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In the kinematical region where the center of mass energy is much larger than all other scales, the Drell-Yan
process can be formulated in the target rest frame in terms of the same color dipole cross section as low
Bjorkenx deep inelastic scattering. Since the mechanisms for heavy dilepton production appear very different
in the dipole approach and in the conventional parton model, one may wonder whether these two formulations
really represent the same physics. We perform a comparison of numerical calculations in the color dipole
approach with calculations in the next-to-leading order parton model. For proton-proton scattering, the results
are very similar at lowk, from fixed target to Relativistic Heavy lon CollidéRHIC) energies, confirming the
close connection between these two very different approaches. We also compare the transverse momentum
distributions of Drell-Yan dileptons predicted in both formulations. The range of applicability of the dipole
formulation and the impact of future Drell-Yan data from RHIC for determining the color dipole cross section
are discussed. A detailed derivation of the dipole formulation of the Drell-Yan process is also included.
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[. INTRODUCTION proton-proton pp) and proton-deuterorp(d) collisions with
calculations in the dipole approach over a wide energy range.
With the advent of RHIC, the Drell-YafDY) proces§1]  Although the two approaches are believed to be equivalent in
can be studied in a new kinematical regime, the so-calle@ certain kinematical range, the underlying mechanisms ap-
Regge regime, where the dilepton masss small compared pear to be quite different, and there is no known way to
to the center of mas&m) energy/s, but still much larger Prove this equivalence analytically. However, both ap-
than Aqcp. The DY process at RHIC and Large Hadron proaches are supposed to describe the same process, so they
Collider (LHC) energies is therefore of similar interest asShould yield similar numerical results. _
deep inelastic scatteringDIS) at Hadron-Elektron-Ring- Before we compare the results of the numerlcal_ calcula-
Anlage (HERA), where one can study* -proton scattering tions, the key features of the two approaches are briefly sum-
in the Regge regime. The new experimental possibilities moMarized. The well known mechanism for continuum dilepton
tivate further theoretical investigations of the DY process Preduction, which was first found more than thirty years ago
First of all, one needs a framework to calculate nuclear shad?y Drell and Yan[1], was formulated in a frame where both
owing in the DY process, the onset of which can already b&olliding hadrons are fast movinginfinite  momentum
observed at fixed-target enerfg]. This is especially impor- frame. According to Feynman’s picture of high energy col-
tant in view of the RHIC heavy ion program. The color di- lisions, the colliding objects can be viewed as collections of

pole formulation of the DY process introduced [i8,4] is  Noninteracting partons with r]egligibly small transverse mo-
suitable to address this issue and a considerable amount Bfenta. To lowest order, DY dileptons are produced by quark-
work in this direction has been performgg-9]. In addition, ~ antiquark annihilation, and the cross section reads,

the lowx, DY cross sections are sensitive to integrals over

the color dipole cross section which are not accessible in DIS d?opy B dmal, g ) —

[4]. Therefore, future DY data can be used to further con- dM2dxe  9M2s Xi+Xp =4 Z5[qe(x1)as(x2)
strain this quantity. Most importantly, while the dipole ap- F

proach has already been used in sophisticated analyses like +0¢(X2)qr(%1)]. (1)

the extraction of energy loss from E866/NuSea Drell-Yan
data[8], its validity for proton-proton interactions has never
been established. This will be remedied with the present ipigtarences between the parton model and the dipole approach

work. _ are seen in the angular distribution of DY pairs, if saturation effects
In this paper we compare next-to-leading ordBiLO)  4re included in the dipole cross sectift0]. When we talk about
parton model calculations for DY dilepton production in the equivalenceof the parton model and the dipole approach, we
mean equivalence up to higher twist effects, which are neglected in
the parton model, bufat least partially included in the phenom-
*Email address: jorgr@lanl.gov enological parametrization of the dipole cross section we employ.
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The distribution function of a quartantiquark of flavor f of

the target or the projectile is denoted Qy (q¢), Ny is the
number of active flavors and; is the quark charge. The
longitudinal momentum fractions of the projecti(earge}
parton,x; (X,), can be expressed in terms of Lorentz invari-

ant scalar products as FIG. 1. In the target rest frame, DY dilepton production looks

