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D-meson production from recombination in hadronic collisions
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Nonperturbative effects iD-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 centfsinall x.) and forward rapidities. Corresponding flavor asymmetries
for inclusive D-meson production are thus mostly generated on(ltgbkt-) 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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[. INTRODUCTION particles. A natural explanation is provided byexombina-
tion [13-15 of projectile valence with forward-produced
Since their discovery in the 1970s charm quarks haveharm quarkgantiquarks [16—27, facilitated by small ra-
proven to be valuable probes of quantum chromodynamicpidity differences. More indirectly, it has been foufid that
(QCD) via the production of open- and hidden-charm statesg andp; distributions ofD mesons are well reproduced by
in hadronic collisions at high enerdyl]. With the charm- delta-function fragmentation functions; i.e., the produced
quark massm.=1.5 GeVk?, being on the borderline of charm quarks do not seem to lose momentum as one would
perturbative and nonperturbative momentum scales, mechaxpect for &realistio fragmentation process. This is sugges-
nisms associated with both regimes are likely to play a roldive of the importance of recombination mechanisms even at
in their elementary production. In addition, nonperturbativecentral rapidities. As opposed to high-emission, charm
effects are inevitably involved in subsequent hadronizationguarks at lowp; move at low velocity relative to their envi-
related to the wave functions of the final-state mesons oronment, with little energy available for string breaking, thus

baryons. facilitating a “statistical” attachment to neighboring light
The usual way of describing charmed hadron productiorquarks.
is based on the factorization theor¢fj, i.e., a perturbative Finally, as has been pointed out in REL], available ex-

treatment for the creation ofec pair through annihilation of ~Perimental data from both-N and#-N collisions point at a
partons within the incoming hadrorilded over appropri-  significant enhancement @ */D~ over DD total pro-

ate parton distribution functionsfollowed by individual duction (dominated by central rapidities and logy) over
hadronization of the quarks utilizing almore or lessuni-  expectations from perturbation theory. This feature is also
versal fragmentation functioD (z) (wherezis a normalized borne out when performing empirical fits using theTHIA
momentum fraction of the quark. Both stages in this de- event generator, which require separitéactors to fitD*
scription are not free of problems, or at least restricted tandD9/D?, differing by a factor of~2 [23].

certain kinematic regimes. E.g., in leading-orde®) pertur- In the present paper we address the aforementioned flavor
bative QCD (PQCD), the elementarycc production cross dependencies by evaluating a suitably formulated recombi-
section underestimates open-charm production in hadronication model for charged and neutialmesons extended to
collisions by large factors of-5 (the so-calledK factorg.  the centralxg region. This allows to asse¢soft” ) recom-
Next-to-leading-ordefNLO) estimates typically account for bination processes involving sea quarks from both projectile
half of the deficit, with appreciable uncertainties inherent inand target nucleon@r pions, and thus aims at a consistent
underlying parameters such as the bare-charm quark masseatment of forward- and total flavor production asymme-
renormalization, and factorization scaldg. This obviously tries. In addition, one obtains estimates fdg-meson pro-
leaves room for additional contributions of nonperturbativeduction within the same framework.
origin. The following presentation is organized as follows. In
Concerning the hadronization af and ¢ quarks, some Sec. Il we recall the main features of recombination mecha-
empirical observations, especially at low transverse momerfisms as have been applied in the literature before, and gen-
tum (p,), cannot be captured by standard fragmentatioreralize them for our purpose of central production. LO
functions. E.g., flavor systematics at forward rapidities ex-PQCDcc cross sections are employed to obtain the primor-
hibit the so-called leading-particle effe€8—12]; that is, dial c-quark distribution, including a singl@onstant K fac-
charmed hadrons containing light quarks corresponding ttor adjusted to the measured total yields. The two &n-
projectile valence quarks are much enhanced over their antperturbativé quantities to evaluate subsequeBDtmeson
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formation, namely, a two-parton distribution function and aflavor composition oD mesons.
recombination function, are discussed in detail. The former To pegin with, the evaluation of the production ot

provides the light quark for the “coalescence” process,quarks has to be specified. For forwddemeson production

whereas the latter characterizes the pertinent overlap profy has been suggested that an “intrinsic” charm component

ability to form aD meson. In Sec. lll we compare our results [27 24 in the projectile wave functions could be responsible

with available data from bottr-N andp-N reactions, and in  for significant recombination contributiori€9,20. Such a

Sec. IV we quote our predictions for upcoming measure<«hard” charm component seemed to be required to account

ments at the BNL Relativistic Heavy-lon CollidéRHIC) in for the leadingD-meson distributions towards large at

the p-p mode at center-of-massc.m) energy s ISR energies. On the other hand, more recent fitindi-

=200-500 GeV. We finish with conclusions and an outlookcate that the shape of inclusii®-mesonxg distributions

for future work, in Sec. V. agrees well with PQCD predictions for bare-charm quarks
(antiquarks (i.e., without momentum loss due to fragmenta-
tion). We take this as a motivation for the following picture

