centraDD meson production
pen_is given by the fun_cti(_)t)((xl,xz_). The pion remnants whereD(D) is anyD meson carrying &(c) quark. Notice
leaving the central regioti.e., their valence quarks plus that, in the spirit of IGM, the central production ignores the
some gluons which did not interactarrying momentum  yajence quarks of target and projectitiefined here as those
x_ are called in the IGM thdeading jet (LJ) and, being \hich carry the essential quantum numbers of the colliding
themselves excited objects, may also produce partigfes  pions and protonswhich, in the first approximation, just
cludingD mesons _ “fly through.” Because of this, the centrally producés
From the basic functiory(xy,x;), we can compute the || not show any leading particle effect. There are two dis-
Feynman momentum distributions of the GXcg), where  tinct ways to producd® mesons out of LJ's: fragmentation
Xcr=X1~ Xz, and of the LIf, 4(x.), by a simple change of and recombination. It is assumed here that, whenever energy
variables: allows, we shall have alsec pairs in the LX(produced, for
example, from the remnant gluons present thefiéhese
L L charrr]ned q_ualglfs rg;ybundergo flragmentaltlion tu;)e_zsons_,h
- _ as shown in Fig. (), but may also as well recombine wit
X(Xcr) fo dxlfo dx0Xcr™ X1+ Xa) X(X1,X2) the valence qugrks as depic)t/ed in Figd)11t turns out that
5 only this last process will produce asymmetry. In the case of
X 8(X1XzS—4mp), 1) pion-nucleon scattering, the measured leading charmed me-
sons areD ~ and the nonleading a@*.
We shall now write the Feynmaxt single inclusive dis-
tribution of D~ mesons produced by the CF, by the fragmen-
tation (F) in the LJ and by the recombinatiofR) there:

1 1
fLaxp) = fo dxlfo dXp0(1— X=X ) x(Xq,X2)
X O(X1X5—M3), 2

Xp—

>, ()

do®F 1 XcF

wheremp (1.8 Ge\) andm, are the masses of tH2 meson o J; dXcex(Xce) L ~dxcg(xc)D
and of the lightest state produced in such collisiffik In ° b

the above equations, we clearly see the connection between
central and fragmentation productions. The momentum dis-
tributions of the systems which will later give origin to doF 1
charmed particles are derived from the same quantity = f
x(X1,X5). Moreover,x(xcp) andf 5(x,) carry all the energy

c

XL Xp-
ax futx) | axegxep|
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do E FIG. 2. x¢ distributions ofD mesons calcu-
—_— lated with the IGM. The solid line shows the con-
dxF 1 tribution of the central fireball fragmentation. The
1  dashed line shows the contribution of the leading
[ jet fragmentation and the dotted line shows the
1 N contribution of the leading jet recombination.
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doR 1 malized contributions coming from the three processes
P L _dXLfLJ(XL)f dxcf ch_f qu_f dxg above[Egs. (3), (4), and (5)]. As expected, central produc-
b tion (solid line) leads to the softe€d mesonxg distribution,
X g(Xe)g(XD F (X F(Xg) S(Xp - — Xg—Xg) recombination in the leading jetlotted ling leads to the
hardest final distribution, and the leading jet fragmentation
X O(XL =X X ™ Xd— Xu), (5  (dashed linglies in between. This is so becaugéx cp) is

softer thanf ;(x,) and because recombination adds mo-
menta whereas fragmentation always causes some decelera-
tion. Note that, although flat, the dashed and dotted curves
have pronounced maxima at very low, . This is a direct

where f(x) and g(x) are distribution functions of valence
and charm quarks, respectively, and béz)’'s are charm
quark fragmentation functiorigt]. The D* momentum dis-

tributions are given by3) and (4) with the replacements: consequence of the behaviorgffx). If, instead of the form