2P, q 2P, q like bremsstrahlung. A quark or an antiquark from the projectile
X1= 2 L Xp= L ’ 2) hadron scatters off the target color fieldenoted by the shaded
S S circles and radiates a massive photon, which subsequently decays
into the lepton pair. The photon decay is not shown. The photon can
whereP?7 (P%) is the projectile(targe} four-momentumg®  pe radiated before or after the quagatiquark scatters.
is the four-momentum of the dileptog?=M?>0, andx is

the Feynman, Xg=x;—X;. o . Here,« is the light-cone momentum fraction the virtual pho-
~ For most qualitative descriptions, it is sufficient to con- 4 takes away from its parent quark, amds the transverse
sider the DY process in terms of the lowest order ann'h'la'separation betweep* and the final quark. The electromag-
tion process, Eq(1). Calculations with Eq(1), however, netic radiationg— y* g, is described by the light-cone wave
underestimate measured DY cross sections by an overall fag;nction ¥ «q(a,p), see Eqs(A18)—(A20), which can be

tor. Itis ne_zces?jarytto emEon thet"\:Lt(') frame(;/_v(i_rk for the DY cacylated perturbatively. Summation over photon polariza-
process, in order to make quantitative predictions; 442 tions is understood in E3). The dipole cross sectiomgais

for a review. In addition, the DY cross section differential in . -
8]‘ nonperturbative origin and has to be taken from phenom-

the dileptons transverse momentum receives huge corre . . .
P g nology. The energy scaleof the dipole cross section will

tions from higher order processes. Indeed, to lowest ordef; ™ ) . : T
one would not expect dileptons with large transverse mo2€ discussed in the next section. A detailed derivation of Eq.
(3) is given in the Appendix.

mentumq, , in contrast to what is observed in experiment. Usi h logical trization for the diool
Even though the occurrence of perturbatively large trans- Sing a phenomenological parametrization tor the dipole

verse momenta can be explained in NLO, it is not straight-CrOSS section in EG3) is a very economical way to account

forward to calculate the shape of te-distribution in the for higher order and nonperturbative effects. The dipole ap-
parton model. A resummation of large logarithmsain/M prqach can even be apphed at low vaIueMWhere pertur-
[12] or alternatively the introduction of an intrinsic trans- bative QCD is not valid15]. It was found in a recent analy-

verse momenturil3] is necessary to avoid the divergence of 315 [10] that most of the E772 DY dat(gexcept some points
the differential cross section gt =0. at low M) are reasonably well described in the dipole ap-

In the parton model, all nonperturbative effects are paramproach without introducing an arbitrary overall normaliza-
. . T . — . tion factor. In addition, it was found that the transverse mo-
etrized in the parton distribution functiorss, q;, which

. X f mentum distribution does not diverget=_0, even without
gvolvel accorclill_n_g to thﬁ DGLAP %\(olgltjlor_] eq;Jatlops. Fofr aYintrinsic transverse momentum.
In nuclear collisions, the parton distribution functions of the \\is emphasize that the dipole approach does not describe
proton are simply replaced by empirical nuclear parton dis

L . . ) ‘an additional production mechanism for heavy dileptons.
tribution functions{14]. This approach does not explain the paiher, the two approaches are believed to describe the same
dynamical origin of the nuclear effects.

physics in different reference frames. Therefore, calculations

Nuclear effects, effects from higher orders in perturbatioqn the NLO parton model and in the dipole approach should
theory, as well as other possible nonperturbative effects, arrg

il d when th I A i ive similar results for the DY cross section. This is what we
more readily treated when the Drell-Yan process is viewed | umerically check in this paper. In the following section, we

the target rest frame. Note that although cross sections afg,mpare numerical calculations of the DY cross section
Lorentz invariant, the partonic interpretation of high energy;. ated over the transverse momentum of the dilépion
scattering processes does depend on the reference frame.dﬁh approaches. In Sec. Ill, we also compare the predictions

the rest frame of the target, the production mechanism foBf the dipole approach and the parton model for the DY
high mass continuum dileptons looks like bremsstrahIunqransverse momentum distribution at RHIC.

[3,4], see Fig. 1. In the high energy limit, when one can

neglect terms that are suppressed by a factor 1/energy, each

of the two graphs factorizes into a production vertex for the Il. NUMERICAL COMPARISON OF THE TWO

virtual photon times an amplitude for scattering a quark off APPROACHES

the target. These scattering amplitudes combine in the i

squared matrix element in exactly the same way as in DIS, In order to perform calculations that can be compared

which makes it possible to express the DY cross section iyvith experimental data, one has to embed the partonic cross
. N . section, Eq(3), into the hadronic environment. In the infinite
terms of the same cross sectian — for scattering a