[16,17] that will be employed belowcc quarks are assumed
A. General outline of the approach to be exclusively created ifprimordial) hard parton-parton
The basic idea of the recombination approach is thafOllisions, evaluated in LO PQCD upscaled by a single em-
quarks produced in hadronic collisions hadronize by “coa-Pifical K factor[=5-6 f,or typical choices of parton distri-
lescing” with quarks preexisting in the wave function of pro- Pution functions (PDF') and charm-quark massm,
jectile (and/or target This mechanism is quite different from = 1-35 GeV] to match the experimental yields. The subse-
the usual fragmentation, where produced quarks hadroniZg/€ntly generated charm-quarkg] distributions are then
individually by string breaking, independent of their environ- SUbject to recombination processes which necessarily in-
ment. Fragmentation functions therefore ought to be univer0lvé nonperturbative informatioh.For comparison with
sal objects, which, in principle, can be extracted frefre~  data, charm quarks that do not recombine are hadronized via
collisions, where fragmentation is expected to be the soléSOSPin symmetric fragmentation with the usual polarization
source of hadron production. However, as already pointed/€ights (i.e., 3:1 for D*:D), and, for simplicity, in
out in the introduction, the application to hadronic collisions 9-function approximation for the dependence.
is limited. The first clear deviations have been identified in An important part of the inclusive charged and neutral
forward production of lowp, kaons and pions ip-p colli-  PSeudoscalab-meson yields(as reported by most experi-
sions at CERN intersecting storage ringSR) or Fermilab ~Ments stems from feed down contributions froBrmeson
fixed target energiesE|,,=100 GeV) [24], which showed fésonances, most notably the vector mesddh§2010). The
strong enhancement of the' /=~ ratio at largexe (up to a two charge stgte_s of the latter exhibit rather asymmetrlc de-
factor ~5), and even more pronounced fi§r'/K~. This ~ Cay characteristics: th@*(ZQO?)OOdecays to~ 100% in
lead Das and Hw#13] to propose, within the parton-model D (1865)+(W'th accompanyingm- or y), V\ghereas the
framework, the recombination model: forward-producedP”*(2010)" has a branching ratio of 68% inf@"(1865)m
quarks preferentially “pick up” valence up quarks from the and only 32% intoD " (1869) final stategcharge conjugate
projectile, thus favoring the “leading” hadronST(*zau and modes for antP mesons mphe}i As a consequence, the
L= o L - flavor composition of inclusived mesons depends on the
K™ =su) over their nonleadlng_ antlpa_rtlcles. In addition, |qjative abundance of directly produc&dand D* mesons
as shown in Ref[14], recombination is also capable of higher resonances are negledteor flavor-symmetric di-
nicely describing the observed increase ®f /K™ and o production, and defining:=Npx /(Np«+Np), one

+ o+
K™ /ar™ for xg—1. i ) , i finds for the inclusive charged-over-neutimeson ratio
From a theoretical point of view, charm quarkanti-

II. CHARM-QUARK RECOMBINATION INTO D MESONS

quarks are a cleaner probe of recombination dynamics due 2

to the negligible probability of producing them in secondary (D*+D") (1— §6)

reactions. Indeed, the recombination approach has been suc- on= — = , (1)
cessfully applied16—27 (see also Ref$25,26) to forward (D°+D°) 14 EE

production of charmed hadrons, which similarly exhibit 3

leading-particle effects. However, little attention has so far

been paid to light-flavor asymmetries in the bulk productionwhereas the inclusive particle-over-antiparticle ratiRs,_

of charmed hadrons, which necessarily requires substantial

contributions in the central regiorx£ around 0 at low p;

where most of the yield is concentrated. INote that in Ref[22], a hard-scatteretprojectile parton itself
Here we generalize the recombination approach to inCOratter radiating off a gluon that fuses intx with a target gluon

porate D-meson formation at smallxg|. Since the low participates in subsequent recombination, whereas in the present

(Bjorken) x region is predominantly populated. by sea analysis spectator quarks or antiquarks recombine. Formally, the
quarks, the main extension concerns the evaluation of theformer process is suppressed by one powexdn which, for very

recombination withc quarks. One of our ideas here is that forward production, is compensated by a large kinematic enhance-
besides the valence content, the proton sea possesses a wiednt. Consequently, the results of REF2] exhibit essentially no
established flavor asymmetry which could reflect itself in theasymmetry for centrakz<0.2.
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andRyjy, are independent of. For c-quark fragmentation, (nucleon. An analogous expression describes recombination
we employ the usual partitioning according to spin-isospinprocesses with targelight) quarks, upon replacingff)(xl)
polarization counting implying a 3:1 ratio f@*:D, i.e.,e  —f,(x,) andfj(xz)ﬂfffj)(xz)_ The two crucial ingredients
=3/4 and thuR;,=0.33. On the other hand, the recombi- i evaluating the cross section, Hd), are the recombination
nation contribution is essentially a coalescence process an nction R and thetwo-parton distribution functiorfff). In

is therefore expected to be sensitive to the mass of the proqﬁe following we discuss both entities in more detail
uct. Taking as a guideline effective thermal weights as ex- 9 ’

tracted from light hadron production ipp collisions [31],
with T,=170-175 MeV, results in a ratioD*/D B. Recombination function

