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Abstra
tWe advo
ate 
harmed-hadron in
lusive hadroprodu
tion as a laboratory to probe intrinsi
 
harm(IC) inside the 
olliding hadrons. Working at next-to-leading order in the general-mass variable-
avor-number s
heme endowed with non-perturbative fragmentation fun
tions re
ently extra
tedfrom a global �t to e+e� annihilation data from KEKB, CESR, and LEP1, we �rst assess thesensitivity of Tevatron data of D0, D+, and D�+ in
lusive produ
tion to the IC parameterizationsprovided by Pumplin et al. We then argue that similar data from pp 
ollisions at RHIC would havethe potential to dis
riminate between di�erent IC models provided they rea
h out to suÆ
ientlylarge values of transverse momentum.PACS numbers: 12.38.Bx, 13.85.Ni, 13.87.Fh, 14.40.Nd
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I. INTRODUCTIONRe
ently, the in
lusive produ
tion of 
harmed hadrons (X
) at hadron 
olliders has beenthe subje
t of extensive experimental and theoreti
al studies. The CDF Collaboration mea-sured the di�erential 
ross se
tion d�=dpT for the in
lusive produ
tion of D0, D+, D�+,and D+s mesons (and their antiparti
les) in pp 
ollisions at the Fermilab Tevatron (run II),with 
enter-of-mass energy ps = 1:96 TeV, as a fun
tion of the transverse momentum (pT )in the 
entral rapidity (y) region [1℄. The PHENIX Collaboration measured non-photoni
ele
tron produ
tion through 
harm and bottom de
ays in pp, dAu, and AuAu 
ollisions atthe BNL Relativisti
 Heavy Ion Collider (RHIC) with ps = 200 GeV as a fun
tion of pT [2℄.The STAR Collaboration at RHIC presented mid-rapidity open 
harm spe
tra from dire
tre
onstru
tion of D0=D0 ! K��� de
ays in dAu 
ollisions and indire
t ele
tron-positronmeasurements via 
harm semileptoni
 de
ays in pp and dAu 
ollisions at ps = 200 GeV[4℄. Re
ently, they also reported results on non-photoni
 ele
tron produ
tion in pp, dAu,and AuAu 
ollisions at ps = 200 GeV [3℄. Unfortunately, these RHIC data only 
over avery limited small-pT range, where theoreti
al predi
tions based on perturbative QCD arediÆ
ult.On the theoreti
al side, the 
ross se
tions for the in
lusive produ
tion of X
 mesons 
anbe obtained as 
onvolutions of universal parton distribution fun
tions (PDFs) and universalfragmentation fun
tions (FFs) with perturbatively 
al
ulable hard-s
attering 
ross se
tions.The non-perturbative input in form of PDFs and FFs must be known from �ts to otherpro
esses. The universality of the PDFs and FFs guarantees unique predi
tions for the
ross se
tion of the in
lusive produ
tion of heavy-
avored hadrons. The results of su
h
al
ulations for X
 produ
tion at the Tevatron have been presented re
ently by us in Ref. [5℄and 
ompared to the CDF data [1℄. For all four meson spe
ies, D0, D+, D�+, and D+s ,we found good agreement with the data in the sense that the experimental and theoreti
alerrors overlap. For the D0, D�+, and D+s mesons, many of the 
entral data points fall intothe theoreti
al error band due to s
ale variation. Only the 
entral data points for the D+mesons lie somewhat above it. For the D0, D+, and D�+ mesons, the 
entral data pointstend to overshoot the 
entral theoreti
al predi
tion by a fa
tor of about 1.5 at the lower endof the 
onsidered pT range. With the ex
eption of the D+s 
ase, the experimental results aregathered on the upper site of the theoreti
al error band, 
orresponding to a small value of3



the renormalization s
ale �R and large values of the fa
torization s
ales �F and �0F , relatedto the initial and �nal states, respe
tively.In our analysis [5℄, we employed the general-mass variable-
avor-number s
heme (GM-VFNS), whi
h 
ombines the zero-mass variable-
avor-number s
heme (ZM-VFNS) and the�xed-
avor-number s
heme (FFNS). The GM-VFNS is 
lose to the ZM-VFNS, but retainsm2=p2T power terms in the hard-s
attering 
ross se
tions. Here, m stands for the mass of the
harm quark. The 
al
ulational details for hadron-hadron 
ollisions were elaborated in ourprevious works [6℄. The 
hara
teristi
 feature of the GM-VFNS is that the 
harm quark isalso treated as an in
oming parton originating from the (anti)proton, leading to additional
ontributions besides those from the light u, d, and s quarks and the gluon. This is quiteanalogous to the ZM-VFNS, but with the important di�eren
e that the power terms areretained in the hard-s
attering 
ross se
tions. This allows us to apply the GM-VFNS alsoin the region of intermediate pT values, pT & m. In fa
t, in Ref. [5℄, we had pT & m.In Ref. [5℄, we in
luded nf = 4 a
tive quark 
avors and took the 
harm-quark mass tobe m = 1:5 GeV. The strong-
oupling 
onstant �(nf )s (�R) was evaluated in next-to-leadingorder (NLO) with �(4) = 328 MeV, 
orresponding to �(5)s (mZ) = 0:1181. We employedproton PDF set CTEQ6.1M from the Coordinated Theoreti
al-Experimental Proje
t onQCD (CTEQ) Collaboration [7℄ and the FFs from Ref. [8℄. The default 
hoi
e for therenormalization and the initial- and �nal-state fa
torization s
ales was �R = �F = �0F = mT ,where mT =pp2T +m2 is the transverse mass.Compared to our previous work [5℄, we have now mu
h more reliable FFs for the tran-sitions u; d; s; 
; g ! X
 at our disposal. The FFs used in Ref. [5℄ were determined by�tting the fra
tional-energy spe
tra of the hadrons X
 measured by the OPAL Collabora-tion [9, 10℄ in e+e� annihilation on the Z-boson resonan
e at the CERN LEP1 
ollider.These data had rather large experimental errors and the disadvantage of being at a ratherlarge s
ale �0F =MZ , far away from the s
ales of X
 produ
tion in pp 
ollisions at the Teva-tron, whi
h typi
ally 
orrespond to pT values below 25 GeV. In the meantime, new data on
harmed-meson produ
tion with mu
h higher a

