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At high center of mass energies, hadroproduction of heavy quarks can be expressed in terms of the same
color dipole cross section as low Bjorka&ndeep inelastic scattering. We show analytically that, at leading
order, the dipole formulation is equivalent to the gluon-gluon fusion mechanism of the conventional parton
model. In phenomenological application, we employ a parametrization of the dipole cross section which also
includes higher order and saturation effects, thereby going beyond the parton model. Numerical calculations in
the dipole approach agree well with experimental data on open charm production over a wide range of energy.
The dipole approach and the next to leading order parton model yield similar values for open charm produc-
tion, but for open bottom production, the dipole approach tends to predict somewhat higher cross sections than
the parton model.
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[. INTRODUCTION est, because this process directly probes the gluon distribu-
tions of the colliding particles. Note that at the tremendous
Heavy quark hadroproduction has been conventionallygenter of mass energies of the BNL Relativistic Heavy lon
described in the framework of the QCD parton mddet3].  Collider (RHIC) and especially of the CERN Large Hadron
At high center of mass energigs, many hard processes, Collider (LHC), charm(and at LHC also bottojrdecays will
including the Drell-Yan procedgt] and heavy quark produc- dominate the dilepton continuuf8]. Thus a measurement of
tion [5,6], can be described in terms of the color dipole crosghe heavy quark production cross section at RHIC and LHC
sections originally deduced from lows; deep inelastic scat- Will be relatively easy to accomplish and can yield invalu-
tering (DIS) (see e.g.[7]). The dipole formulation of heavy able information about thénucleay gluon density[9]. It is
quark production was first introduced [i]. This alternative ~ €xpected that at very low, the growth of the gluon density
approach to heavy quark production provides a theoreticaWill be slowed down by nonlinear terms in the QCD evolu-
framework for treating the nuclear effects, which are presention equationg10]. The onset of this nonlinear regime is
in high energy proton-nucleus and nucleus-nucleus collicontrolled by the so-called saturation sc@l§(x,A), which
sions. However, the connection between this dipole approadi already of the order of the charm quark mass at RHIC and
and the conventional parton model approach remains to beHC energies. MoreoverQq(x,A)=AY3 (A is the atomic
delineated and clarified. The purpose of this paper is to demnass of the nuclegisso that one can expect sizable higher
onstrate the validity of the dipole approach in proton-protontwist corrections inAA collisions [6]. Note that saturation
(pp) collisions and to illuminate its relation to the conven- Will lead to a breakdown of the twist expansion, since one
tional parton model. cannot conclude any more that terms suppressed by powers
An alternative approach to heavy quark production that iof the heavy quark massng are small, QJ(x,A)/mg
designed especially for energies much larger than the heavg O(1) for anyn. Saturation effects are most naturally de-
quark massng and which is able to describe nuclear effectsscribed in the dipole picture.
is desirable for a variety of reasons. At loxy the heavy
quark pair is produced over large longitudinal distances, . cOLOR DIPOLE APPROACH TO HEAVY QUARK
which can exceed the radius of a large nucleus by orders of HADROPRODUCTION
magnitude. Indeed, even though the matrix element of a hard
process is dominated by short distances, of the order of the The color dipole approach is formulated in the target rest
inverse of the hard scale, the cross section of that procedame, where heavy quark production looks like pair creation
also depends on the phase space element. Because of gluBrihe target color field, Fig. 1. For a short time, a glu@n
radiation, the latter becomes very large at high energies, a@om the projectile hadron can develop a fluctuation which
it is still a challenge how to resum the corresponding bow- contains a heavy quark paiQ@Q). Interaction with the color
logarithms. The dipole formulation allows for a simple phe-field of the target then may release these heavy quarks. The
nomenological recipe to include these lawegs. The large similarity between heavy quark production and pair creation
length scale in the problem leads to pronounced nuclear ekt high partonic center of mass energies has already been
fects, giving one the possibility to use nuclear targets as mipointed out in[1]. Apparently, the mechanism depicted in
croscopic detectors to study the space-time evolution oFig. 1 corresponds to the gluon-gluon fusion mechanism of
heavy quark production. heavy quark production in the leading ord@rO) parton
In addition, heavy quark production is of particular inter- model. The dipole formulation is therefore applicable only at
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FIG. 1. The three lowest order graphs contributing to heavy quark production in the dipole approach. These graphs correspond to the
gluon-gluon fusion mechanism of heavy quark production in the parton model.

low x,, where the gluon density of the target is much largerwhere a4(ug) is the strong coupling constant, which is
than all quark densitief30]. The kinematical range where probed at a renormalization scalez~ mg. We work in a

the dipole approach is valid can of course only be determixed representation, where the longitudinal direction is
mineda posteriori Thig is similar to_ determining the mini-  treated in momentum space, while the transverse directions
mal value ofQ? for which perturbative QCD still works. 56 gescribed in coordinate space representation.