— 2] — (1 s _ - _

=3(Mp>x /mp) *%exif —(Mpx —mp)/Ty1=3/2, ie., =08, The recombination functioR essentially represents the
which will be adopted below. In the absence of any flavorypsoiyte value squargdiave function of the nascent charm
asymmetries this value farimplies R¢/,=0.43. Thexg de- magon in terms of its quark constituents. For forward pro-

pendence of particle/antiparticle asymmetries is often disyction one can rather straightforwardly employ the parton
played in terms of the so-called asymmetry function, defined,,,qel in the collisionc.m) according tg13,18
via the production ratios as ’

Ro=[B(a,b)] *&"8(1— &), 6)
A (xe)— Np-—Np+ R -1 @
! Np-+Np+ Rjp+1’ with  §=xq/x, {(=z/x. The beta-function prefactor,
B(a,b)=TI'(a)I'(b)/I'(a+b) (I' is the gamma function
R 1+A_ 4 3 ensures the correct wave function normalization,
—/+ 1_A_/+ ’

- = o Ldgq (tdd
and likewise forD® vs D° (for baryon projectiles, an® 1=| —| —=Rp. (7)
mesons are the “leading” particles o o
For the remainder of this section we focus on the recom-
bination contribution toD-meson formation. In the above The actual values of the exponertandb have been moti-
specified approach, the pertinent cross section in hadronieated by two approaches. On the one hand, in Ref, the
collisions at high energies takes the fof6,17 requirements that the average momentum fractions of the
two constituents scale with their masses, and tGgf
,do’® dxq [ dz . d?o _ =Rp/(&4¢) stays finite foré;— 0 (in the spirit of a constitu-
dxe :JX_EJ 7 | Xa? dxgdz R(Xq,Z%e), (4 ent quark distribution function are met by the choice

=1 andb=5. On the other hand, in Ref16], it has been
with a similar expression fob’s upon replacing:<—>?and argued.on the basis of leading Regge trajectoriegah-ai
- . v —a, with a,=0.5 forv=u andd, andb=1—«a, with a,
qeq. Here, x* =E/(\/s/2) and x=p,/(\/s/2) denote the 55 Our results shown below turn out to have little sen-
D-meson energy and longitudinal momentum, respectlvelysitivity to the difference between these two cases.
normalized to the incoming protdiearrying c.m. energy and A more severe complication arises when applying the
momentumy/s/2), with z* andz those of the charm quark, parton-model wave function for sma-meson momenta,
andx, the momentum fraction of théprojectilg light anti-  j e, forx. close to zerdcentral productio)) here, light-cone
quark participating in the recombinatiénote that, for nucle-  momentum fractions become ill defined, involving even con-
ons, the antiquark necessar”y arises from the).s§he tributions from backward moving charm or ||ght quaﬂm-
double-differential cross section for the simultaneous Protiquarky (with respect to the collision c.m.Because of the,

X

duction ofc andaquarks is given by in principle, invariant nature of the parton model we can
resolve this problem by evaluating the recombination func-
d’o w xmax tion in a boosted frame, which we choose as the projectile

XgZ* = dm?,> |t dx e thi - :
9 ddz Jmz el min 91 rest frame. In practice this procedure is, however, beset with

q . ] X1 ) . L.

a residual frame dependence owing to the finite transverse

B (x x)%of 1 (X0) dori masses of charm and, more sensitively, light quarks. We will
ai -7 ! Ut (5)  use the bare-charm quark mass together with typical light-

(X1=24) dt quark transverse massesrof~0.3—0.5 GeV.

4 Another approach which avoids this complication is based
with kinematic boundariesxy" "=z, /(1-z_), X{™=1  on the formulation of the wave function in terms of rapidity
—xg [defining z.=3(z**2)], and W=s(1-z—x3)(1  variables, as first suggested in REI5] via a (normalized
—Xxg)(1+2)/(2—xg)?. doy;/di(s,m,,) denotes the stan- Gaussian distribution,
dard LO PQCD parton fusion cross secti@®,27] (includ-

ing theK factor). The summation over,j accounts for the 1
possible parton combinations from target and projectile had- Ro(YiYe.Yq) = —exp(Ay2/20§). (€))
rons, with f; the distribution function for the target N2moy
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The latter is solely characterized by its widdh, and the bution can be significant at large but cannot account for
rapidity differenceAy=y.—yy with the charm- and light- inclusive charm yields. However, since our primary objective

quark rapidities given by here is the evaluation dD-meson flavor dependencies in
bulk production, we retain thec cross section as a hard
y-=£|n Ei+piv2)_ (9)  Process in factorized form, cf. Ed5). Thus, results dis-
"2 Ei—pi, cussed below refer to the simplified ansatz, &q), for the
. . . ) 2-PDF's.
Again one is sensitive to the transverse mags of the light A more explicit treatment of anticharm-quark recombina-

quark within the incoming hadron, which here, however, carion with leading(valencg light quarks within a factorized
ries a physical meaning: it is a nonperturbative quaritity  scheme has been undertaken in REES,17). At the price of

directly) accessible by various experimental informationg more schematic underlying 1-PDF’s, a 2-PDF of the form
(e.g., transverse momentum spectra of Drell-Yan pairs