ura
y were presented by the CLEO Collab-oraton [11℄ at CESR and by the Belle Collaboration [12℄ at the KEK 
ollider for B physi
s(KEKB). These data o�ered us the opportunity to determine the non-perturbative initial
ondition of the FFs mu
h more a

urately. The data from CLEO [11℄ and Belle [12℄ arelo
ated mu
h 
loser to the threshold ps = 2m of the transition 
 ! X
 than those from4



OPAL [9, 10℄. The s
ale of the CLEO [11℄ and Belle [12℄ data is set by the 
.m. energyps = 10:5 GeV. Re
ently, Knees
h and three of us extra
ted from these data FFs for D0,D+, and D�+ mesons; the details may be found in Ref. [13℄.Another important ingredient for the theoreti
al des
ription of in
lusive X
 produ
tionare the parton distribution fun
tions (PDFs). Let fa(x; �F ) denote the PDF of parton ainside the proton at momentum fra
tion x and fa
torization s
ale �F . At short distan
es,
orresponding to large values of �F , the s
ale dependen
e is determined by the QCD evo-lution equations with perturbatively 
al
ulable evolution kernels. So, the PDFs are fullydetermined by their fun
tional forms in x spe
i�ed at a �xed s
ale �F = �0 provided �0is large enough to be in the region where perturbative QCD is supposed to the valid. Inmost appli
ations, �0 is 
hosen to be of order 1{2 GeV, whi
h is at the borderline betweenthe short-distan
e (perturbative) and long-distan
e (non-perturbative) regions. The PDFsof the gluon and the light quarks (a = g; u; d; s) are non-perturbative. They are obtainedphenomenologi
ally through global QCD analyses, in whi
h the theoreti
al predi
tions are
ompared with a wide range of experimental data on hard pro
esses [7, 14, 15℄.The 
ross se
tions of in
lusive 
harmed-meson produ
tion in the GM-VFNS depend heav-ily on the PDF of the 
harm quark and less on those of the light quarks. In the following, weuse the short-hand notation 
(x; �F ) = f
(x; �F ). In the global analyses of Refs. [7, 14, 15℄and many others [16℄, the 
harm quark is 
onsidered a parton. It is 
hara
terized by the PDF
(x; �F ) that is de�ned for �F > m. In 
ommon global QCD analyses at NLO in the MSs
heme, the 
harm quark is 
onsidered as a heavy quark, and the ansatz 
(x; �0) = 0 with�0 = m is assumed as the initial 
ondition for 
al
ulating 
(x; �F ) at higher fa
torizations
ales �F > �0. This is usually referred to as the radiatively-generated-
harm approa
h. Inthe global analyses 
ited above, this ansatz implies that the 
harm parton does not have anyindependent degrees of freedom in the parton parameter spa
e, i.e., 
(x; �F ) is perturbativelydetermined by the gluon and light-quark parton parameters.However, a purely perturbative treatment of the heavy quarks might not be adequate.This is even more true for the 
harm quark with massm � 1:5 GeV, whi
h is not mu
h largerthan typi
al hadroni
 s
ales of a few hundred MeV. In fa
t, there exists the possibility, that
(x; �0) 6= 0. A
tually, for many years, non-perturbative models exist that give non-zeropredi
tions for 
(x; �0) at some initial fa
torization s
ales �0 = O(m) [17, 18℄. The modelof Ref. [17℄ was also analyzed in the framework of the FFNS [19℄. In this 
onne
tion, the5



