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D-meson production from recombination in hadronic collisions
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Nonperturbative effects inD-meson production in pion-nucleon and proton-nucleon collisions are investi-
gated within the recombination model. The coalescence of perturbatively created charm quarks with sea and
valence quarks from projectile and target fragments is shown to be competitive in magnitude with standard
fragmentation calculations at both central~smallxF) and forward rapidities. Corresponding flavor asymmetries
for inclusiveD-meson production are thus mostly generated on the~light-! parton distribution level, and turn
out to be in reasonable overall agreement with available fixed-target data. Predictions for upcoming measure-
ments at BNL RHIC are given.
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I. INTRODUCTION

Since their discovery in the 1970s charm quarks h
proven to be valuable probes of quantum chromodynam
~QCD! via the production of open- and hidden-charm sta
in hadronic collisions at high energy@1#. With the charm-
quark mass,mc.1.5 GeV/c2, being on the borderline o
perturbative and nonperturbative momentum scales, me
nisms associated with both regimes are likely to play a r
in their elementary production. In addition, nonperturbat
effects are inevitably involved in subsequent hadronizati
related to the wave functions of the final-state mesons
baryons.

The usual way of describing charmed hadron product
is based on the factorization theorem@2#, i.e., a perturbative
treatment for the creation of acc̄ pair through annihilation of
partons within the incoming hadrons~folded over appropri-
ate parton distribution functions!, followed by individual
hadronization of thec quarks utilizing a~more or less! uni-
versal fragmentation functionD(z) ~wherez is a normalized
momentum fraction of thec quark!. Both stages in this de
scription are not free of problems, or at least restricted
certain kinematic regimes. E.g., in leading-order~LO! pertur-
bative QCD ~PQCD!, the elementarycc̄ production cross
section underestimates open-charm production in hadr
collisions by large factors of;5 ~the so-calledK factors!.
Next-to-leading-order~NLO! estimates typically account fo
half of the deficit, with appreciable uncertainties inherent
underlying parameters such as the bare-charm quark m
renormalization, and factorization scales@1#. This obviously
leaves room for additional contributions of nonperturbat
origin.

Concerning the hadronization ofc and c̄ quarks, some
empirical observations, especially at low transverse mom
tum (pt), cannot be captured by standard fragmentat
functions. E.g., flavor systematics at forward rapidities
hibit the so-called leading-particle effect@3–12#; that is,
charmed hadrons containing light quarks corresponding
projectile valence quarks are much enhanced over their a
0556-2821/2003/67~7!/074036~10!/$20.00 67 0740
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particles. A natural explanation is provided by arecombina-
tion @13–15# of projectile valence with forward-produce
charm quarks~antiquarks! @16–22#, facilitated by small ra-
pidity differences. More indirectly, it has been found@1# that
xF andpt distributions ofD mesons are well reproduced b
delta-function fragmentation functions; i.e., the produc
charm quarks do not seem to lose momentum as one w
expect for a~realistic! fragmentation process. This is sugge
tive of the importance of recombination mechanisms even
central rapidities. As opposed to high-pt emission, charm
quarks at lowpt move at low velocity relative to their envi
ronment, with little energy available for string breaking, th
facilitating a ‘‘statistical’’ attachment to neighboring ligh
quarks.

Finally, as has been pointed out in Ref.@1#, available ex-
perimental data from bothp-N andp-N collisions point at a
significant enhancement ofD1/D2 over D0/D̄0 total pro-
duction ~dominated by central rapidities and lowpt) over
expectations from perturbation theory. This feature is a
borne out when performing empirical fits using thePYTHIA

event generator, which require separateK factors to fitD6

andD0/D̄0, differing by a factor of;2 @23#.
In the present paper we address the aforementioned fl

dependencies by evaluating a suitably formulated recom
nation model for charged and neutralD mesons extended to
the centralxF region. This allows to assess~‘‘soft’’ ! recom-
bination processes involving sea quarks from both projec
and target nucleons~or pions!, and thus aims at a consiste
treatment of forward- and total flavor production asymm
tries. In addition, one obtains estimates forDs-meson pro-
duction within the same framework.

The following presentation is organized as follows.
Sec. II we recall the main features of recombination mec
nisms as have been applied in the literature before, and
eralize them for our purpose of central production. L
PQCDcc̄ cross sections are employed to obtain the prim
dial c-quark distribution, including a single~constant! K fac-
tor adjusted to the measured total yields. The two key~non-
perturbative! quantities to evaluate subsequentD-meson
©2003 The American Physical Society36-1
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formation, namely, a two-parton distribution function and
recombination function, are discussed in detail. The form
provides the light quark for the ‘‘coalescence’’ proces
whereas the latter characterizes the pertinent overlap p
ability to form aD meson. In Sec. III we compare our resu
with available data from bothp-N andp-N reactions, and in
Sec. IV we quote our predictions for upcoming measu
ments at the BNL Relativistic Heavy-Ion Collider~RHIC! in
the p-p mode at center-of-mass~c.m.! energy As
5200–500 GeV. We finish with conclusions and an outlo
for future work, in Sec. V.