In Sec. Il we discuss both approaches of evaluating the ff)?)=Ax;“Ux1_7(1—xl—xv)m(l—xl)k (12)
recombination function, i.e., parton-model vs rapidity-space
wave functions. The pertinent results presented turn out to bRas been proposed. Here, denotes the momentum fraction
rather robust. This, after all, can be understood from theof the (recombining valence quark in the nucleon, and the
notion that also the parton-model wave functions imply theexponentse, , y, k, and m reflect the appropriate limiting
main contribution from a rather limited relative rapidity in- behaviors forx;,—0,1 (e.g., @,=0.5 for valence quarks,
terval of (Ay)=1-2[15,16. andy=1 for sea quarks and gluonghe ansatz, Eq12), is

furthermore constrained by the normalization condition
C. Two-parton distributions

(1—xq)
1. Kinematic correlations fo dx, F)(x3,%,) = fi(xy), (13

The two-parton distribution functiof2-PDP f%), which ) _ )
q which can be used to fix the numerical constaras well as

importantly figures into the double-differential cross section,k q di h X hat thi |
Eq. (5), characterizes the probability to simultaneously find @hdmaccording to the parton typenote that this can only
be applied for the case of valence quawRs In particular, it

pirtoni at x; (particiﬂating in the hard fusion process into has b & that for fixed f2) th
cc) and the antiquark with momentum fraction (partici- as been arguefll6] that for fixedx, , f,i’(»,) with 7,

pating in the recombination procgsk general it can be cast Ex_l/(l_xv) can b? !nterpreted as the smgNIe—pa.rton distri-
into the form bution of the quarki in the hadron remnart, (with the

valence quarky removed, and that forx—1 andz—x an
) R . RO - e
Xaxlfé)(ﬁ,xl):XEfE(XE)lei(Xl)P(XE:XD, (10) filgﬁgo;:)rlr:jastei ;aCtOI‘IZ&tIOI’I into two single-parton distribu

wherefa(xg) represents the constrained probability for par-
tonq at momentunx, under the condition that partarnis at
X1, and p(Xg,X;) encodes all other correlations which are oot (x,)(1—x%,) " "Fi( 7). (14)
usually assumed to be governed by phase space.

As a simple ansatz the following factorized form has beenn an alternative view, one might considéf) at fixed x;

proposed13], (being determined on a shorter time scale—hard
production—thanx,) as the single-parton distribution of
quarkv in the hadron remnant without partonin this case,
one straightforwardly obtains from E@l2) the factorized

fB=Cx “(1-x,)™ fi(7y)

1% x0) = Caf g i (X)) (1= Xg=x0)P, (1D)

whereC, is a normalization constant. The last factor in Eq. o
(11) implements a phase space dependence for large momen-
tum fractionsxg+x;—1 (for a collinear three-body phase % -

tionsxx, 1 ( ody P (D=A,(n,)fi () (1-x0) Y, 15)
where, in the c.m. system, target and forwdid] states
recede from each other with the projectile at rest, one hag;t, n,=%,/(1—x;) and A=1 upon imposing Eq(13)

. . . U v "

p=1[13]). Some confidence in this ansatz was drawn frompis result suggests an immediate generalization for sea

phenomenological successes in describing, ésgmiy in- quarks according to
clusive = and K production in the fragmentation region
[13,14. In subsequent workl8] the 2-PDF has been elabo- fg):fa( 7 fi(x)(1—x1) L, (16)

rated on a more microscopic basis within the so-called valon

model of (low-p;) hadronic structure, where lightanti-)  with Ng=Xq!(1—Xy).

quark distributions are generated from composite valence To illustrate the differences between the simple factoriza-
quarks at low momentum scales, see, e.g., Rf] for a  tion ansatz with phase space correction, Ed), and the
recent update. Within this approach, alse production newly suggested “remnant” ansatz 2-PDF, Ed6), we
arises from Fock components of the valon distributions,show in Fig. 1 particle-antiparticle asymmetriesDrameson
similar to the “intrinsic-charm” mode[27,28. Their contri-  production for fixed targep-p collisions. The results include
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= I>'D'X' NSt servedd/u excess in the protof35,36 (cf. Ref.[37] for a
I - ’ 1 recent overview as follows. Due to the specific properties
0.8 ’ ] of the instanton vertex, a valencequark coupling to it has
I 1 to be accompanied by an in- and outgoidgguark. The
> d-quark line can either be provided by another valence quark
o 0.6 ] (which generates a strongid-diquark binding in the
g - 1 nucleon, or be closed off by a condensate insert{@rich,
204k DD with 2 ) after all, generates the constituent mass ofttiggiark. The
< " with £ (O second case implies thatvalence quarks are essentially ac-
02 - EO/DOWfth tmmq) 1 companied by ald “cloud,” and d-valence quarks by au
’ - D_/D+ with 2)(Xq) ] one, thus generating a 2:1 asymmetndini, which roughly
[ — DD with f7(x) 1 corresponds to the experimental value inxke10 ! region.
% R 1 - y-a— At the same time, one expects the gluon cloud to be concen-

trated around the valence quarks. Imposing such a flavor
. correlation on the 2-PDKe.g., for gluon fusionc and c

FIG. 1. Asymmetry functiorA(xg), Eq.(2), for D/D produc-  recombination with u-valence, d- and d-sea quarks is
tion from the recombination part of the cross section onlypip  weighted by 2:1 with respect to recombination with

collisions atE,,=250 GeV. The dashed lines are obtained by us-d-valenceu- andu-sea quarksis referred to as “local flavor
ing “remnant” 2-PDF’s, Eq.(16), for both valence and sea quarks, correlations” below

whereas the full lines correspond to the factorized 2-PDF,(EL).
with C,=p=1. The respective uppeflower lines are for the

DY%D° (D/D*) asymmetries.