) we will nOW_ present formulas fort_he_pgr_tonlc CIOSS S€C- partonic configurations with fixed transverse separations
tion for producing a heavy quark paQ, limiting ourselves iy impact parameter space have been identified as eigenstates
%f the interaction a long time add2,13. Since the degrees

of freedom in the dipole approach are eigenstates of the in-
teraction, this approach is especially suitable to describe
multiple scattering effects, i.e., nuclear effefgso].

Equation(1) is a special case of the general rule that at
h energy, the cross section for the reactiafd-N
—{b,c, ...}X can be expressed as convolution of the LC

can be found irf6]. The derivation can be performed along
the same lines as for the Drell-Yan process, which is ex
plained in detail in the appendix ¢11].

After summation over all three color states in which the

QQ pair in Fig. 1 can be produced, one obtains, for thehig
partonic cross sectiof6],

_ 1 wave function for the transitioa—{b,c, . ..} and the cross
o(G N—>{QQ}X)=J daJ’ d?p| ¥ oola,p)|? section for scattering the color neut{anti-a,b,c ...} sys-
0 tem on the target nucleadn.
X 0 gqel@,p), (1) Note that although the dipole cross section is flavor inde-

pendent, the integral Ed1) is not. Since the Bessel func-
whereo g is the cross section for scattering a color neutraltions K, , decay exponentially for large arguments, the larg-
quark-antiquark-gluon system on a nucldéi, est values ofp which can contribute to the integral are of
9 1 order~1/mg. We point out that as a consequence of color
_ ; ; ) by
Tgqa(a@.p) = g[gqa(ap).q.oqa(ap)]_ ggqa(p). (2)  transparency12,14, the d|pgle cross section vanisheg
for small p. Therefore, theQ Q production cross section be-
Here a is the light-cone momentum fraction carried by the haves roughly like=1/mg (modulo logs and saturation ef-

heavy quark, and« is the momentum fraction of th@. In  fects. _ _
LO, with no additional gluon in the final stater+ a—1 In order to calculate the cross section for heavy quark pair

The dipole cross sectiongg(p) is an eigenvalue of the for- production inpp collisions, Eq.(1) has to be weighted with

ward diffraction amplitude operator and has to be determine(tlhe projectile gluon density,
from experimental data. It depends on the transverse separa-

tion p between quark and antiquark. We point out that —
oqq(p) is flavor independent, i.e., it is the same for a dipole do(pp—{QQ}X)

— — = —
of heavy quarksQQ) as for light quarks§q). Note that the dy X160 ) 7 (GN=1QQIX),
dipole cross section would be independent of energy, if only 4)
the Born graphs in Fig. 1 were taken into account. However,
higher order corrections will makeq a function x,. In . ] o ]
order to simplify the notation, we do not explicitly write out Where Y=z In(x./x;) is the rapidity of the pair andur
the x, dependence of the dipole cross section. ~Mg. In analogy to the parton model, we call- the fac-
The light-cone(LC) wave functions for the transitio® torization scale. Uncertainties arising from the choice of this

=~ . scale will be investigated in Sec. lll. Integrating over all
—QQ can be calculated perturbatively, kinematically allowed rapidities yields

Ve_qglap) Ve ool@p2)

_GslBR) ] (mappK ralpp—1020=2 [ " Py 6000
—W Mg o(Mgp1)Ko(Mgpy) o 0 ’
L p1pa X o(GN—={QQ}X). ®)
+[a2+a2]mé K1(mgp1)Ki(Mgp2) (,
pP1P2
3 A word of caution is in order regarding the limits of the
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integration in Eq.(1). Since the invariant mass of tf@Q  conjugate variables, the pair mass is not defined in the mixed

pair is given by representation, nor are the integration limits fer Fortu-
nately, this problem is present only at the very edge of the
,  ki+mj phase space and therefore numerically negligible.
Q6:T’ (6) Because of the mixed representation, in which the invari-

ant mass of the pair is not defined, the formulas forNhsg
the end points of thev integration include configurations distributions will be somewhat more complicated. In a first
corresponding to arbitrarily large invariant masses, eventustep, we present a formula for the single quirkdistribu-
ally exceeding the total available c.m. energy. Howeverfions, which can be obtained after a simple calculation from
sincep andk, (the single quark transverse momenjuane  the amplitudes given in Sec. 2.1 [@]. One finds

d®*c(GN—{QQ}X) 1
d?k, da (2m)?