II. CHARM-QUARK RECOMBINATION INTO D MESONS

A. General outline of the approach

The basic idea of the recombination approach is t
quarks produced in hadronic collisions hadronize by ‘‘co
lescing’’ with quarks preexisting in the wave function of pr
jectile ~and/or target!. This mechanism is quite different from
the usual fragmentation, where produced quarks hadro
individually by string breaking, independent of their enviro
ment. Fragmentation functions therefore ought to be univ
sal objects, which, in principle, can be extracted frome1e2

collisions, where fragmentation is expected to be the s
source of hadron production. However, as already poin
out in the introduction, the application to hadronic collisio
is limited. The first clear deviations have been identified
forward production of low-pt kaons and pions inp-p colli-
sions at CERN intersecting storage rings~ISR! or Fermilab
fixed target energies (Elab>100 GeV) @24#, which showed
strong enhancement of thep1/p2 ratio at largexF ~up to a
factor ;5), and even more pronounced forK1/K2. This
lead Das and Hwa@13# to propose, within the parton-mode
framework, the recombination model: forward-produc
quarks preferentially ‘‘pick up’’ valence up quarks from th
projectile, thus favoring the ‘‘leading’’ hadrons (p15d̄u and
K15 s̄u) over their ‘‘nonleading’’ antiparticles. In addition
as shown in Ref.@14#, recombination is also capable o
nicely describing the observed increase ofp2/K2 and
K1/p1 for xF→1.

From a theoretical point of view, charm quarks~anti-
quarks! are a cleaner probe of recombination dynamics d
to the negligible probability of producing them in seconda
reactions. Indeed, the recombination approach has been
cessfully applied@16–22# ~see also Refs.@25,26#! to forward
production of charmed hadrons, which similarly exhib
leading-particle effects. However, little attention has so
been paid to light-flavor asymmetries in the bulk product
of charmed hadrons, which necessarily requires substa
contributions in the central region (xF around 0! at low pt
where most of the yield is concentrated.

Here we generalize the recombination approach to inc
porate D-meson formation at smalluxFu. Since the low
~Bjorken-! x region is predominantly populated by se
quarks, the main extension concerns the evaluation of t
recombination withc quarks. One of our ideas here is th
besides the valence content, the proton sea possesses
established flavor asymmetry which could reflect itself in
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flavor composition ofD mesons.
To begin with, the evaluation of the production ofcc̄

quarks has to be specified. For forwardD-meson production
it has been suggested that an ‘‘intrinsic’’ charm compon
@27,28# in the projectile wave functions could be responsib
for significant recombination contributions@29,20#. Such a
‘‘hard’’ charm component seemed to be required to acco
for the leadingD-meson distributions towards largexF at
ISR energies. On the other hand, more recent data@9# indi-
cate that the shape of inclusiveD-mesonxF distributions
agrees well with PQCD predictions for bare-charm qua
~antiquarks! ~i.e., without momentum loss due to fragment
tion!. We take this as a motivation for the following pictur
@16,17# that will be employed below:cc̄ quarks are assume
to be exclusively created in~primordial! hard parton-parton
collisions, evaluated in LO PQCD upscaled by a single e
pirical K factor @.5 –6 for typical choices of parton distri
bution functions ~PDF’s! and charm-quark massmc
51.35 GeV] to match the experimental yields. The sub
quently generated charm-quark (xF) distributions are then
subject to recombination processes which necessarily
volve nonperturbative information.1 For comparison with
data, charm quarks that do not recombine are hadronized
isospin symmetric fragmentation with the usual polarizat
weights ~i.e., 3:1 for D* :D), and, for simplicity, in
d-function approximation for thexF dependence.

An important part of the inclusive charged and neut
pseudoscalarD-meson yields~as reported by most exper
ments! stems from feed down contributions fromD-meson
resonances, most notably the vector mesonsD* (2010). The
two charge states of the latter exhibit rather asymmetric
cay characteristics: theD* (2007)0 decays to; 100% in
D0(1865) ~with accompanyingp0 or g), whereas the
D* (2010)1 has a branching ratio of 68% intoD0(1865)p1

and only 32% intoD1(1869) final states~charge conjugate
modes for anti-D mesons implied!. As a consequence, th
flavor composition of inclusiveD mesons depends on th
relative abundance of directly producedD and D* mesons
~higher resonances are neglected!. For flavor-symmetric di-
rect production, and defininge5ND* /(ND* 1ND), one
finds for the inclusive charged-over-neutralD-meson ratio

Rc/n[
~D11D2!

~D01D̄0!
5

S 12
2

3
e D

S 11
2

3
e D , ~1!

whereas the inclusive particle-over-antiparticle ratios,R1/2

1Note that in Ref.@22#, a hard-scattered~projectile! parton itself

~after radiating off a gluon that fuses intocc̄ with a target gluon!
participates in subsequent recombination, whereas in the pre
analysis spectator quarks or antiquarks recombine. Formally,
former process is suppressed by one power inas , which, for very
forward production, is compensated by a large kinematic enha
ment. Consequently, the results of Ref.@22# exhibit essentially no
asymmetry for centralxF<0.2.
6-2
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D-MESON PRODUCTION FROM RECOMBINATION IN . . . PHYSICAL REVIEW D67, 074036 ~2003!
and R0/0̄ , are independent ofe. For c-quark fragmentation,
we employ the usual partitioning according to spin-isos
polarization counting implying a 3:1 ratio forD* :D, i.e., e
53/4 and thusRc/n50.33. On the other hand, the recomb
nation contribution is essentially a coalescence process
is therefore expected to be sensitive to the mass of the p
uct. Taking as a guideline effective thermal weights as
tracted from light hadron production inpp collisions @31#,
with TH5170–175 MeV, results in a ratioD* /D
.3(mD* /mD)3/2exp@2(mD*2mD)/TH#.3/2, i.e., e50.6,
which will be adopted below. In the absence of any flav
asymmetries this value fore implies Rc/n50.43. ThexF de-
pendence of particle/antiparticle asymmetries is often
played in terms of the so-called asymmetry function, defin
via the production ratios as

A2/1~xF!5
ND22ND1

ND21ND1

5
R2/121

R2/111
, ~2!