F

I1Il. COMPARISON WITH EXPERIMENT

A. Total cc yields andK factors
the recombination contribution only, and are based on a . . —
rapidity-space recombination function, E¢8), with o, It is well knovyn that LO PQCD calcglgtlons fara.gg
=0.5[using Glick-Reya-Vogt 1994GRV94) leading order ~—¢¢, coupled with LO PDF's for the colliding hadrons, un-
(LO) [33] for the underlying 1-PDF In the central region, derestimate tot.al charm proqluction by an appreciable magni-
where bothx; andx, are small, mutualanti-) correlations ~tude characterized by a typical factér= 5. The latter de-
are suppressed, and the two Atzsaindeed approximately Pends rather little on the specific parton distribution function,
coincide. However, the “remnant” 2-PDF, EQ]_G), deve]ops but bears some Sensitivity to the value of the Charm-quark
a somewhat steeper increase of the leading-particle asymme@tass. NLO results can, in principle, account for a substantial
try with increasingxg. Note also that recombination with Part of the discrepancy, but large uncertainties due to the
Va|ence quarks iS the preva'ent process even for Cemﬁra' ChO|Ce Of renormal|zat|0n a.nd faCtorlzatlon Sca|eS pefiibt
(indicated by nonzero values gt=0, as well as the larger (see also Refl41] for a recent updaje We here adopt the

asymmetry in the neutral ratio involvingquarks. Thed/u  LO results fordaj;_cc/dt in Eq. (5), with the (bare charm-
asymmetry in the proton sea, which favdds™ formation, ~quark mass fixed an.=1.35 GeV. For comparison we will
does not significantly suppress the charged ratio. One shoulylow for two different sets of P'DF'S in our caICl_JIatlons, ie.,
also point out that the absolute magnitude of the recombingh® GRV94 LO[33] and Martin-Roberts-Sterling-Thorhe
tion cross section for the individu&-meson states is about 2001 (MRSTOD [42] sets for nucleons, as well as Gk
20% larger with the 2-PDF of E16) (which leads to larger Reya-Schienbien 1999 GRS99 @3] for pions. Figure 2
total asymmetries once combined with isopsin-symmetrighows the fit to fixed targgtN (left pane) and 7N (right

fragmentation contributions pane) reactions, which are reasonably well reproduced, al-
beit with significantly differentK factors (which might be
2. Elavor correlations related to the fact that for pion projectiles valence antiquarks

contribute appreciably through annihilation on target valence
qguarks. Based on these totak cross sections we address in
rihe following the magnitude and flavor composition of
D-meson production from recombination utilizing Edé)

An obvious (globa) flavor correlation that will be im-
posed throughout consists of “vetoing” a lightanti-) quark
flavor i for the recombination process if this type has bee

used in the hard process of creating@pair, i.e.,q#i. The nd (5). As detailed in Sec. Il, charm quarks that do not
significance of this anticorrelation mainly establishes itselfzriecomt;ine will be hadronizea vx;ith sstandard” fragmentation
for leadingD mesons ¢q) in forward production with me-  assuming no longitudinal momentum loss. We mainly focus
son beam$34], where the valence antiquark provides a largepn x. distributions and excitation functionge., inclusive
part of thecc yield.

A more delicate issue is the one of local correlations,
relating to anisotropies of the quark and gluon distributions 2The MRSTO1 parametrization is performed to higher of¢®d)
within a hadron. To illustrate their possible effects we will in a, which is, strictly speaking, not consistent with the LO evalu-
investigate one rather extreme scenario, which can be motition of thecc cross section; on the other hand, nonperturbative
vated, e.g., by the importance of instantons in hadron struceffects introduced via the recombination mechanism evade any ex-
ture. The latter provide a qualitative explanation for the ob-pansion inag for the D-meson production cross section of Ef).
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FIG. 3. Comparison of E769 CollaboratignA data for inclu-

§ 102;‘ sive production oD and D¢ mesons to the calculated recombina-
% o tion contributions using the parton-model wave functi@ash-

g dotted ling, Eq. (6) with a=1 andb=5, as well as the rapidity-

—g_ space ones, Ed8), with o,=0.5 (solid line) and 1(dotted line.