notion intrinsi
 
harm (IC) has be
ome 
ustomary. The IC models of Refs. [17, 18℄ and athird one, whi
h will be spe
i�ed in a later se
tion, were put to a stringent test by extendingthe re
ent CTEQ6.5 global analysis [14℄ so that the 
harm se
tor has its own independentdegrees of freedom at the initial fa
torization s
ale �0 = m [20℄. As a natural extension ofthe CTEQ6.5 analysis [14℄, Pumplin et al. [20℄ determined the range of magnitude of ICthat is 
onsistent with an up-to-date global analysis of hard-s
attering data with variousassumptions on the shape of the x distribution of IC at a low fa
torization s
ale.The authors of Ref. [20℄ found the IC of the light-
one models [17, 18℄ to be 
ompatiblewith the global data sample for magnitudes ranging from zero up to three times of what hadbeen estimated in more model-dependent investigations. In these models, there 
an be alarge enhan
ement of 
(x; �F ) at x > 0:1, relative to previous analyses that have no IC. Theenhan
ement persists to rather large s
ales �F , up to 100 GeV. Therefore, these nonzero IC
ontributions 
an have an important e�e
t on 
harm-initiated pro
esses at HERA, RHIC, theTevatron, and the LHC. Of 
ourse, at hadron 
olliders, the 
harm produ
tion 
ross se
tionwould be sensitive to 
(x; �F ) at x > 0:1 only at suÆ
iently large values of xT = 2pT=ps.For example, the 
ross se
tion data at the Tevatron [1℄ only 
over the range pT < 25 GeV,so that xT < 0:025, whi
h is too small to be sensitive to IC 
ontributions at x > 0:1. Onlyat RHIC, where ps is a fa
tor of 10 smaller, we may expe
t suÆ
ient sensitivity. At givenvalues of ps and pT , the sensitivity to 
(x; �F ) at large values of x 
ould be further enhan
edby performing measurements at large values of jyj, i.e. in the extreme forward or ba
kwardregions [21℄.The obvious data that 
ould provide us with information on the IC 
ontribution, wouldbe those on the 
harm stru
ture fun
tion F 
2 measured at HERA. But these data are alreadyused in the global analysis [20℄. Unfortunately, they do not have a signi�
ant e�e
t be
auseof the rather large experimental errors and be
ause the data are mostly lo
ated at smallvalues of x. A 
omparison of su
h data with results from earlier CTEQ global analyses maybe found in Ref. [22℄.After these general remarks, it is 
lear that it is interesting to study 
ross se
tions ofin
lusive 
harmed-meson produ
tion at RHIC (ps = 200 GeV) and the Tevatron (ps =1:96 TeV) more 
losely and to establish those kinemati
 regions whi
h are sensitive to theIC 
omponent of the proton. For this purpose, we adopt the GM-VFNS approa
h outlinedin Ref. [5, 6℄. We �rst 
ompare the D0, D+, and D�+ produ
tion data from Ref. [1℄ to6



NLO predi
tions evaluated with the respe
tive FF sets [13℄ so as to test the latter (with orwithout IC). Then, we present results for the D0 produ
tion 
ross se
tion under Tevatronand RHIC experimental 
onditions assuming the six IC s
enarios introdu
ed in Ref. [20℄.The outline of this paper is as follows. In Se
. II, we brie
y review the FFs determinedin Ref. [13℄. In Se
. III, we des
ribe the three IC models investigated in Ref. [20℄ as mu
has is needed to understand our �nal results. In Se
. IV, we present our NLO predi
tionsfor in
lusive X
 produ
tion in pp and pp 
ollisions. Se
tion V 
ontains a summary and anoutlook.II. FRAGMENTATION FUNCTIONS FOR CHARMED MESONSFor our 
al
ulation of the di�erential 
ross se
tion d2�=(dpT dy) of p + p(p) ! X
 +X,where X
 = D0; D+; D�+ and X stands for the residual �nal state, a 
ru
ial ingredient isthe non-perturbative FFs for the transitions a ! X
, where a = g; u; u; d; d; s; s; 
; 
. ForX
 = D�+, su
h FFs were extra
ted at LO and NLO in the modi�ed minimal-subtra
tion(MS) fa
torization s
heme with nf = 5 massless quark 
avors several years ago [23℄ from thedistributions d�=dx in s
aled energy x = 2E=ps of the 
ross se
tions of e++e� ! D�++Xmeasured by the ALEPH [24℄ and OPAL [10℄ Collaborations at LEP1. Two of us [25℄extended the analysis of Ref. [23℄ to in
lude X
 = D0; D+; D+s ;�+
 by �tting appropriateOPAL data [9℄. Besides the total X
 yield, whi
h re
eives 
ontributions from Z ! 

and Z ! bb de
ays as well as from light-quark and gluon fragmentation, the ALEPH andOPAL Collaborations separately spe
i�ed the 
ontributions due to tagged Z ! bb eventsyielding Xb hadrons, whi
h then weakly de
ay to X
 hadrons. The 
ontribution due to thefragmentation of primary 
harm quarks into X
 hadrons approximately 
orresponds to thedi�eren
e of these two measured distributions.In Refs. [23, 25℄, the starting point �0 for the DGLAP evolution of the a! X
 FFs in thefa
torization s
ale �0F were taken to be � = 2m with m = 1:5 GeV for a = g; u; u; d; d; s; sand � = 2mb with mb = 5 GeV for a = b; b. The FFs for a = g; u; u; d; d; s; s were assumedto vanish at �0F = �0 and generated through DGLAP evolution to larger values of �0F . For
onsisten
y with the MS pres
ription for the PDFs, these �ts of the FFs were repeated forthe 
hoi
e �0 = m;mb in Ref. [8℄. These determinations of X
 FFs [8, 23, 25℄ were all basedsolely on data from the Z-boson resonan
e. In these data, the e�e
ts of �nite quark and7