7 _ aq momentum frame, the momentum fraction of the projectile
qg-dipole off a nucleor(N) as in lowxg; DIS, quark isx;, see Eq.(2). However, when the scalar product
. defining x; is evaluated in the target rest frame, one finds
do(gN—y*X) [ 2 N X,=az, wherez=x,/a is the momentum fraction of the
——————=| &p|¥ uq(a.p)Poy(apx). (3 1% : e :
dina 4 aq incoming proton carried by the projectile quark. The differ-
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ent meanings o, in the target rest frame and in the infinite Note that in the previous analygis0], M? andx,, instead

momentum frame are a manifestation of the frame deperof Q2 andx, were used. The different choice of scales in this
dence of partonic mechanisms. In the target rest framés  paper has the effect of increasing the cross section by a fac-
the momentum fraction that the lepton pair takes from theor of up to 2 for dilepton massl~4 GeV. This is mostly
projectile proton. Thus, one obtains for the proton-nucleor‘Hue to the different choice @2 Using ax, instead ofx, is
DY cross section only an~10% effect atx,<<0.1. These uncertainties vanish
5 L at larger massed/ ~8 GeV.
d°o(pN—1"17X) For the calculations in the dipole approach shown in Figs.
2 2—-4, we employ the parametrization of the color dipole cross
dM<dxg k : .
section by Golec-Biernat and \&tinoff [18],

2A2
1_exp(_p Q:(X)>

Qem X1 lda

37M2 X1t X2 )%, o

N¢
<> 7
f=1

: (6)

N
O 4q(PX) =00

+

X1 ~ X1 ~
qf(gl,Q ;1,@”
with o=23.03 mb. This parametrization rises quadratically
) 5 N at small separationp as demanded by color transparency
XJ d P|‘I’y*q(“'P)| O‘qa(aP'X)- 4 [19] and saturates at large separations. The saturation scale
that controls the flattening of the dipole cross section is given

We still need to know the scal® at which the projectile by

parton distributions are probed and the enetgy which the

dipole cross section enters. These quantities are not known ) 0.0003 %-288

exactly, instead we have to rely on plausible arguments to Qs(x)=1 Ge\/2(77 : ()

determine their values. In order to fi@} note that the trans-
verse distancep that contribute to the DY cross section are

controlled by the extension parameter We point out that no DY data have been used to determine

the parameters in Eq6). Only DIS data from HERA were
fitted to extract the dipole cross section.

Note that the parametrization E¢) contains only the
Pomeron part of the dipole cross section. As a consequence,

The numerically dpminant term in the ,LC wave functions, 4, dipole approach predicts identical cross sections for par-
Egs. (A18), (A19), is the one that contains the Bessel funC-jcje ang antiparticle induced DY. This is, of course, repro-

tion Ky(7p). Since this function decays exponentially aty,ceq in the parton model at low,. In addition to this
large arguments, the largest distances that can numericaly,maron part, there is also a contribution from Reggeon ex-
contribute are of order-1/%. For fluctuations witha—1, change, corresponding to valence quarks in the td@jetn
these distances can become of the order of a typical hadronigicinje one could fit a parametrization of this Reggeon
radius, in analogy to the aligned jet configurations in DISp, 1 6 the data, but the predictive power of such a procedure
[16]. On the other hand, the minimal value®fis x;, so that o1 be very low, since the Reggeon part, in contrast to the
the largest virtuality entering the calculation &= 7%,  Pomeron part, depends on the colliding hadrons. We there-
=(1-x,)M?% We choose this quantity to be the hard scale afore do not attempt to determine the Reggeon contribution to
which the projectile parton distribution is probed. The partonthe dipole cross section in this paper.

772=(1—a)M2+a2m$. (5)

distribution functions(PDF9 are taken fromCcERNLIB [17]. The NLO parton model calculation was performed with
The quark mass is set ;=0 in all our calculations, see the cTEQ code[20] provided earlier to the E866/Nusea Col-
[10] for its numerical influence. laboration by Tund21]. We use the dilepton ma$4 as the

For the quark density of the projectile, we employ thehard scale in the strong coupling constant and in the parton
leading order parametrization that corresponds to the NLQistributions. This is the standard choice. The code assumes
parametrization used in the parton model calculation. Thishe M'S renormalization scheme.
means e.g. we use CTEQSL in the dipole approach when Figure 2 shows calculations at fixed target energy in the
comparing it with a NLO parton model calculation using dipole approach and in the NLO parton model, as well as
CTEQS5M. One should use leading order PDFs in the dipolexperimental DY data from E7723]. The lowest value of
approach, because they are scheme independent and havg,athat can be reached is about 0.02. Dipole and parton
probabilistic interpretation. model calculations are very similar at lows, where the