= 10'F The long-dashed line is obtained from the solid one upon replacing
68 E the MRSTO1 PDF’s by the GRV94-LO set.

where it can even exceed the primordiaduark distribution
100 b by “pickup” of a comoving light quark. In more detail, we
07710720 30 40 5060 70 80 90 100 find that using the parton-model recombination function with
? [GeV] a=1, b=5, andm,=0.3 GeV gives a~50% contribution
to the totalD-meson vyield. This is reduced te 30% upon
usingm,= 0.5 GeV(not shown, with most of the reduction
occurring at centralxg<0.2. On the contrary, with the
rapidity-space recombination function the sensitivity to the
transverse mass is essentially absent, giving identical yields
within 2% for the two values ofn;,. When increasingr,
from, e.g., 0.5 to 1, thgg distribution broadens slightly with
the integrated yield again being stalgfgthin 1%). Also, the
yields forxz>0 as a function of collision energy’,g) forthe  use of rapidity wave functions increases the recombination

FIG. 2. Totalcc production cross sectioi88,3,4,39,5,9in pN
(upper pangland #N (lower panel collisions compared to LO
PQCD calculations upscaled by the indicatédactors. Note that
following Ref. [40], the experimentaD +D cross sections have
been multiplied by a factor of 1.5 to account o mesong20% of
D) and charmed baryon80% of D, most notablyA ;).

ratios @ *+D~)/(D°+D%, D/D*, andD%/D°. fraction ofc andc quarks to almost 70%. Because of these
rather robust features ®(Ay) (and the absence of boost
B. Flavor asymmetries I: Proton-nucleon collisions ambiguities for centrakg as opposed to the parton-model

wave function, cf. Sec. Il B we employ this form from now
on (fixing o,=0.5) unless otherwise stated.

Let us first address the typical features of recombination A similar comparison at higher energy is performed in
cross sections as a function xf . Figure 3 confronts E769 Fig. 4 with nonstrang® mesons fronp-p collisions mea-
Collaboration datd9] for inclusive D+ D¢ mesons with our  sured by the E743 Collaboratidi8]. At \s=39 GeV, the
calculations for recombination with different wave functions fraction of the recombination cross section to the expected
Rp according to Egs(6) and(8), and a common two-parton integrated yieldwhich corresponds to two-thirds of the total

distribution function of factorized form, Eq11), with C)'  ¢¢ cross sectionamounts to almost 80%, as compared to
=pn=1 (at this point there is no sensitivity to more detailed ghout 70% for the corresponding calculation afs
properties of the 2-PDFAIso shown is(80% of) the PQCD =21 7 GeV, cf. Fig. 3. This is due to the fact that at higher
yield for ¢ and ¢ quarks(solid curve, assumed to convert energies smallex values of the parton distributions are
into D mesons without longitudinal momentum log8(x probed where the occupancy is higher. Of course, for recom-
—z) fragmentatioh This distribution(for the MRSTO1 set bination fractions approaching one interference effects will
with K=5 as fixed abovereproduces the data reasonably play an increasingly important role, and they have been ne-
well. In general, the fraction due to recombination is sizableglected here. We also note that the recombination cross sec-
in the central regioriwhere it makes up 30-60% of the total tion into strangeD¢ mesons, displayed by the dashed line in
cross section and starts to dominate at forwargt=0.4, Fig. 4, constitutes about 25% of the nonstrange one, very

1. Inclusive x- distributions

074036-6
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FIG. 4. Comparison of E743 Collaboratignp data for inclu- - R 5

sive production of nonstrand® mesons to the recombination con- A 13 * ]

tributions calculated with the rapidity wave function, E§), with T; A PN (E769) ]

ay=0.5(lower.solld Ilne.Ihe uppe.r S(?|Id !lne correspond§ to 67% 0.5F _ Global (0.=0.5) 3

of the underlyingc- and c-quark distributionsMRSTO1 with K E - Local Fla\yror Correlations .

=5). The dashed line indicates the recombination cross section into (i P N K R
D, mesons. 0 20 30 40 50

s [GeV]
similar to what has been inferred for total yield#0]. This

fraction is somewhat smaller when using the GRV94-LO dis- FIG. 5. Collision energy dependence of varidbigneson flavor
tributions. ratios inpp and pA collisions compared to model calculations ac-

counting for both recombination and isospin-symmetric fragmenta-
tion contributions(including feed down fromD* mesons using
recent branching ratips Rapidity-space recombination functions
From here on all our results fd>-meson recombination (with o,=0.5) have been employed in connection with the factor-
cross sections are supplemented wiisospin-symmetric ~ ized 2-PDF, Eq(11), with C,=0.8 andp=1. The results fopN

s-function fragmentation of the remaining and?quarks collisions (Z/N= 0.8 for target nucleonsare given by the solid and
(except at large: where the recombination part may even dashed lines, where the latter include an additional assumption of
F

dth K distributi ith iate feed d local flavor correlations, cf. Sec. Il C 2. The dash-dotted lines are
excee _@-quar % istribution, with appropriate feed down for pp collisions including local flavor correlations as well. The
systematics fronD

resonances, as elaborated upon in Secdotted lines represent the isospin-symmetric fragmentation mecha-
Il A. Throughout, the two parameters of the nucleon 2-PDFy,isn ajone(assuming */D ratio of 3.