hadron masses were greatly suppressed and 
ould safely be negle
ted.The most re
ent �ts for X
 = D0; D+; D�+ reported in Ref. [13℄ in
lude, beside theOPAL [9, 10℄ and ALEPH [24℄ data, mu
h more pre
ise data from CLEO [11℄ and Belle [12℄.They o�ered us the opportunity to further 
onstrain the 
harmed-hadron FFs and test theirs
aling violations. However, the lower 
.m. energies of the CLEO [11℄ and Belle [12℄ datane
essitates the in
orporation of quark and hadron mass e�e
ts, whi
h are then no longernegligible, into the formalism. The GM-VFNS, whi
h is also the basis of the 
omputationof the 
ross se
tion of p + p ! X
 +X in Refs. [5, 6℄, provides the appropriate theoreti
alframework also for this (see Ref. [13℄ for details). We adopted the values of �0 and m fromRef. [8℄.In this framework, new FFs for D0, D+, and D�+ mesons were determined through global�ts to all available e+e� annihilation data, from Belle [12℄, CLEO [11℄, ALEPH [24℄, andOPAL [9, 10℄. In 
ontrast to the situation at the Z-boson resonan
e, we had to take intoa

ount the e�e
t of ele
tromagneti
 initial-state radiation on the Belle and CLEO data,whi
h distorts the distribution in s
aled momentum xp = 2p=ps of the 
ross se
tion for
ontinuum produ
tion in a non-negligible way [13℄. We found that the global �ts su�er fromthe fa
t that the Belle and CLEO data tend to drive the average of x of the 
! X
 FFs tolarger values, whi
h leads to a somewhat worse des
ription of the ALEPH and OPAL data.Sin
e the b! X
 FFs are only indire
tly 
onstrained by the Belle and CLEO data, namelyvia their 
ontribution to the DGLAP evolution, their forms are only feebly a�e
ted by thein
lusion of these data in the �ts. In other words, the b! X
 FFs are essentially �xed by theALEPH and OPAL data alone. It was found that hadron mass e�e
ts are more importantthan quark mass e�e
ts in the global �ts. In fa
t, they are indispensable for �tting the lowertails of the xp distributions from Belle and CLEOThe z distributions of the 
 and b quark FFs at their starting s
ales were assumed toobey the Bowler ansatz [26℄DX
a (z; �0) = Nz�(1+
2)(1� z)ae�
2=z; (1)with three parameters N , a, and 
. Spe
i�
ally, the �tting pro
edure was as follows. At thes
ale �0 = m = 1:5 GeV, the 
-quark FF was taken to be of the form of Eq. (1), while theFFs of the light quarks q (q = u; d; s) and the gluon were set to zero. Then these FFs wereevolved to higher s
ales �0F using the DGLAP equations with nf = 4 a
tive quark 
avors8



and �(4)MS = 321 MeV. When the s
ale �0F rea
hed the threshold value �0F = mb = 5:0 GeV,the bottom 
avor was a
tivated and its FF was introdu
ed in the Bowler form of Eq. (1).The evolution to higher s
ales �0F was then performed with nf = 5 and �(5)MS = 221 MeV. Thevalues of the Bowler parameters N
, a
, and 

 for 
 ! X
 and Nb, ab, and 
b for b ! X
thus obtained may be found in Tables 1, 2, and 3 of Ref. [13℄ for the D0, D+, and D�+mesons, respe
tively, together with the a
hieved values of �2 per d.o.f. (�2). The �2 valuesdi�er somewhat for the three D-meson spe
ies, but they are all a

eptable. The smallest �2value was obtained for the D+ meson.III. PDFS WITH INTRINSIC CHARMIn a re
ent paper [20℄, Pumplin et al. extended the up-to-date CTEQ6.5 global analysis[14℄ to in
lude a 
harm se
tor with nonzero 
(x; �0) at the initial fa
torization s
ale �0 = m.For this purpose, they 
onsidered three s
enarios. The �rst two s
enarios are based on thelight-
one Fo
k-spa
e pi
ture of nu
leon stru
ture formulated in more detail by Brodsky [27℄.In this pi
ture, IC is mainly present at large momentum fra
tion x, be
ause states 
ontainingheavy quarks are suppressed a

ording to their o�-shell distan
e, whi
h is proportional to(p2T+m2)=x. Thus, 
omponents with largem appear preferentially at large x. A wide varietyof light-
one models predi
t similar shapes in x, as has been shown re
ently [28℄. Spe
i�
ally,the light-
one models 
onsidered in Ref. [20℄ in
lude the original model of Brodsky, Hoyer,Peterson, and Sakai (BHPS) [17℄ and the so-
alled meson-
loud pi
ture [18℄, in whi
h the ICarises from virtual low-mass meson-plus-baryon 
omponents of the proton, su
h as D0�+
 .The meson-
loud model also predi
ts a di�eren
e between 
(x; �0F ) and 
(x; �0F ) and soprovides an estimate of the possible 
harm/anti
harm di�eren
e.Unfortunately, the light-
one formalism does not allow us to 
al
ulate the normalizationof the uud