R2/15
11A2/1

12A2/1
, ~3!

and likewise forD̄0 vs D0 ~for baryon projectiles, anti-D
mesons are the ‘‘leading’’ particles!.

For the remainder of this section we focus on the reco
bination contribution toD-meson formation. In the abov
specified approach, the pertinent cross section in hadr
collisions at high energies takes the form@16,17#

x*
ds rc

dxF
5E dxq̄

xq̄
E dz

z S xq̄z*
d2s

dxq̄dz
DR~xq ,z;xF!, ~4!

with a similar expression forD̄ ’s upon replacingc↔ c̄ and
q̄↔q. Here, x* 5E/(As/2) and x5pl /(As/2) denote the
D-meson energy and longitudinal momentum, respectiv
normalized to the incoming proton~carrying c.m. energy and
momentumAs/2), with z* andz those of the charm quark
andxq̄ the momentum fraction of the~projectile! light anti-
quark participating in the recombination~note that, for nucle-
ons, the antiquark necessarily arises from the sea!. The
double-differential cross section for the simultaneous p
duction ofc and q̄ quarks is given by

xq̄z*
d2s

dxq̄dz
5E

mc
2

W

dmc,'
2 (

i , j
E

x1
min

x1
max

dx1

3
xq̄x1f q̄i

(2)
~xq̄ ,x1!x2f j~x2!

~x12z1!

dŝ i j →cc̄

d t̂
, ~5!

with kinematic boundariesx1
min5z1 /(12z2), x1

max51
2xq̄ @defining z65 1

2 (z* 6z)], and W5s(12z2xq̄)(1
2xq̄)(11z)/(22xq̄)2. dŝ i j /d t̂( ŝ,mc,') denotes the stan
dard LO PQCD parton fusion cross section@32,27# ~includ-
ing the K factor!. The summation overi , j accounts for the
possible parton combinations from target and projectile h
rons, with f j the distribution function for the targe
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~nucleon!. An analogous expression describes recombina
processes with target~light! quarks, upon replacingf q̄i

(2)(x1)

→ f i(x1) and f j (x2)→ f q̄j
(2)(x2). The two crucial ingredients

in evaluating the cross section, Eq.~4!, are the recombination
function R and thetwo-parton distribution functionf q̄i

(2) . In
the following we discuss both entities in more detail.

B. Recombination function

The recombination functionR essentially represents th
~absolute value squared! wave function of the nascent charm
meson in terms of its quark constituents. For forward p
duction one can rather straightforwardly employ the par
model in the collision~c.m.! according to@13,18#

RD5@B~a,b!#21j q̄
a
zbd~12j q̄2z!, ~6!

with j q̄[xq̄ /x, z[z/x. The beta-function prefactor
B(a,b)[G(a)G(b)/G(a1b) (G is the gamma function!,
ensures the correct wave function normalization,

15E
0

1 dj q̄

j q̄
E

0

1dz

z
RD . ~7!

The actual values of the exponentsa andb have been moti-
vated by two approaches. On the one hand, in Ref.@18#, the
requirements that the average momentum fractions of
two constituents scale with their masses, and thatGD
[RD /(j q̄z) stays finite forj q̄→0 ~in the spirit of a constitu-
ent quark distribution function!, are met by the choicea
51 andb55. On the other hand, in Ref.@16#, it has been
argued on the basis of leading Regge trajectories thata51
2av with av50.5 for v5u and d, andb512ac with ac
.22.2. Our results shown below turn out to have little se
sitivity to the difference between these two cases.

A more severe complication arises when applying
parton-model wave function for smallD-meson momenta
i.e., forxF close to zero~central production!; here, light-cone
momentum fractions become ill defined, involving even co
tributions from backward moving charm or light quarks~an-
tiquarks! ~with respect to the collision c.m.!. Because of the,
in principle, invariant nature of the parton model we c
resolve this problem by evaluating the recombination fu
tion in a boosted frame, which we choose as the projec
rest frame. In practice this procedure is, however, beset w
a residual frame dependence owing to the finite transve
masses of charm and, more sensitively, light quarks. We
use the bare-charm quark mass together with typical lig
quark transverse masses ofmq,t.0.320.5 GeV.

Another approach which avoids this complication is bas
on the formulation of the wave function in terms of rapidi
variables, as first suggested in Ref.@15# via a ~normalized!
Gaussian distribution,

RD~y;yc ,yq!5
1

A2psy

exp~Dy2/2sy
2!. ~8!
6-3
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The latter is solely characterized by its widthsy and the
rapidity differenceDy[yc2yq̄ with the charm- and light-
quark rapidities given by

yi5
1

2
lnS Ei1pi ,z

Ei2pi ,z
D . ~9!