Lo . . 1(9 _
fdzpldzpze'“'(”1_’32)‘1’6’&6(a,pl)‘I’Z_,Qa(a.pz)E gloadapy) +ogqlapy)

_ 1 L . ..
+Tqqlap2) t oqqlapz)]— glogglapst apy) + ogglapit apy)]=[oggalpi—pal)

+aqa(Z|51—52|>]]. )
|
After integration ovelk, , one obviously recovers Eql). case of heavy quark production, it seems plausible ghat
The heavy quark pair invariant mass distribution is nowof the order ofmg, i.e., u=ug . Then, the curly bracket in
easily obtained, Eq. (7) reduces to
do(pp—{QQ}X) _ [~/
M2 :Zjo dyxiG(Xy, ur) 2 o
QQ { - Jeq (7):?%(#@ XG(X, up)2p1- p2
amax . — d20(GN—-{QQ}X) _
Xf daaam > , ao  —
@min d°k, da x| a?— T—}—az ) (12
8

where T:Mégls, and the limits of thex integration now

and it is possible to perform all but theintegral in Eq.(8)
depend orfM g,

analytically. The result is

1
amax/minzz(li\/l_v): 9 _
do(pp—{QQ}X)
2
4mj dMqg
v= . (10

M2

QQ

—In(\7)
=a§(MR)2f0 dyx G (X, up)X2G (X2, iF)
It is possible to retrieve from E(8) the corresponding
leading order parton model formula. Note that in leading

™ 1+
order and for small separations the dipole cross section X————1 (v2+ 16v+16)|n(1_B)
can be expressed in terms of the target gluon den$y, 19 Q0
7T2 - _
a'quX,p)Z?pzaS(;L)XG(X,,u). (12) 288 31vﬁj, (13

In DIS, x in Eqg. (1) is given by u=\/p where\ is a _ _ _ _
number, since this is the only available dimensionful scale awhere 8= y1—v. Changing the integration variables xg
which the gluon density could be probed. However, in theandx,, we obtain, for the total cross section,
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Utot(ppH{Qa}X) We stress thatr (X2, p) cpntains much more informgtion
than the ordinary parametrizations of the gluon density. The
ag(MR) unintegrated gluon density is related to the dipole cross sec-
> j dx1d%G (X1, up) G(Xz, ip) tion by Fourier transform(see, e.g,,[17,18). Thus,
Q oqq(X2,p) also contains information about the transverse

m

- +8 momentum distribution of low-gluons in a nucleon. The,
XEZ[(UZJr 16v+16)|n(m) —28,8—3lv[3]. dependence and the intrinsic transverse momentum param-
etrized in the dipole cross section are higher order effects,
(14)  which are taken into account in the dipole approach in this
phenomenological way. Therefore, we compare predictions
of the dipole approach for open charm and bottom produc-
tion to the NLO parton model calculation. The latter were

Thus, we have shown that in leading orderand in leading performed with the code of1-3], using GIwk—Reya—_\/ogt
twist approximation, the dipole approgsh and the partont998 higher orde(GRVO8HO parton distribution$19] in a
model become equivalent at high energies, when the gluorinodified minimal subtractionMS) scheme.

gluon contribution in the parton model dominates. Further- In the dipole approach, we use the one loop running cou-
more, in leading-log, approximation, the dipole cross sec- pling constant,
tion in the formulas for heavy quark production is the same

as in DIS, and is given by E@11). Note that Eqs(4) and(5)

Note that Eq(14) exactly agrees with the LO parton model
result for the gluon-gluon contribution to the heavy quark
production cross sectiofsee Eqgs(7),(8),(10),(15) in [1]].