 
omponents [28℄, although estimates of the order of 1% were reported in theliterature [18, 29℄. Therefore, in Ref. [20℄, the magnitude of IC is determined by 
omparisonwith data in
orporated in the global �t.The x dependen
e originating in the BHPS model [17℄ is
(x; �0) = 
(x; �0) = Ax2[6x(1 + x) lnx+ (1� x)(1 + 10x+ x2)℄: (2)In Eq. (2), �0 = m with m = 1:3 GeV and the normalization 
onstant A is treated as a free9



parameter in the �t. Its magnitude is 
ontrolled by the average 
+ 
 momentum fra
tion,hxi
+
 = Z 10 dx x[
(x; �0) + 
(x; �0)℄: (3)The exa
t x dependen
e predi
ted by the meson-
loud model 
annot be given by a simpleformula. However, it was shown in Ref. [28℄ that the 
harm distributions in this model 
anbe very well approximated by 
(x; �0) = Ax1:897(1� x)6:095;
(x; �0) = Ax2:511(1� x)4:929; (4)where the normalization 
onstants A and A are 
onstrained by the quark number sum rule,Z 10 dx [
(x; �0)� 
(x; �0)℄ = 0; (5)whi
h �xes A=A. The overall magnitude of IC is again determined in the global analysis.As a third s
enario, Pumplin et al. [20℄ studied a purely phenomenologi
al s
enario inwhi
h the shape of the 
harm distribution is sea-like, i.e. similar to those of the light-
avor sea quarks, ex
ept for an overall mass suppression. In parti
ular, they assumed that
(x; �0) = 
(x; �0) / u(x; �0) + d(x; �0) at �0 = m.The 
(x; �0) and 
(x; �0) fun
tions of the BHPS, meson-
loud, and sea-like models dis-
ussed above are used in Ref. [20℄ as input for the general-mass perturbative QCD evolutionas explained in Ref. [14℄. Then, the range of the IC magnitude is determined to be 
onsis-tent with the global data �t. The quality of ea
h global �t is measured by �2global, whi
h isshown in Fig. 1 of Ref. [20℄ as a fun
tion of hxi
+
 for the three models. From this �gure,one 
an see that in the lower range, 0 < hxi
+
 . 0:01, �2global varies very little, i.e. the�t is very insensitive to hxi
+
 in this interval. This means that the global analysis of thehard-s
attering data gives no eviden
e either for or against IC up to hxi
+
 � 0:01. Forhxi
+
 > 0:01, the 
urves for the three models in Fig. 1 of Ref. [20℄ rise steeply with hxi
+
.�2global � 3450 represents a marginal �t in ea
h model, beyond whi
h the quality of the �tbe
omes una

eptable a

ording to the pro
edure established in Refs. [7, 14℄. This 
riterionis based on the fa
t that one or more of the individual experiments in the global �t is nolonger �tted within the 90% 
on�den
e level. For 
omparison, the �t with no IC yields�2global � 3330. The hxi
+
 distributions of �2global a
hieved in the BHPS, meson-
loud, andsea-like models rea
h the marginal-�t limit of 3450 at 2.0%, 1.8%, and 2.4%, respe
tively.10



The authors of Ref. [20℄ studied also the typi
al, more moderate hxi
+
 values 0.57%, 0.96%,and 1.1% in the same order. The x dependen
es of 
(x; �F ) and 
(x; �F ) obtained in thethree models are shown for the two values of hxi
+
 mentioned above and for various val-ues of �F in Figs. 2{4 of Ref. [20℄ and are 
ompared there with the zero-IC result of theCTEQ6.5 �t. From these �gures one noti
es that, in the two light-
one models, IC leadsto an enhan
ement of 
(x; �F ) and 
(x; �F ) at x > 0:1 relative to the PDF analysis withzero IC, while the deviation is small for x < 0:1. In the sea-like model, there is also asigni�
ant enhan
ement of 
(x; �F ) and 
(x; �F ) relative to the zero-IC PDF. In this 
ase,the enhan
ement is spread more broadly in x, roughly over the region 0:01 < x < 0:50.The six PDF sets 
onstru
ted with IC, 
orresponding to the three models with two valuesof hxi
+
 ea
h, whi
h are designated by CTEQ6.5C in Ref. [20℄, are available together withthe 
orresponding zero-IC PDF set via the LHAPDF standard [16℄ as seven members, whi
hwe denote as CTEQ6.5Cn with n = 0; 1; 2; 3; 4; 5; 6. Spe
i�
ally, n = 0 stands for zero IC,n = 1; 2 for the BHPS model with hxi
+
 = 0:57%; 2:0%, n = 3; 4 for the meson-
loud modelwith hxi
+
 = 0:96%; 1:8%, and n = 5; 6 for the sea-like model with hxi
+
 = 1:1%; 2:4%.IV. COMPARISON WITH CDF DATA AND PREDICTIONS FOR RHICA. Predi
tions for CDFIn this se
tion, we present our predi
tions for the di�erential 
ross se
tion d2�=(dpT dy)of p + p ! X
 + X with X
 = D0; D+; D�+ at NLO in the GM-VFNS. The 
al
ulationpro
eeds as outlined in Ref. [6℄ with the modi�
ations explained in Se
. II.The NLO 
ross se
tion 
onsists of three 
lasses of 
ontributions.1. Class (i) 
ontains all the partoni
 subpro
esses with a 
; 
! X
 transition in the �nalstate that have only light partons (g; q; q) in the initial state, the possible pairingsbeing gg, gq, g�q, and q�q.2. Class (ii) 
ontains all the partoni
 subpro
esses with a 
; 
! X
 transition in the �nalstate that also have 
 or 
 quarks in the initial state, the possible pairings being g
,g
, q
, q
, q
, q
, and 