Eq. (11), are fixed atC,=0.8 and p=1, together with

rapidity-space recombination functions(=0.5). For the . _ 1m0 e
underlying one-parton distribution functions we choose thdndicated by thed~/D™ andD?/D° ratios on proton targets

GRV94-LO set(in order to be consistent with the GRS99 (Cf- dash-dotted lines in the middle and lower pahels
[43] pion sets in subsequent sectipnBor nuclear targets,
the appropriate neutron fraction has been employed. C. Flavor asymmetries II: Pion-nucleon collisions
Figure 5 shows the pertinent/s dependence of
Xg-integrated nonstrandg®-meson flavor ratios ipp andpN
collisions, indicating reasonable agreement with available Flavor asymmetries in forwar-meson production from
measurements for charged and neutral ratiogddle and «N collisions are experimentally well establishigl-8,10.
lower panels, respectivelywhereas the asymmetry in the In Fig. 6 we compare results of our approach with the
charged-over-neutral rati@pper panglappears to be under- gependence dd /D * andD%DP ratios as measured by the
predicted. A marginal increase of the latter can be achievegyag2 Collaboration[10] in 350-GeV 7N reactions. The
by introducing local flavor correlations within a valence- simple factorization for the 2-PDF, i.e., E¢L1) with C,
quark-type picture(as outlined in Sec. IIC)2 but not  —p—1 for pions, leads to & dependence of the charged
enough to significantly improve the description of the datayatio (upper dash-dotted linethat is somewhat flatter than
For pure proton targets, an additional small increase for thgne gata. The description is much improvéapper solid
charged over-neutral ratio is foundash-dotted lings In - ¢rvg when employing a weaker phase space suppression
fact, for proton targets the increase in the individual recomyequcing the exponent to, e.g.,= 1/4) in connection with
bination with both valence quarks to formD® mesons and  a smaller normalization constafe.g.,CZ=0.4). The latter

with seaaquarks to formD* mesons is very moderate, as suppresses the asymmetry in the central region, whereas the

2. Excitation function of flavor ratios

1. Xxg dependencies
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FIG. 6. WA92 Collaboration datéRef. [10]) for the inclusive

F

FIG. 7. E791 Collaboration datéRef. [8]) for the D /D™

D /D" (circles and D%DP° (squares asymmetries versus Feyn- asymmetry versuxg in 500-GeV 7~ A collisions, compared to
man xg in 350-GeV 7~ A collisions, compared to recombination recombination model calculations supplemented witfunction
model calculations supplemented with isospin-symmetricfragmentation contributions.

S-function fragmentation contributions.

2. /s dependencies

former entails a stronger increase towards forwgrd On We finally turn to the excitation function of the flavor
the other hand, the neutr@l-meson ratio is insensitive to asymmetries inwN collisions. Again, our combined frag-
this modification. The main feature of these data is the neamentation+ recombination approach gives a rather satisfac-
absence of a leading-particle asymmetry, even at very fortory description of the observed ratios. In contrast tofhe
ward xg . The model calculations essentially reproduce thiscase(where, however, the data accuracy is rather limited
behavior, which arises from the fact that travalence quark OV also the charged-over-neutral ratio is in line with the
in the pion, which on average carries a large projectile mo—Cif"ua'. Overall, the fla_lvor asymmetries introduced by recom-

i , o — bination processes improve the agreement as compared to
mentum fraction, contributes significantly to tileard cc

k g o S ~contributions from(isospin-symmetric fragmentation alone
production procesgvia annihilation onu-valence quarks in  (represented by the dotted linda all channels; cf. Fig. 9.
the nucleol, and thus is not available for subsequent recom- |t should also be noted that overall charm conservation

bination. For smallxg the measured asymmetry seems tohas not been enforced explicitly. However, the slight excess
become even negative, which in the calculations is due tef anticharm quarks induced by tH2 /D" asymmetry is
significant contributions from recombination processes of conceivably compensated by a positixe/A . asymmetry,
quarks withu quarks from target nucleons. This effect be- which is also observed experimentdy2] (but which we do
comes more pronounced when introducing local flavor cornot address heyeThe same argument applies for proton pro-
relations within the nucleolower dashed ling which in-
creasegdecreas@srecombination withu (u) into D° (D9)
mesons; at the same time, the charged ratio becomes som
what suppressed at negatixg (upper dashed line due to

reduced(enhancefl recombination withd (d) quarks into
D~ (DY).

At a higher projectile energy500 Ge\}, the E791 Col-
laboration measured thg&: dependence of the inclusive
D~ /D" ratio. As before, the modified 2-PDF withy = 0.4 :
and p,=1/4 accounts for the data much better than with 5 oL
C7=p,=1, cf. Fig. 7. In general, over the range of fixed g
target energies discussed here, the projectile-energy variatio
in the xg dependencies of the flavor asymmetries is rather g 3
weqk. In Fig. 8 djfferentiakF spectra_for the absolutely nor- 10-20 : 0{2 : 014 : 0{6 : 0[8 0 0[2 : 014 : 0{6 : 0[8 '1
malized recombinationt+ fragmentation model calculations X X
(with K=3 in accordance with Fig.)2for the individual F F
D-meson statesunderlying the solid lines in Figs. 6 and 7 FIG. 8. x-differential cross sections from the WA92 Collabo-
are compared to data from the WA92 Collaboratid®].  ration(Ref.[10]) for inclusive yields of lightD mesons in 350-GeV
Reasonable agreement in all channels over the emfire #7~A reactions, compared to recombination model calculations
range is observed. supplemented with fragmentation contributions.
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target energies has been investigated with emphasis on asym-
¥ metries in the light-flavor sector. The calculations have been
P S I B B A I performed within a recombination model for produced charm