. - . 4
are not analytically equivalent to their parton model counter- as(puR) = (15)
parts because of the inaccuracy in thentegration. 2 ,u%
A calculation of higher order corrections is beyond the 11-3Ng/In (200 Mev)?

scope of this paper. Nevertheless, higher order corrections
are important, because they provide a mechanism for the
generation of large transverse momenta of the heavy quart a renormalization scajgg~mq, and the number of light
pair. It would also be interesting to see if the relation be-flavors is chosen to b;=3 for open charm antll;=4 for
tweenoyq andogqs, EQ.(2), persists to higher orders. It is open bottom production. Furthermore, we use the GRV98LO
possible to calculate higher order corrections systematically19] gluon distribution(from CERNLIB [20]) to model the
in the dipole approach. This has been done in the case of DI§luon density in the projectile. We use a leading order parton
in the generalized Balitskii-Fadin-Kuraev-LipatdBFKL)  distribution function(PDP), because of its probabilistic in-
approach of Nikolaev and Zakharov; see, €.6], However, terpretation. Note that one could attempt to calculate the pro-
the widely discussed next-to-leading ordiiLO) correction  jectile gluon distribution from the dipole cross section. How-
to the BFKL equatior{16] has left the theory of lowt re-  ever, the projectile distribution functions are needed mostly
summation in an unclear state. We conclude this section witht large momentum fractior,, where the dipole cross sec-
the remark that, whatever the result of a higher order calcution is not constrained by data.
lation will be, it will not be possible to reproduce the com-  Our results for the total charm pair cross section in
plete NLO correction of the parton modél-3] in the dipole  proton-proton pp) collisions are shown in Fig. 2 as func-
approach. Only terms enhanced by a factor x9g€an be tions of the center of mass energy. The left panel shows the
reproduced. This limitation is inherent to the dipole formu-uncertainties of both approaches by varying quark nmass
lation. and renormalization scaleg in the intervals 1.2 Ge¥m,
<1.8 GeV andm.< ug<2m,, respectively. The factoriza-
IIl. PHENOMENOLOGICAL APPLICATIONS tion scale is kept fixed gir=2m,, because in our opinion,
Now that it has been shown that the dipole formulationth® charm quark mass is too low for DGLAP evolution. A
and the conventional parton model are equivalent in a certail"9€ fraction of the resulting uncertainty originates from dif-
approximation, still the questions remain: how well does the€rent possible choices of the charm quark mass, since the
dipole approach describe experimental data, and how mud®tal cross section behaves approximately kikgomg”.
do predictions from both approaches differ from each other? Note that the mean value &} increases with decreasing
Note that we do not use the leading order gluon density t@nergy. Atys=130 GeV one hag,~0.01. For lower ener-
calculate the dipole cross section according to @4); in- gies, our calculation is an extrapolation of the saturation
stead we employ the phenomenological parametrization ofmodel. For the highest fixed target energies J6
[17] for o4q, Which reduces to Eq11) in the limit p—0 ~40 GeV, values ofk,~0.1 become important. Unlike in
and includes saturation effects at larger transverse separthe Drell-Yan case, which was studied [iil], the dipole
tions. This parametrization is an improved version of theapproach to heavy quark production does not show any un-
saturation model presented|ib8], which now also includes physical behavior when extrapolated to larger One reason
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)  for this is that the new saturation modédl7] assumes a re-
evolution. We use fit 1 of17], since the nonmonotonous alistic behavior of the gluon density at large. In addition,
behavior of fit 2 as a function g5 seems unphysical to us. even at energies as low a&=15 GeV, the gluon-gluon
Both fits are constrained by the DESp collider HERA  fusion process is the dominant contribution to the cross sec-
DIS data forxg;=<0.01. tion.
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FIG. 2. Results for the total open charm pair cross section as function of c.m. energy. Varying free parameters in dipole (apfidoach
lines) and in the parton modétashed lingsgives rise to the uncertainties shown on the left. In the figure on the right, parameters in both
models have been adjusted so that experimental data are described.