Again one is sensitive to the transverse massmq,t of the light
quark within the incoming hadron, which here, however, c
ries a physical meaning: it is a nonperturbative quantity~in-
directly! accessible by various experimental informati
~e.g., transverse momentum spectra of Drell-Yan pairs!.

In Sec. III we discuss both approaches of evaluating
recombination function, i.e., parton-model vs rapidity-spa
wave functions. The pertinent results presented turn out t
rather robust. This, after all, can be understood from
notion that also the parton-model wave functions imply
main contribution from a rather limited relative rapidity in
terval of ^Dy&51 –2 @15,16#.

C. Two-parton distributions

1. Kinematic correlations

The two-parton distribution function~2-PDF! f q̄i
(2) , which

importantly figures into the double-differential cross sectio
Eq. ~5!, characterizes the probability to simultaneously fi
parton i at x1 ~participating in the hard fusion process in
cc̄) and the antiquarkq̄ with momentum fractionxq̄ ~partici-
pating in the recombination process!. In general it can be cas
into the form

xq̄x1f q̄i
(2)

~xq̄ ,x1!5xq̄ f̂ q̄~xq̄!x1f i~x1!r~xq̄ ,x1!, ~10!

where f̂ q̄(xq̄) represents the constrained probability for p
ton q̄ at momentumxq̄ under the condition that partoni is at
x1, and r(xq̄ ,x1) encodes all other correlations which a
usually assumed to be governed by phase space.

As a simple ansatz the following factorized form has be
proposed@13#,

f q̄i
(2)

~xq̄ ,x1!5C2f q̄~xq̄! f i~x1!~12xq̄2x1!p, ~11!

whereC2 is a normalization constant. The last factor in E
~11! implements a phase space dependence for large mo
tum fractionsxq̄1x1→1 ~for a collinear three-body phas
where, in the c.m. system, target and forward@ i q̄# states
recede from each other with the projectile at rest, one
p51 @13#!. Some confidence in this ansatz was drawn fr
phenomenological successes in describing, e.g.,~semi-! in-
clusive p and K production in the fragmentation regio
@13,14#. In subsequent work@18# the 2-PDF has been elabo
rated on a more microscopic basis within the so-called va
model of ~low-pt) hadronic structure, where light-~anti-!
quark distributions are generated from composite vale
quarks at low momentum scales, see, e.g., Ref.@30# for a
recent update. Within this approach, alsocc̄ production
arises from Fock components of the valon distributio
similar to the ‘‘intrinsic-charm’’ model@27,28#. Their contri-
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bution can be significant at largex, but cannot account for
inclusive charm yields. However, since our primary object
here is the evaluation ofD-meson flavor dependencies
bulk production, we retain thecc̄ cross section as a har
process in factorized form, cf. Eq.~5!. Thus, results dis-
cussed below refer to the simplified ansatz, Eq.~11!, for the
2-PDF’s.

A more explicit treatment of anticharm-quark recombin
tion with leading~valence! light quarks within a factorized
scheme has been undertaken in Refs.@16,17#. At the price of
a more schematic underlying 1-PDF’s, a 2-PDF of the fo

f v i
(2)5Axv

2avx1
2g~12x12xv!m~12x1!k ~12!

has been proposed. Here,xv denotes the momentum fractio
of the ~recombining! valence quark in the nucleon, and th
exponentsav , g, k, and m reflect the appropriate limiting
behaviors forx1,v→0,1 ~e.g., av50.5 for valence quarks
andg51 for sea quarks and gluons!. The ansatz, Eq.~12!, is
furthermore constrained by the normalization condition

E
0

(12x1)

dxv f v i
(2)~x1 ,xv!5 f i~x1!, ~13!

which can be used to fix the numerical constantA as well as
k andm according to the parton typei ~note that this can only
be applied for the case of valence quarksv). In particular, it
has been argued@16# that for fixed xv , f v i

(2)(h1) with h1

[x1 /(12xv) can be interpreted as the single-parton dis
bution of the quarki in the hadron remnanth̃1 ~with the
valence quarkv removed!, and that forx→1 andz→x an
approximate factorization into two single-parton distrib
tions holds, i.e.,

f v i
(2).Cxv

2av~12xv!m2g f i~h1!

} f v~xv!~12xv!2g f i~h1!. ~14!

In an alternative view, one might considerf v i
(2) at fixed x1

~being determined on a shorter time scale—hardcc̄
production—thanxv) as the single-parton distribution o
quarkv in the hadron remnant without partoni. In this case,
one straightforwardly obtains from Eq.~12! the factorized
form

f v i
(2)5Ãf v~hv! f i~x1!~12x1!21, ~15!

with hv[xv /(12x1) and Ã51 upon imposing Eq.~13!.
This result suggests an immediate generalization for
quarks according to

f q̄i
(2)

5 f q̄~h q̄! f i~x1!~12x1!21, ~16!