- i ; X
b —D", c—c. T_hes_e nonleading mesons will not be pro- (6), we use an intrinsic charm distribution, we will obtain a
duced by recombinatiohEqg. (5)]. The functionsf(x) and strong suppression at low and a maximum around

g(x) are essentially unknown since they are momentum diS>'<D=0.4—O.6. A final comment on this figure is that our dis-

tributions of partons inside the CF and inside the LJ after thqribution of centrally produced’s (solid line) is broader

collision. Following our assumption that the valence quarksthan the one obtained from perturbative QCD. This is so
interact weakly, we shall approximatigx) by the initial

o because the cooperative mechanism adds together soft glu-
state valence quark distributions and take them from [Réf. b g g

S SR ons, increasing the energy released in the central region, fa-
As for the charm quark d|str|but|ogI(x), the situation is Ies§ voring higher values of, andx, [in Fig. 1(&)] and allowing
clear. Thec—c pairs do not come directly from the sea: in ¢ cryations with higheixer. Considering all that was
the CF they are produced and in the LJ they may be excite aid above, we can conclude that the IGlMe the ICM) is
It is therefore reasonable to think that the charm quarks wil two-component model in which the components are not
be somewhat faster than ordinary sea quarks. Accordinglx,

ery much different in shape from each otliigr sharp con-
we shall use forg(x) the ansatz proposed by Barger and gt g what happens with the components of the JGiud
collaboratord 10]:

have some overlap. Because of this we expect to find smaller
112 asymmetries than those found in Rpf], but this depends,

(6)  of course, on how one mixes the different components. In
what follows we write the differential cross section as the
which is less singular than xbut still much softer than an > of a central fireballCF) and a leading jefLJ) compo-
intrinsic charm distribution which behaves typically like nents anq thg last one as the sum Qfafragme”taﬁ‘)@(‘d

a recombinationR) components, using a similar notation as

X(1—x). The fragmentation functions have the Petersonm Ref. [4]

1-x
g(X)=(—

X

form [11]
1 do (1- ) 1 dO’CF+ 1 doV ®
- - =A=-7 it o
DC*?D(Z) 2[1_1/2_8/(1_2)]21 (7) g dXDf g dXDf g dXDf
where &= (M + pg7)/(M3+pdr) andmg, pgr, Mg, Por idiu:(l_g)i doF +§i doR ©
are mass and transverse momentum of the light and of the o dxp- o" dxp- ot dxp-’

heavy quark, respectively amdlis a normalization constant.
In the present case=0.06. In Fig. 2 we show théunnor-  where the mixture parameters af¢0<£¢<1) and
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FIG. 3. (a) xg distribution ofD* mesons calculated with our model and compared with WA82 dhjar distribution of D~ mesons
calculated with our model and compared with WA82 data. Solid line corresponds- @8 in Eq.(9) while dashed and dotted lines
correspond t&=0.5 and¢é=0.2, respectively{c) the asymmetry calculated with the IGM and compared with WAS#id circles, E769
(open squargsand E791(open trianglesdata. Solid, dashed, and dotted lines correspond to the same chdaicesaoh (b).

ol (as all other models which address these d#ta IGM for
7= cF 0 (100 hadron-nucleon collisiongl4].
In Fig. 3 we compare our calculations with WA82 data.
Figures 3a) and 3b) show thex spectrum ofD* and

In the case of th® " distribution, the expressions above are = respectively, and Fig.(8) shows the asymmetry which
the same bug=0. is given by
The ICM parameter; has been chosen 0.2 because of an

analogy betweerr;. (our o) and the diffractive charm do do
cross section. On the other hand, in the valon mf#i2] the -
. . dXDf dXD+
same data are addressed without any central component. This A(Xg) (12)
would correspond to takingg= 1. Here, because of the ki- d do
nematical mixing between CF and LJ, the valuerofs es- dxp- dxp+