Because of the wide uncertainty bands, one can adjust data for the contribution to open charm from charmed bary-
and ur in both approaches so that experimental data arens and for the partialr coverage according to the prescrip-
reproduced. Then, the dipole approach and the NLO partotion of [25]. The PHENIX point was measured in AuAu
model yield almost identical results. However, the predictivecollisions, assuming that there is no contribution to the single
power of the theory is rather small. In Fig(2ght), we used electron signal from sources unrelated to charm production,
m.=1.2 GeV andug= 1.5m, for the NLO parton model cal- such as thermal direct photons or thermal dileptons. The data
culation andn.,=1.4 GeV, ur=m, in the dipole approach. point shown in the figure is for central collisions. We did not
The data points tend to lie at the upper edge of the uncecorrect for nucleafantijshadowing effects either.
tainty bands, so that rather small valueswf are needed to Next, we calculate the totaﬂ)H-pair cross section as a
describe them. function of the center of mass energy; see Fig. 3. In order to

There are remaining uncertainties which are not shown ifuantify the theoretical uncertainties, we vary the free pa-
Fig. 2 (right), because different combinations of andur  rameters over the ranges 4.5 Ge¥h,<5 GeV and m,
can also yield a good description of the data. In addition< yx,ur<2m,. Because of the large-quark mass, uncer-
different PDFs will lead to different values of the cross sec-tainties are much smaller than for open charm production.
tion at high energies, since the heavy quark cross section 9ne can see that the dipole approach tends to predict higher
very sensitive to the low-gluon distribution. I21], itwas  values than the NLO parton model, even though the energy
found that an uncertainty of a factor 6f2.3 remains at/'s  dependence expected in both approaches is very similar. In

=14 TeV (in the NLO parton model even after all free fact, the results calculated in the dipole approach wih
parameters had been fixed to describe total cross section data

at Io'wer' energies. In thg dipole approach, 'ghe bowgtuon 3 :rp+p—>l(b5)+X ' '

distribution of the target is modeled by the dipole cross sec- 10 ]

tion. Since there are not many successful parametrizations of et =T ]

04q. itis difficult to quantify the uncertainty resulting from _ . N

this quantity. Using the old saturation mod#&B] instead of 3 we =T 3

the DGLAP improved ong17] leads only to small differ- 2 10 F ]
. .. [9) -~

ences for open charm productidthis is not the case for E

bottom production; see belowHowever, it is reasonable to 10"k 3

expect that the uncertainty will be at least as large as in the 2 , 4 E780 —a—i ]

parton model, i.e., a factor of 2.3. Therefore, it will probably 10 1 E771 —o—i

be impossible to find any signs of saturation in the total cross 107k . . NLOPM -------- ]

section for open charm production. It is however interesting 100 1000 10000

to see that 20—-30% of the totalp cross section at LHC
(\/s=14 TeV) goes into open charf@2,31.

A few remarks are in order concerning the data shown in  F|G. 3. Uncertainties of opehb pair production calculated in
Fig. 2. The fixed target date3] (i.e., all points except the the dipole approactsolid) and in the NLO parton modeétiashed
one from PHENIX[24]) were taken in proton-nucleon colli- The dipole approach seems to provide a better description of the
sions, and the quantity that was actually measured was th#ata, even though HERA-B energy is too low for the dipole ap-
D-meson cross section for Feynman>0. We corrected the proach.

5 (GeV)
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FIG. 4. Rapidity distribution of heavy quark pairs. In the case of open cliiefth free parameters of both approaches were chosen such

that total cross section data are described, i.e., as in Figft2 The same was done beproduction(right) in the dipole approactsolid
curves. In the NLO parton modeldashed curveswe used the parameter set that yielded the largest cross section.

=5 GeV agree almost exactly with the NLO parton modelwith my=ur=4.5 GeV andug=2m,. This combination

calculation withmp=4.5 GeV. For all other values afy, yields the upper parton model curve in Fig. 3. Even though
the uncertainty bands of the two approaches do not overlaphe shape of the rapidity distributions in the two approaches
in contrast to the case for open charm production. are similar, somewhat larger cross sections are expected in

Three measurements of opkh production are published the dipole approach. We have checked that the rapidity inte-
in the literaturg 26—28. The two values of the open bottom gral over the parton model curves in Fig. 4 reproduces the
cross section measured at Fermil@,27 at c.m. energy total cross sections shown in Figs. 2 and 3.