with h q̄[xq̄ /(12x1).
To illustrate the differences between the simple factori

tion ansatz with phase space correction, Eq.~11!, and the
newly suggested ‘‘remnant’’ ansatz 2-PDF, Eq.~16!, we
show in Fig. 1 particle-antiparticle asymmetries inD-meson
production for fixed targetp-p collisions. The results include
6-4
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D-MESON PRODUCTION FROM RECOMBINATION IN . . . PHYSICAL REVIEW D67, 074036 ~2003!
the recombination contribution only, and are based o
rapidity-space recombination function, Eq.~8!, with sy
50.5 @using Glück-Reya-Vogt 1994~GRV94! leading order
~LO! @33# for the underlying 1-PDF’s#. In the central region,
where bothxq̄ and x1 are small, mutual~anti-! correlations
are suppressed, and the two Ansa¨tze indeed approximately
coincide. However, the ‘‘remnant’’ 2-PDF, Eq.~16!, develops
a somewhat steeper increase of the leading-particle asym
try with increasingxF . Note also that recombination wit
valence quarks is the prevalent process even for centraxF
~indicated by nonzero values atxF50, as well as the large
asymmetry in the neutral ratio involvingu quarks!. The d̄/ū
asymmetry in the proton sea, which favorsD1 formation,
does not significantly suppress the charged ratio. One sh
also point out that the absolute magnitude of the recomb
tion cross section for the individualD-meson states is abou
20% larger with the 2-PDF of Eq.~16! ~which leads to larger
total asymmetries once combined with isopsin-symme
fragmentation contributions!.

2. Flavor correlations

An obvious ~global! flavor correlation that will be im-
posed throughout consists of ‘‘vetoing’’ a light-~anti-! quark
flavor i for the recombination process if this type has be
used in the hard process of creating acc̄ pair, i.e.,q̄Þ i . The
significance of this anticorrelation mainly establishes its
for leadingD mesons (cq̄) in forward production with me-
son beams@34#, where the valence antiquark provides a lar
part of thecc̄ yield.

A more delicate issue is the one of local correlatio
relating to anisotropies of the quark and gluon distributio
within a hadron. To illustrate their possible effects we w
investigate one rather extreme scenario, which can be m
vated, e.g., by the importance of instantons in hadron st
ture. The latter provide a qualitative explanation for the o

FIG. 1. Asymmetry functionA(xF), Eq. ~2!, for D̄/D produc-
tion from the recombination part of the cross section only inp-p
collisions atElab5250 GeV. The dashed lines are obtained by
ing ‘‘remnant’’ 2-PDF’s, Eq.~16!, for both valence and sea quark
whereas the full lines correspond to the factorized 2-PDF, Eq.~11!
with C25p51. The respective upper~lower! lines are for the

D̄0/D0 (D2/D1) asymmetries.
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servedd̄/ū excess in the proton@35,36# ~cf. Ref. @37# for a
recent overview!, as follows. Due to the specific propertie
of the instanton vertex, a valenceu quark coupling to it has
to be accompanied by an in- and outgoingd quark. The
d-quark line can either be provided by another valence qu
~which generates a strongud-diquark binding in the
nucleon!, or be closed off by a condensate insertion~which,
after all, generates the constituent mass of theu quark!. The
second case implies thatu-valence quarks are essentially a
companied by add̄ ‘‘cloud,’’ and d-valence quarks by auū
one, thus generating a 2:1 asymmetry ind̄/ū, which roughly
corresponds to the experimental value in thex<1021 region.
At the same time, one expects the gluon cloud to be conc
trated around the valence quarks. Imposing such a fla
correlation on the 2-PDF~e.g., for gluon fusion,c and c̄
recombination with u-valence, d- and d̄-sea quarks is
weighted by 2:1 with respect to recombination wi
d-valence,u- andū-sea quarks! is referred to as ‘‘local flavor
correlations’’ below.

III. COMPARISON WITH EXPERIMENT

A. Total cc̄ yields and K factors

It is well known that LO PQCD calculations forq̄q,gg

→cc̄, coupled with LO PDF’s for the colliding hadrons, un
derestimate total charm production by an appreciable ma
tude characterized by a typical factorK. 5. The latter de-
pends rather little on the specific parton distribution functio
but bears some sensitivity to the value of the charm-qu
mass. NLO results can, in principle, account for a substan
part of the discrepancy, but large uncertainties due to
choice of renormalization and factorization scales persist@1#
~see also Ref.@41# for a recent update!. We here adopt the
LO results fordŝ i j →cc̄ /d t̂ in Eq. ~5!, with the~bare! charm-
quark mass fixed atmc51.35 GeV. For comparison we wil
allow for two different sets of PDF’s in our calculations, i.e
the GRV94 LO @33# and Martin-Roberts-Sterling-Thorne2

2001 ~MRST01! @42# sets for nucleons, as well as Glu¨ck-
Reya-Schienbien 1999 GRS99 LO@43# for pions. Figure 2
shows the fit to fixed targetpN ~left panel! and pN ~right
panel! reactions, which are reasonably well reproduced,
beit with significantly differentK factors ~which might be
related to the fact that for pion projectiles valence antiqua
contribute appreciably through annihilation on target valen
quarks!. Based on these totalcc̄ cross sections we address
the following the magnitude and flavor composition
D-meson production from recombination utilizing Eqs.~4!
and ~5!. As detailed in Sec. II, charm quarks that do n
recombine will be hadronized with ‘‘standard’’ fragmentatio
assuming no longitudinal momentum loss. We mainly foc
on xF distributions and excitation functions~i.e., inclusive

2The MRST01 parametrization is performed to higher order~HO!
in as , which is, strictly speaking, not consistent with the LO eva

ation of thecc̄ cross section; on the other hand, nonperturbat
effects introduced via the recombination mechanism evade any
pansion inas for the D-meson production cross section of Eq.~5!.