sentially free. In what follows we will choose it to be

7= 0.7. Note also that, in our casé&s=0 corresponds to no In Figs. 3b) and 3c) solid, dashed, and dotted lines cor-
asymmetry. Since existing data on open charm productionespond tc¢=0.8, 0.5, and 0.2, respectively. Data points are
[1] apparently do not show nuclear effef1s8], we use here from the WA82, E769, and E7915] Collaborations. As it
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FIG. 4. (8 Momentum distributiony(xcg) of the central fireball at/s=26 GeV (solid line) and at\/s= 1800 GeV(dashed ling (b)
Momentum distributionf,_;(x,) of the leading jet at/s=26 GeV (solid line) and aty/s=1800 GeV(dashed ling (c) The asymmetry in
pion-proton collision calculated with the IGM: solid line corresponds\=26 GeV with »=0.7 and dashed line corresponds to
s=1800 GeV with»=0.25. In both case§=0.8.

can be seen, a satisfactory description of data can be obfistributionsdo/dxy- will depend on+/s through x(Xcp)

tained with the IGM. The best description can be obtainedandf
with a large amount of recombinatiog = 0.8). This is ulti-
mately because of our choice gfx). We have checked that
the choice of an ordinary sea distribution for the charm
quarks in the CF and LJ requireg=1.0 and¢é=1.0 for a
reasonable fit. The choice of an intrinsic charm distribution
allows for small values ofy and¢. The conclusion seems to 7

Li(x.). The behavior of these last functions wils is
shown in Figs. &) and 4b), respectively. We observe a
very modest broadening of(xcp), implying a small in-
crease of(xcp) and a more pronounced softening of
fLy(x) with the corresponding reduction dk ). As for
an extensive analysig] of charged particle production

be that although data do not rule out usual sea distributiondP 0 Tevatron energies has shown that it decreases by a
as an input, good fits with more reasonable values of théactor of 3 when we go from CERN Intersecting Storage

parameters can be obtained using harder charm quark distfiRings (ISR) to Fermilab Tevatron energies. Assuming a

butions such a¢6) or the one used in Ref4].

similar reduction for the case of charmed particle production,

We consider now the energy dependence of the asymmez Will change from 0.7 to 0.25. Considering what was said
try. All details concerning the particularities of charm pro- above, we evaluate again all the expressighs-(9) at

duction are energy independent. In E@.and(9) », &, and

Js=1800 GeV. The resulting asymmetry is shown in Fig.

the differential distributions, i.e., respectively normalization4(c) with a dashed line. For comparison we show in the same

and shape of the curves, can dependyen For simplicity

figure the asymmetrywith a solid ling at \/s=26 GeV cal-

we shall assume th@tdoes not change with the energy. The culated with the same parameters. It decreases 20% in the
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- FIG. 5. xg_distribution[ x(Xcg) ] of centrally
producedb— b (solid line) andc— ¢ (dashed ling
quark pairs.
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region xg=0.5. Although this is not a very impressive As a straightforward extension of our analysis we calcu-
change, it illustrates the trend. Moreover, we know that thdate now the asymmetry iB meson production. This is done
asymmetry goes asymptotically to zero singes0. We em- by simply replacingmp by mg=4.75 GeV in (1) and
phasize that this is so because the Gl its version[7]) £=0.06 by ¢=0.006 in (7). In principle, we should also
predicts that at higher energies, because of the action afhangeg(x) but in a first estimate we keep the ansgdy If
minijets, the energy deposition in the central region will in-we would use an intrinsic distribution far(x), it would be
crease implying two effects: a growth of the central multi- very weakly dependent on the heavy quark nfdgsin Fig.
plicity (thus implying an increase of-17) and a softening 5 we show they(xcp) distribution for charm(dashed ling