J5=38.8 GeV differ by almost three standard deviations. While it is an advantage of the dipole formulation to pro-
The HERA-B measurement at slightly larger c.m. energyVide very simple formulas that allow one to absorb much of
Js=41.6 GeV[28] is consistent with the E77[27] value. the_ hlgher order corrections into a pherjomenolo_g_lcal param-
These two points seem to be better described by the dipoflfization ofogq(x,p), one cannot clarify the origin of the
approach, though the NLO parton modéWith m, @screpa_ncy in normqllzat!ons without a systematic ca]cul'c_l—
=4.5 GeV) still touches the HERA-B error bar. Note that tion pf h|gher orders in th|s approach. Such a calc_ulatlon is
also a different set of PDFs would not significantly pull up I Principle possible, but is beyond the scope of this paper.
the parton model curvi2l], as a lower value of thb-quark

mass would do. With a resummation of terms from higher IV. SUMMARY AND OUTLOOK

order correction$29], however, the parton model can repro-

duce-egch. of the three measurements Wit_hin theoretical u%’tudy heavy quark pair production pp collisions. We ana-
certainties; se¢28]. On thf other hand, typical values xf lytically related the leading order dipole approach to the low-
which are important fobb production at HERA-B energy est order parton model, thereby putting the dipole formula-
are of orderx,~0.2, while the parametrizatiofl7] of the  tion on a more firm theoretical basis. In phenomenological
dipole cross section is constrained only by DIS data withapplications to the total heavy quark pair cross section and
Xgj=<0.01. the pair rapidity distribution, large theoretical uncertainties
We point out that it is essential to use the DGLAP im- arise, mostly from different possible choices of the heavy
proved saturation model ¢.7] in order to obtain the same quark mass. This is especially true for open charm produc-
energy dependence in the dipole approach as in the NL@on. Nevertheless, experimental data can be described in the
parton model. The older saturation model[®8] predicts a  dipole approach with realistic parameter values. In kinemati-
much weaker energy dependence. cal regions where no data are available, predictions from the
Finally, we calculate the rapidity distribution of heavy dipole approach and the NLO parton model for open charm
quark pairs, Fig. 4. For open charm production, we use th@roduction agree well after all free parameters are fixed to
values ofm., g, andug that describe the total cross sec- describe the existing data. Note that we employ a phenom-
tion data. With this choice, the rapidity distributions ex- enological parametrization of the dipole cross section, which
pected in both approaches are very similar in shape and as supposed to include higher order effects as well, so that
solute normalization. The single PHENIX point has largethere is no justification for introducing an arbitrary overall
error bars, but is nevertheless well described by both apnormalization facto(“ K factor”).
proaches. The curves fbib production(Fig. 4) in the dipole Theoretical uncertainties in the cross section value, which
approach are calculated with,= ur=ug=4.9 GeV, be- arise from the heavy quark mass, are much smaller in the
cause this set of parameter values describes well thease of operb production. In this case, predictions from the
HERA-B point. The parton model calculation was performeddipole approach tend to be higher than the NLO parton

In this paper, we employed the color dipole approach to

054008-6



RELATING THE PARTON MODEL AND COLOR DIPOE . .. PHYSICAL REVIEW D 67, 054008 (2003

model, but the curves are similar in shafmeovided QCD transverse momentum of the target gluon, which is encoded
evolution is included in the dipole approa)clEven though in the dipole cross section. This intrinsic transverse momen-

two out of three fixed target measurementbfproduction  tum should not be confused with the primordggl which is
seem to be better described by the dipole approach, one hasmetimes introduced in phenomenological approaches. Part
to bear in mind that fixed target energies are too low for aof the intrinsic py parametrized in the dipole cross section
reliable application of the dipole approach. Future experi-originates from higher orders in perturbation theory. An in-
mental data at higher energies will show whether the dipole/estigation of higher order corrections will also help in clari-
approach can reproduce the correct normalization of théying the origin of the different absolute normalizations of
cross section. the dipole approach and the parton model for opg@noduc-

A special advantage of the dipole formulation is the sim-tjon. |n addition, a good theoretical understanding of the
p||C|ty of its formulas, which allow one to calculate the ra- transverse momentum dependence of heavy quark produc-
pidity distribution of heavy quark pairs in only a few sec- tion in the dipole formulation should be achieved before one
onds. In addition, it is particularly easy to calculate nuclearapplies this approach to describe Tevatron measurements. We
effects in heavy quark production within this formulation finally mention that single inclusive hadroproduction of
[5,6]. In fact, the latter point has been the original motivationheavy quarks can be formulated in the dipole approach as

for developing this approach. _ well. We shall address these topics in a future publication.
In the future, it will be necessary to systematically calcu-

late higher order corrections in the dipole approach, in order
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