.3. Class (iii) 
ontains all the partoni
 subpro
esses with a g; q; �q ! X
 transition in the11



�nal state.The 
ontributions of 
lasses (ii) and (iii) are 
al
ulated in the ZM-VFNS using the hard-s
attering 
ross se
tions usually used for the in
lusive produ
tion of light mesons [30℄. Thelight-quark fragmentation 
ontributions are negligible. However, gluon fragmentation 
on-tributes signi�
antly, as was �rst noti
ed in our previous work [5℄.As was shown in Ref. [6℄, them dependen
e of the 
lass-(i) 
ontribution is greatly s
reenedin the full 
ross se
tion be
ause the latter is dominated by the 
ontributions of 
lasses (ii)and (iii), whi
h are 
al
ulated with m = 0. In fa
t, the bulk of the 
ontribution is due to
lass (ii), whi
h provides a handle on the 
(x; �F ) and 
(x; �F ) and thus on IC.The CDF data [1℄ 
ome as distributions d�=dpT at ps = 1:96 TeV with y integratedover the range jyj � 1. For ea
h X
 meson, the parti
le and antiparti
le 
ontributionsare averaged. We work in the GM-VFNS with nf = 4 thus ex
luding X
 hadrons fromXb-hadron de
ays, whi
h are vetoed in the CDF analysis [1℄. For the 
omparison with theCDF data, we use set CTEQ6.5 of proton PDFs [14℄ without IC (see Se
. III), and setglobal-GM of X
 FFs [13℄ (see Se
. II). We adopt the value �(4)MS = 328 MeV, whi
h yields�(5)s (MZ) = 0:1181, from Ref. [14℄ and the values m = 1:5 GeV and mb = 5 GeV fromRef. [13℄. There is a slight mismat
h of the input parameters nf , �(4)MS, m, and mb, sin
eRef. [14℄ uses nf = 5, m = 1:3 GeV and mb = 4:5 GeV and Ref. [13℄ uses nf = 5 and�(4)MS = 321 MeV. The di�eren
e between the values of �(4)MS is 
ertainly insigni�
ant. Thedi�erent 
hoi
es form andmb, whi
h set the 
avor thresholds, will feebly a�e
t the evolutionof the strong-
oupling 
onstant, the PDFs, and the FFs. In order to 
onservatively estimatethe s
ale un
ertainty, we set �R = �RmT , �F = �0F = �FmT , independently vary �R and �F inthe range 1=2 < �R; �F < 2, and determine the maximum upward and downward deviationsfrom our default predi
tions, for �R = �F = 1.The theoreti
al predi
tions evaluated with the CTEQ6.5 PDFs [14℄ and the new FFs[13℄ are 
ompared with the CDF data [1℄ on an absolute s
ale in Fig. 1 and in the data-over-theory representation with respe
t to the default results in Fig. 2. The three frames inea
h �gure refer to the D0, D+, and D�+ mesons; in ea
h frame, the theoreti
al un
ertaintydue to the s
ale variation des
ribed above is indi
ated by the dashed lines. In all 
ases, we�nd that the agreement with the data is improved relative to our previous analysis [5℄, asmay be seen by 
omparing Figs. 1 and 2 with Figs. 1 and 2 in Ref. [5℄. In fa
t, the D0data, ex
ept for the smallest-pT point, and the D+ data agree with our default predi
tions12
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)FIG. 1: pT distributions d�=dpT of p + p ! X
 + X with (a) X
 = D0, (b) X
 = D+, and (
)X
 = D�+ for ps = 1:96 TeV and jyj < 1 evaluated at NLO in the GM-VFNS using the FFsof Ref. [13℄ in 
omparison with experimental data from CDF [1℄. The solid lines represents thedefault predi
tions, for �R = �F = 1, and the dashed lines indi
ate the maximum deviations forindependent variations in the range 1=2 < �R; �F < 2.within the experimental errors. This is also true for the D�+ data, ex
ept for the two small-pT points. This improvement may be attributed to the advan
ement in our knowledge of
harmed-meson FFs [13℄, whi
h now also in
ludes detailed information from the B fa
tories,while the previously used FF set was solely based on LEP1 data [8℄.
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In the following, we take the point of view that the FFs for the X
 mesons are suÆ
ientlywell known and ask the question whether the CDF data 
an dis
riminate between the variousCTEQ6.5 PDF sets endowed with IC. For brevity, we only present our results for the 
aseof the D0 meson, whi
h yields the largest 
ross se
tion; the results for the D+ and D�+mesons are very similar. Spe
i�
ally, we repeat the 
al
ulation of the 
entral predi
tion inFig. 1(a) in turn with PDF sets CTEQ6.5Cn for n = 1; : : : ; 6 and normalize the out
ome tothe default predi
tion with zero IC of Fig. 1(a). The results are shown in Fig. 3. We observethat the ratios for n = 1; 2; 3; 4 lie very 
lose to unity, the largest deviation being 2%. Onlythe ratios for n = 5; 6 signi�
antly deviate from unity. In fa
t, for n = 5 the ratio is around1.1, and for n = 6 it ranges between 1.17 and 1.27 in the 
onsidered pT range. This �ndingis easy to understand. The x values dominantly 
ontributing to the produ
tion 
ross se
tionat the Tevatron are typi
ally rather small, e.g. x < xT � 0:025 for pT = 25 GeV. In this xrange, IC is greatly suppressed for n = 1; 2; 3; 4, while the IC for n = 5; 6 is signi�
ant forx > 10�3. The IC for n = 6, with hxi
+
 = 0:024, is more pronoun
ed than that for n = 5,with hxi
+
 = 0:011, whi
h explains the hierar
hy of the respe
tive ratios in Fig. 3. We
on
lude from Fig. 3 that the size of the IC enhan
ement is 
omparable to the errors on theCDF data only for n = 5; 6. In fa
t, the two large-pT data points from CDF tend to disfavorthe sea-like IC implemented for n = 6, although a �rm statement would be premature. Onthe other hand, the e�e
ts due the IC of the BHPS (n = 1; 2) or meson-
loud (n = 3; 4)models are too feeble to be resolved by the presently available CDF data. In order to obtaina handle on these types of IC, one needs data at 
onsiderably larger values of pT , where thedeviations from the zero-IC predi
tion are suÆ
iently large. Of 
ourse, the 
ross se
tionswill be mu
h smaller there and hard to measure with suÆ
ient a