of the leading jet momentum distribution. We can thereforeand for theb-quark production(solid line) with the proper
conclude that, irrespective of details of charm productionchange in Eq(1). The energy is/s=26 GeV. The effect of
these both effects combined will reduce the asymmetry. It isSncreasing the production threshdlohy— mg in the 6 func-
interesting to mention that the data collected in Fi¢c)3 tion in Eqg.(1)] is to select events with a more massive CF
come from three different collaborations E769, WA82, andand with larger lower limits fox; andx,, suppressing thus
E791, with beam energies of 250, 340, and 500 GeV, respedarger values okcg=X;—X, With respect to charm produc-
tively. In the c.m. systenfc.m.s) this corresponds to a varia- tion (in the limit of total energy deposition, i.ex;=x,=1,
tion from \/s=23 GeV to/s=33 GeV. This energy change the CF would be at restThis effect is, however, very small.
is small and the error bars are large and therefore no changéis is expected and is seen in Fig. 5. In Figp)§6(b)] we

in the asymmetry is visible yet. At higher energies there is ashow thexg distributions of nonleadingleading D and B
chance to experimentally verify this behavior at the BNL mesons. The energy and the parameters are the same as in
Relativistic Heavy lon Collider(RHIC) or CERN Large Fig. 5 (»=0.7 andé=0.8). Nonleading spectra are calcu-

Hadron Collider(LHC). lated with Eqs(3) and(4). The Peterson fragmentation func-
— 71 T o T 1 T L — T — 1 T T T LA B — 1
100 |- - —~ \/]§=26GeV_: 0o /= x/-;=26GeV_:
10 3 - 10 F ]
do ¢ ] do E
dxg dx,
1L sol— B’ 4 1L 4
E dash — D* ] F dash— D~ ]
[ 6a) + 6b)
0,1 n 1 n 1 L ] n 1 " 1 " 1 1 2 n 0.1 i L " 1 " 1 n 1 n 1 1 1 A 1 n 1 1 1 n
0,0 0,1 0,2 03 0,4 05 0,6 0,7 08 09 1,0 0,0 01 02 03 0,4 0,5 0,6 07 08 09 10
XF XF

FIG. 6. (a) xg distribution of nonleadind® (solid line) andD (dashed lingmesonsib) The same a$a) for leadingB (solid line) and
D (dashed lingmesons. The energy is in both casfs=26 GeV.
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tions, appearing in those equations, are very sensitive to thenergy hadron collisions. It properly takes into account the
value ofe. In the case of thb-quark, the strong reduction of correlation between energy deposition in the central region
¢ makes the fragmentation function strongly peaked at venand the leading particle momentum distribution. It accounts
large values ok. The emergind3’s will therefore be much  for charmed meson production in a natural and satisfactory
less decelerated than tfi2's. This effect compensates the way and makes the prediction that at higher energies, the
previous one and the final nonleadiBglistribution is harder increase of inelasticiti (see[7]) will lead to the decrease of
than the nonleadin@ one. The Ieading distributions include the asymmetry in heavy quark production_ It also predicts a
recombination, given by E¢5), which is not affected by the  \yeaker asymmetry for the quark. We believe that this point
change in the heavy quark mass. Because of this, the specfioyiq also be addressed by other models which deal with
in Fig. 6(b) exhibit the same qualitative behavidd'é faster asymmetry in heavy flavor productiga6].
thanD’s) seen in Fig. 6 but the difference betweeRB’s
and D’s is smaller. The asymmetries & /B* and D~/ This work was supported partially by FAPESP, by CNPq,
D* are shown in Fig. 7 with solid and dashed lines, respecand by the Polish State Committee for Scientific Research
tively, for s=26 and 1800 GeV. The asymmetry in the Grant. One of ugF.S.N) is deeply indebted to his Polish
guark is about 50% weaker than that in charm@at 0.8 and  colleagues for the warm hospitality extended to him during
both show a similar decrease with energy. his stay in Warsaw. It is a pleasure to thank R. Vogt for very
In conclusion, the IGM describes the energy flow in highinstructive discussions.
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