-
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yields forxF.0 as a function of collision energy,As) for the
ratios (D11D2)/(D01D̄0), D2/D1, andD̄0/D0.

B. Flavor asymmetries I: Proton-nucleon collisions

1. Inclusive xF distributions

Let us first address the typical features of recombinat
cross sections as a function ofxF . Figure 3 confronts E769
Collaboration data@9# for inclusiveD1Ds mesons with our
calculations for recombination with different wave functio
RD according to Eqs.~6! and~8!, and a common two-parton
distribution function of factorized form, Eq.~11!, with C2

N

5pN51 ~at this point there is no sensitivity to more detail
properties of the 2-PDF!. Also shown is~80% of! the PQCD
yield for c and c̄ quarks~solid curve!, assumed to conver
into D mesons without longitudinal momentum loss@d(x
2z) fragmentation#. This distribution~for the MRST01 set
with K55 as fixed above! reproduces the data reasonab
well. In general, the fraction due to recombination is siza
in the central region~where it makes up 30-60% of the tot
cross section!, and starts to dominate at forwardxF>0.4,

FIG. 2. Totalcc̄ production cross sections@38,3,4,39,5,9# in pN
~upper panel! and pN ~lower panel! collisions compared to LO
PQCD calculations upscaled by the indicatedK factors. Note that

following Ref. @40#, the experimentalD1D̄ cross sections have
been multiplied by a factor of 1.5 to account forDs mesons~20% of
D) and charmed baryons~30% of D, most notablyLc).
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where it can even exceed the primordialc-quark distribution
by ‘‘pickup’’ of a comoving light quark. In more detail, we
find that using the parton-model recombination function w
a51, b55, andmt50.3 GeV gives a;50% contribution
to the totalD-meson yield. This is reduced to;30% upon
usingmt50.5 GeV~not shown!, with most of the reduction
occurring at centralxF<0.2. On the contrary, with the
rapidity-space recombination function the sensitivity to t
transverse mass is essentially absent, giving identical yi
within 2% for the two values ofmt . When increasingsy
from, e.g., 0.5 to 1, thexF distribution broadens slightly with
the integrated yield again being stable~within 1%!. Also, the
use of rapidity wave functions increases the recombina
fraction of c and c̄ quarks to almost 70%. Because of the
rather robust features ofRD(Dy) ~and the absence of boos
ambiguities for centralxF as opposed to the parton-mod
wave function, cf. Sec. II B!, we employ this form from now
on ~fixing sy50.5) unless otherwise stated.

A similar comparison at higher energy is performed
Fig. 4 with nonstrangeD mesons fromp-p collisions mea-
sured by the E743 Collaboration@3#. At As539 GeV, the
fraction of the recombination cross section to the expec
integrated yield~which corresponds to two-thirds of the tot
cc̄ cross section! amounts to almost 80%, as compared
about 70% for the corresponding calculation atAs
521.7 GeV, cf. Fig. 3. This is due to the fact that at high
energies smallerx values of the parton distributions ar
probed where the occupancy is higher. Of course, for rec
bination fractions approaching one interference effects w
play an increasingly important role, and they have been
glected here. We also note that the recombination cross
tion into strangeDs mesons, displayed by the dashed line
Fig. 4, constitutes about 25% of the nonstrange one, v

FIG. 3. Comparison of E769 Collaborationp-A data for inclu-
sive production ofD and Ds mesons to the calculated recombin
tion contributions using the parton-model wave function~dash-
dotted line!, Eq. ~6! with a51 andb55, as well as the rapidity-
space ones, Eq.~8!, with sy50.5 ~solid line! and 1 ~dotted line!.
The long-dashed line is obtained from the solid one upon replac
the MRST01 PDF’s by the GRV94-LO set.
6-6
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similar to what has been inferred for total yields@40#. This
fraction is somewhat smaller when using the GRV94-LO d
tributions.

2. Excitation function of flavor ratios

From here on all our results forD-meson recombination
cross sections are supplemented with~isospin-symmetric!
d-function fragmentation of the remainingc and c̄ quarks
~except at largexF where the recombination part may eve
exceed thec-quark distribution!, with appropriate feed down
systematics fromD* resonances, as elaborated upon in S
II A. Throughout, the two parameters of the nucleon 2-PD
Eq. ~11!, are fixed atC250.8 and p51, together with
rapidity-space recombination functions (sy50.5). For the
underlying one-parton distribution functions we choose
GRV94-LO set~in order to be consistent with the GRS9
@43# pion sets in subsequent sections!. For nuclear targets
the appropriate neutron fraction has been employed.