ura
y.However, one should keep in mind that the CDF analysis of Ref. [1℄ is merely based on5.8 pb�1 of data re
orded in February and Mar
h 2002. Sin
e then the integrated luminosityof run II has in
reased by more than a fa
tor of 1000, ex
eeding 6 fb�1 as it does. Therefore,we 
on
lude this se
tion by exploring the pT range beyond 25 GeV, up to 75 GeV, assumingthe data to be taken in the 
entral tra
king region, jyj < 1, as before. The respe
tiveextensions of Figs. 1(a) and 3 are presented as Figs. 4(a) and (b). From Fig. 4(a), weread o� that the 
ross se
tion de
reases from 5 to 5� 10�3 nb/GeV as pT runs from 25 to75 GeV, and that the theoreti
al un
ertainty ranges from small to negligible. ComparingFig. 4(b) with Fig. 3, we observe that, in the BHPS and meson-
loud models, the sensitivity15
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30 40 50 60 70(a) (b)FIG. 4: Same as in Figs. 1(a) and 3, but for 25 GeV < pT < 75 GeV.to IC is dramati
ally in
reased as pT runs from 25 to 75 GeV, while it rea
hes some level ofsaturation in the sea-like model. We 
on
lude that the measurements of the 
ross se
tiondistributions d�=dpT of pp ! X
 +X based on the full data sample to be 
olle
ted at theTevatron by the end of run II would have the potential to yield useful 
onstraints on IC.B. Predi
tions for RHICInstead of measuring the 
ross se
tions at mu
h larger values of pT with the CDF andD0 dete
tors at the Tevatron, it may be advantageous to lower the 
.m. energy to de
reasexT in the 
onsidered pT range. A 
ollider with smaller 
.m. energy is in operation, namelyRHIC with ps = 200 GeV, where the 
ross se
tion distributions d�=dpT of pp ! X
 + X
ould be measured. So far, only the STAR Collaboration has published X
 produ
tion data,namely for dAu ! D0 +X with pT < 2:5 GeV [4℄. We en
ourage STAR and PHENIX toalso study pp! D0 +X at larger values of pT .The 
al
ulations of d2�=(dpT dy) for pp! X
+X at RHIC are 
ompletely analogous tothe Tevatron 
ase. We only need to repla
e the antiproton PDFs by proton PDFs and putps = 200 GeV. We again integrate y over the range jyj < 1. In Fig. 5, we show d�=dpT as a16
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)FIG. 5: Same as in Fig. 1, but for pp 
ollisions with ps = 200 GeV.fun
tion of pT in the range 3 GeV < pT < 20 GeV for X
 = D0; D+; D�+. The results for D+and D�+ are very similar, while that for D0 has a similar shape, but di�ers in normalization.In fa
t, the D�+ to D0 
ross se
tion ratio ranges from 0.46 to 0.52 in the 
onsidered pT range.As in the 
ase of the Tevatron, the 
ross se
tions of pp! X
+X at RHIC rapidly fall within
reasing value of pT , by the fa
tor 2:4 � 10�6 as pT runs from 3 GeV to 20 GeV. Thus,it might be diÆ
ult to measure these 
ross se
tions in the upper part of the 
onsidered pTrange.We now repeat the analysis for the D0 meson in Fig. 5 using the various PDF sets withIC, CTEQ6.5Cn with n = 1; 2; 3; 4; 5; 6. The results, normalized to the 
al
ulation for n = 0,are shown in Fig. 6. Here we observe a pattern familiar from the Tevatron 
ase in Fig. 3,ex
ept that now these ratios are mu
h larger. In fa
t, the results for n = 2; 4 steeply risewith in
reasing value of pT , rea
hing values of about 3 and 2.8 at pT = 20 GeV. The resultsfor n = 1; 3 exhibit less dramati
 rises be
ause the IC is weaker in these 
ases. ComparingFigs. 3 and 6, we 
on
lude that RHIC o�ers a mu
h higher sensitivity to IC as implementedin CTEQ6.5Cn with n = 1; : : : ; 4 than the Tevatron. On the other hand, the results forn = 5; 6 at RHIC are rather similar to those at the Tevatron, being almost independent ofpT . But also here, the relative deviation from the zero-IC 
ase is stronger for RHIC.Unfortunately, in 
ontrast to the Tevatron, RHIC measurements at ps = 200 GeV willbe limited by low luminosity. This key limitation makes the observation of high-pT X
produ
tion at this RHIC energy rather unrealisti
. The high-energy pp mode of RHIC, with17
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FIG. 6: Same as in Fig. 3, but for pp 
ollisions with ps = 200 GeV.ps = 500 GeV, will a