X quarks with surrounding light quarks in projectile and target,
supplemented with a standard fragmentation treatment for

1 O T . - . .
a F=-—""" f 4 the remainingc andc quarks. More precisely, the recombi-
A 0<[ ¢ E769, WA82, WA92 nation component has been evaluated assuming a factoriza-
0.5 X '

I — Global (c,=0.5) tion of the perturbatively calculatethard cc production

[ -- Local Flavor Correlations vertex and the subsequetonperturbative “coalescence”

45 '1'5' — '2'0' — '2'5' — '3'0' — '3'5' s process. On the one hand, this requires the use of a two-
12 parton distribution function, for which we used a simple fac-

s [GeV] torization ansatZas first suggested 25 years agon the
other hand, the recombination function, as compared to pre-
vious analyses, has been generalized to incorporate coales-
cence with sea quarks within the colliding hadrons, neces-

o - —0/~0 sary to address bulk production dominated by the central
jectiles, where botfd ~/D™ andD"/D” are larger than one, region (x-~0). Color correlations have been neglected
but at the same time th&, asymmetry is more pronounced throughout.

than for pion beam§12]. Employing recent parametrizations of parton distribution
We close this section with a note @y mesons. For the  fnctions for nucleon target as well as pion and proton pro-
recombination contribution alone, the ratio féinclusive jectiles, we have found thak) recombination processes con-
strange over nonstrang mesons at/s=26 GeV turns out  tribute significantly to totaD-meson yields andji) the de-
to be 12% for forward productio13% for all xg), with  scription of observed flavor asymmetrie® {+D ~)/(D°
almost no energy dependence. This ratio increases slightly to D%, D~/D*, andD¥/DC in bulk production is improved
_ o - a H a 7 1
14-15% when replacing the GRV-LO with the GRV-HO throughout as compared to isospin-symmetric fragmentation

PDF's. From a compilation in Ref10], the experimentally T ; -
. alone. The nontrivial isospin asymmetridge., beyond
measured ratios can be found to be ¥5289% for 230-GeV known feed down corrections from* state$ are driven by

Z boeams[39], 16'7i3.'3% at 25(.) GeV[9], and 11.6 the valence- and sea-quark content of the colliding hadrons.
+1.4% at 350 GeV, with a combined average Rﬁs/D No significant sensitivity was found with respect lmcal
=12.9+1.2%. This value is in surprising agreement with theflayor correlations, as one might expect from valence-quark
recombination approach. In fact, for the remaining charmpr quark-diquark substructures in the nucleon. Except for the
quarks, fragmentation should apply. The prediction of thecharged-over-neutral asymmetry for proton projectiles
LUND event generatof44] (where hadronization is essen- (which is, however, beset with large uncertaintigke mag-
tially performed by string fragmentatiorturns out to be njtude and(not very pronouncedcollision energy depen-
~8 %, somewhat below the data. However, the combine@jence of available fixed target data are rather well repro-
recombination+ fragmentation result would still be close to duced.

the observed value. As has been noted before, the same framework is also

nN->DX tector upgrades have been performed. We here quote our
S L B o B o B predictions forD-meson flavor ratios by extrapolating our
TS | e NA32,E769, WA92, E653 ] recombination+ fragmentation approach according to Sec.
oF ; Il B to 200-GeV c.m. energy.We find
S +0 b R(p+ +p-y/(00+ 50)=0.40; Rp-/p+=1.24; Rpopo=1.35;
a | SR 4 1 Rp_p=0.23
7t ¢ ' ] These values are all rather close to the ones at fixed target
a . energies.
0 A
1L.5F ! 3
. = i +7 . V. CONCLUSIONS
o) C ]
=~ 1: ] Charm-meson production in hadronic collisions at fixed
A ]

I
(]

FIG. 9. Collision energy dependence of varidxsneson flavor
ratios in7~ A collisions.

IV. PREDICTIONS FOR P-P AT RHIC
3We recall that the recombination part of the charm cross section

An important part of the physics program at the Relativ-increases with collision energy; at 200 GeV, the calculated fraction
istic Heavy-lon Collider(RHIC) at Brookhaven consists of of D+ D, mesons amounts to 67% of the tota yield (or 83% of
(polarized p-p collisions up to a maximum c.m. energy of the expected totdD + D, yield; note that these numbers include the
500 GeV. Collisions at 200 GeV have been performed in theoefficientC,=0.8 for the nucleon 2-PDF used in all results start-
year-2 (2002 and year-3(2003 running periods, although ing with Fig. 5; our estimates for the ratios at RHIC energy do not
direct open-charm measurements are not expected before decount for potentially sizable destructive interference effects.
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able to explain the differentiade dependencies of the flavor
asymmetries as measured #N collisions. These become
more pronounced at forwarxk, and are, within the model

calculations, more sensitive to phase space correlations in the

two-parton distribution functions. Future data on identified

PHYSICAL REVIEW D67, 074036 (2003

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