Figure 5 shows the pertinentAs dependence o
xF-integrated nonstrangeD-meson flavor ratios inpp andpN
collisions, indicating reasonable agreement with availa
measurements for charged and neutral ratios~middle and
lower panels, respectively!, whereas the asymmetry in th
charged-over-neutral ratio~upper panel! appears to be under
predicted. A marginal increase of the latter can be achie
by introducing local flavor correlations within a valenc
quark-type picture~as outlined in Sec. II C 2!, but not
enough to significantly improve the description of the da
For pure proton targets, an additional small increase for
charged over-neutral ratio is found~dash-dotted lines!. In
fact, for proton targets the increase in the individual reco
bination with both valenceu quarks to formD̄0 mesons and
with sead̄ quarks to formD1 mesons is very moderate, a

FIG. 4. Comparison of E743 Collaborationp-p data for inclu-
sive production of nonstrangeD mesons to the recombination con
tributions calculated with the rapidity wave function, Eq.~8!, with
sy50.5 ~lower solid line!. The upper solid line corresponds to 67

of the underlyingc- and c̄-quark distributions~MRST01 with K
55). The dashed line indicates the recombination cross section
Ds mesons.
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indicated by theD2/D1 andD̄0/D0 ratios on proton targets
~cf. dash-dotted lines in the middle and lower panels!.

C. Flavor asymmetries II: Pion-nucleon collisions

1. xF dependencies

Flavor asymmetries in forwardD-meson production from
pN collisions are experimentally well established@6–8,10#.
In Fig. 6 we compare results of our approach with thexF

dependence ofD2/D1 andD0/D̄0 ratios as measured by th
WA92 Collaboration@10# in 350-GeVp2N reactions. The
simple factorization for the 2-PDF, i.e., Eq.~11! with C2
5p51 for pions, leads to axF dependence of the charge
ratio ~upper dash-dotted line! that is somewhat flatter tha
the data. The description is much improved~upper solid
curve! when employing a weaker phase space suppres
~reducing the exponent to, e.g.,pp51/4) in connection with
a smaller normalization constant~e.g.,C2

p50.4). The latter
suppresses the asymmetry in the central region, wherea

to

FIG. 5. Collision energy dependence of variousD-meson flavor
ratios in pp and pA collisions compared to model calculations a
counting for both recombination and isospin-symmetric fragmen
tion contributions~including feed down fromD* mesons using
recent branching ratios!. Rapidity-space recombination function
~with sy50.5) have been employed in connection with the fact
ized 2-PDF, Eq.~11!, with C250.8 andp51. The results forpN
collisions (Z/N50.8 for target nucleons! are given by the solid and
dashed lines, where the latter include an additional assumptio
local flavor correlations, cf. Sec. II C 2. The dash-dotted lines
for pp collisions including local flavor correlations as well. Th
dotted lines represent the isospin-symmetric fragmentation me
nism alone~assuming aD* /D ratio of 3!.
6-7
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former entails a stronger increase towards forwardxF . On
the other hand, the neutralD-meson ratio is insensitive to
this modification. The main feature of these data is the n
absence of a leading-particle asymmetry, even at very
ward xF . The model calculations essentially reproduce t

behavior, which arises from the fact that theū-valence quark
in the pion, which on average carries a large projectile m

mentum fraction, contributes significantly to the~hard! cc̄
production process~via annihilation onu-valence quarks in
the nucleon!, and thus is not available for subsequent reco
bination. For smallxF the measured asymmetry seems
become even negative, which in the calculations is due

significant contributions from recombination processes oc̄
quarks withu quarks from target nucleons. This effect b
comes more pronounced when introducing local flavor c
relations within the nucleon~lower dashed line!, which in-

creases~decreases! recombination withu (ū) into D̄0 (D0)
mesons; at the same time, the charged ratio becomes s
what suppressed at negativexF ~upper dashed line!, due to

reduced~enhanced! recombination withd (d̄) quarks into
D2 (D1).

At a higher projectile energy~500 GeV!, the E791 Col-
laboration measured thexF dependence of the inclusiv
D2/D1 ratio. As before, the modified 2-PDF withC2

p50.4
and pp51/4 accounts for the data much better than w
C2

p5pp51, cf. Fig. 7. In general, over the range of fixe
target energies discussed here, the projectile-energy varia
in the xF dependencies of the flavor asymmetries is rat
weak. In Fig. 8 differentialxF spectra for the absolutely nor
malized recombination1 fragmentation model calculation
~with K53 in accordance with Fig. 2! for the individual
D-meson states~underlying the solid lines in Figs. 6 and 7!
are compared to data from the WA92 Collaboration@10#.
Reasonable agreement in all channels over the entirexF
range is observed.

FIG. 6. WA92 Collaboration data~Ref. @10#! for the inclusive

D2/D1 ~circles! and D0/D̄0 ~squares! asymmetries versus Feyn
man xF in 350-GeVp2A collisions, compared to recombinatio
model calculations supplemented with isospin-symme
d-function fragmentation contributions.
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2. As dependencies

We finally turn to the excitation function of the flavo
asymmetries inpN collisions. Again, our combined frag
mentation1 recombination approach gives a rather satisf
tory description of the observed ratios. In contrast to thepN
case~where, however, the data accuracy is rather limite!,
now also the charged-over-neutral ratio is in line with t
data. Overall, the flavor asymmetries introduced by reco
bination processes improve the agreement as compare
contributions from~isospin-symmetric! fragmentation alone
~represented by the dotted lines! in all channels; cf. Fig. 9.

It should also be noted that overall charm conservat
has not been enforced explicitly. However, the slight exc
of anticharm quarks induced by theD2/D1 asymmetry is
conceivably compensated by a positiveLc /L̄c asymmetry,
which is also observed experimentally@12# ~but which we do
not address here!. The same argument applies for proton pr

c

FIG. 7. E791 Collaboration data~Ref. @8#! for the D2/D1

asymmetry versusxF in 500-GeV p2A collisions, compared to
recombination model calculations supplemented withd-function
fragmentation contributions.