rue more luminosity, perhaps 200{400 pb�1. However, this willhappen at the expense of lowering the a

essible x values and, thus, of redu
ing the relativeIC e�e
ts on the 
ross se
tions, espe
ially for the BHPS and meson-
loud models. In orderto assess the trade-o� between higher luminosity and smaller relative shifts in the 
rossse
tions, we repeat the D0-meson analysis for the 500 GeV mode of RHIC. The results are18
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4 6 8 10 12 14 16 18 20(a) (b)FIG. 7: Same as in Figs. 5(a) and 6, but for ps = 500 GeV.shown in Figs. 7(a) and (b), whi
h should be 
ompared with Figs. 5(a) and 6, respe
tively.We observe that, as one passes from 200 GeV to 500 GeV, the 
ross se
tion is in
reased bya fa
tor of 3.6 (36) at pT = 3 GeV (20 GeV) in normalization, while its relative shifts dueto IC are greatly redu
ed for the BHPS and meson-
loud models, as expe
ted.V. CONCLUSIONSIn this paper, we updated and improved our previous analysis [5℄ of 
harmed-mesonin
lusive hadroprodu
tion at NLO in the GM-VFNS by using as input the non-perturbativeFFs extra
ted from a global analysis of e+e� annihilation data from CESR [11℄, KEKB [12℄,and LEP1 [9, 10, 24℄ in the very same s
heme [13℄. In fa
t, this led to a signi�
antly betterdes
ription of the pT distributions of the D0, D+, and D�+ mesons measured at the Tevatron[1℄, as be
omes evident by 
omparing Figs. 1 and 2 with Figs. 1 and 2 in Ref. [5℄.En
ouraged by this �nding, we then investigated how mu
h room there is for the in
orpo-ration of IC inside the 
olliding hadrons. Spe
i�
ally, we adopted six IC parameterizations[20℄, whi
h are based on the BHPS [17℄, meson-
loud [18℄, and sea-like [20℄ models, imple-mented with two di�erent values of hxi
+
 ea
h. For de�niteness, we fo
used on the D019



meson. In the 
ase of the Tevatron, we found that the BHPS and meson-
loud models yieldinsigni�
ant deviations from the zero-IC predi
tions, while the shift produ
ed by the sea-likemodel is 
omparable to the experimental error and tends to worsen the agreement betweentheory and experiment. However, the experimental errors in Ref. [1℄ are still too sizeable torule out this model as implemented in Ref. [20℄. This is likely to 
hange on
e the full datasample of run II is exploited.Sin
e IC typi
ally re
eives a large fra
tion x of momentum from the parent hadron andthe kinemati
al upper bound on x s
ales with xT = 2pT=ps, the sensitivity to IC maybe enhan
ed by lowering the 
m. energy ps. This is a strong motivation for studying thein
lusive produ
tion of 
harmed mesons with large values of pT in pp 
ollisions at RHIC,
urrently operated at ps = 200 GeV. In fa
t, we found that all three IC models predi
tsizeable enhan
ements of the pT distributions of D0 mesons at RHIC, by up to 75% atpT = 10 GeV. We, therefore, en
ourage our 
olleagues at RHIC to perform a dedi
atedstudy of 
harmed-meson in
lusive produ
tion in the high-pT regime. In a future high-energypp-
ollision mode of RHIC, with ps = 500 GeV, whi
h is to a

rue more luminosity, the
ross se
tions would be in
reased, while the relative shifts due to IC would be 
onsiderablysmaller for the BHPS and meson-
loud models.A
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