FIG. 8. xF-differential cross sections from the WA92 Collabo
ration~Ref. @10#! for inclusive yields of lightD mesons in 350-GeV
p2A reactions, compared to recombination model calculatio
supplemented with fragmentation contributions.
6-8
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D-MESON PRODUCTION FROM RECOMBINATION IN . . . PHYSICAL REVIEW D67, 074036 ~2003!
jectiles, where bothD2/D1 andD̄0/D0 are larger than one
but at the same time theLc asymmetry is more pronounce
than for pion beams@12#.

We close this section with a note onDs mesons. For the
recombination contribution alone, the ratio for~inclusive!
strange over nonstrangeD mesons atAs526 GeV turns out
to be 12% for forward production~13% for all xF), with
almost no energy dependence. This ratio increases slight
14–15% when replacing the GRV-LO with the GRV-H
PDF’s. From a compilation in Ref.@10#, the experimentally
measured ratios can be found to be 15.862.9% for 230-GeV
p2 beams @39#, 16.763.3% at 250 GeV@9#, and 11.6
61.4% at 350 GeV, with a combined average ofRDs /D

512.961.2%. This value is in surprising agreement with t
recombination approach. In fact, for the remaining cha
quarks, fragmentation should apply. The prediction of
LUND event generator@44# ~where hadronization is essen
tially performed by string fragmentation! turns out to be
;8 %, somewhat below the data. However, the combin
recombination1 fragmentation result would still be close t
the observed value.

IV. PREDICTIONS FOR P-P AT RHIC

An important part of the physics program at the Relat
istic Heavy-Ion Collider~RHIC! at Brookhaven consists o
~polarized! p-p collisions up to a maximum c.m. energy o
500 GeV. Collisions at 200 GeV have been performed in
year-2 ~2002! and year-3~2003! running periods, although
direct open-charm measurements are not expected befor

FIG. 9. Collision energy dependence of variousD-meson flavor
ratios inp2A collisions.
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tector upgrades have been performed. We here quote
predictions forD-meson flavor ratios by extrapolating ou
recombination1 fragmentation approach according to Se
III B to 200-GeV c.m. energy.3 We find

R(D11D2)/(D01D̄0)50.40; RD2/D151.24; RD̄0/D051.35;
RDs /D50.23.

These values are all rather close to the ones at fixed ta
energies.

V. CONCLUSIONS

Charm-meson production in hadronic collisions at fix
target energies has been investigated with emphasis on a
metries in the light-flavor sector. The calculations have be
performed within a recombination model for produced cha
quarks with surrounding light quarks in projectile and targ
supplemented with a standard fragmentation treatment
the remainingc and c̄ quarks. More precisely, the recomb
nation component has been evaluated assuming a facto
tion of the perturbatively calculated~hard! cc̄ production
vertex and the subsequent~nonperturbative! ‘‘coalescence’’
process. On the one hand, this requires the use of a
parton distribution function, for which we used a simple fa
torization ansatz~as first suggested 25 years ago!. On the
other hand, the recombination function, as compared to
vious analyses, has been generalized to incorporate co
cence with sea quarks within the colliding hadrons, nec
sary to address bulk production dominated by the cen
region (xF.0). Color correlations have been neglect
throughout.

Employing recent parametrizations of parton distributi
functions for nucleon target as well as pion and proton p
jectiles, we have found that~i! recombination processes con
tribute significantly to totalD-meson yields and,~ii ! the de-
scription of observed flavor asymmetries (D11D2)/(D0

1D̄0), D2/D1, andD̄0/D0 in bulk production is improved
throughout as compared to isospin-symmetric fragmenta
alone. The nontrivial isospin asymmetries~i.e., beyond
known feed down corrections fromD* states! are driven by
the valence- and sea-quark content of the colliding hadro
No significant sensitivity was found with respect tolocal
flavor correlations, as one might expect from valence-qu
or quark-diquark substructures in the nucleon. Except for
charged-over-neutral asymmetry for proton projecti
~which is, however, beset with large uncertainties!, the mag-
nitude and~not very pronounced! collision energy depen-
dence of available fixed target data are rather well rep
duced.

As has been noted before, the same framework is a

3We recall that the recombination part of the charm cross sec
increases with collision energy; at 200 GeV, the calculated frac

of D1Ds mesons amounts to 67% of the totalcc̄ yield ~or 83% of
the expected totalD1Ds yield; note that these numbers include th
coefficientC250.8 for the nucleon 2-PDF used in all results sta
ing with Fig. 5!; our estimates for the ratios at RHIC energy do n
account for potentially sizable destructive interference effects.
6-9
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able to explain the differential-xF dependencies of the flavo
asymmetries as measured inpN collisions. These becom
more pronounced at forwardxF , and are, within the mode
calculations, more sensitive to phase space correlations in
two-parton distribution functions. Future data on identifi
charm mesons at collider energies, such as that expe
from p-p runs at RHIC, will be most valuable to further te
the relevance of recombination mechanisms in the hadr
er

y,

iz.

07403
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zation process, and thus contribute to a better understan
of the latter.
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