The energy scale of the dipole cross section in EGl) is  dipole approach is supposed to be valid, but strongly deviate
determined from the enalegy to DIS. In DIS, the argum.ent ofgg X,— 1. Clearly, we cannot apply the dipole approach at
the dipole cross section ig;=Q%W?, whereQ is the Vvir-  |arge x,, since it does not include valence quark contribu-
tuality of the photon andV is the y*-proton c.m. energy. tons to the DY cross sectiofsee[10] for a more detailed
Therefore, we choos&=M?/s=ax,, wheres=sx/a is  discussion of effects that are taken into account by the dipole
the quark-proton c.m. energy squared. approach Note also that the parametrization E§) was
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FIG. 2. Calculations in the dipole approach to DY and its modi-  FIG. 3. The same as Fig. 2, but now at RHIC energjs (
fication Eq.(9) compared to NLO parton model results at fixed =500 GeV), where much lower values »f can be reached.
target energy {s=38.8 GeV). The CTEQ5M parametrizatif@?]
is used for the parton model calculation. The data are from E772 2
[23]. The curves and data for the different mass bins have been O.N%p X) = la —
rescaled for better visibility. In all calculations, none of the free ag™? 3 73,2
parameters of the dipole approach were adjusted to DY data. Only
DIS data have been used.

p°xG

e
X, —= |-
p2

Equations(6) and (7) contain only the part of the gluon
density that increases at lowAt largex, however, the gluon
density decreases liké(x)>(1—x)° [27]. At high virtual-
fitted only to DIS data belowg;<0.01, hence the curves ity, the power is even higher than 5, say8. In order to
shown in Fig. 2 are already an extrapolation of the fit. estimate the uncertainty originating from this effect, we fol-
In Fig. 2 there are several E772 data points at jovthat  low [28] and replace the saturation scale EQ. by
exceed the calculations in both the parton model and dipole
approaches. This excess was also visible for some points in Qg(x)—>Q§(x)(1—x)5. (9)
[10]. Indeed, experiment E772 was not designed to measure

the absolute normalization of the DY cross section, but tope refer to this recipe as thmodified dipole approacand
measure nuclear effects. New data from E866/NuSea will nothe numerical results are shown by the short dashed curves in
suffer from such problems. A comparison between prelimi-Figs. 2—4. The replacement B§) has virtually no influence
nary E866/NuSea data and the NLO parton mode25] at x<0.01, where the parameters in E) have been fitted
shows good agreement. in [18], but atx=0.1, it reduces the cross section by almost
The disagreement between the two approaches sets #factor of 2. In fact, if29], calculations in the dipole ap-
aroundx,~0.1 in Fig. 2. Somewhat surprisingly, the dipole proach were performed employing a dipole cross section cal-
approach yields values that exceed the prediction from theulated from a gluon density that contains saturation effects.
parton modelat largex,), even though the dipole approach For \s=38.8 GeV, the results di29] lie below the ones
does not include several contributions to the DY cross secebtained in[10] with the saturation model of Golec-Biernat
tion. This can be understood, if one observes that the dipoland Wisthoff [18] by a factor of~2. We believe this dis-
cross section is related to the target gluon der@itt small ~ agreement is largely due to the decreasing gluon density at
separationg one had26] X,>0.01, i.e. due to uncertainties in the dipole cross section.
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101 . In order to show the uncertainty arising from the choice of
S PPoREX GRVOpOle PDFs, we did the same calculation, employing GRV98HO
107 £ V5'=500GeV modified dipole «+-+++- [24], see Fig. 4. In this case, the differences between the two
102 k approaches are slightly larger than for CTEQ5M. With

GRV98HO, the NLO parton model calculation exceeds the
10" f dipole approach by at most a factor of 1.5 #r<0.01; for
00 b CTEQ5M, the corresponding value is only about 1.2. The

third standard PDF we employed was MR&T) [31]. The
results are comparable to GRV98HO and are not shown here,
because they do not provide any further insight. For most
values ofx, andM, which do not lie at the very edge of the
phase space, the NLO calculations are onlf0%—20%
higher than the dipole approach. In summary, we find that the
uncertainty from the choice of PDFs is25% at the low
values ofx, shown in Figs. 3 and 4.

We also point out that for these low valuesxgf the DY
K-factor is typically 1.4 to 1.5 and can become even smaller
than unity for very lowx,. In the parton model, th&-factor
is defined as the DY cross section calculated in NLO divided

M=4.25 GeV (x10°)

—
<
©

-

)

—
<

- M=4.75 GeV (x10%)
M=5.25 GeV (x107)
E M=5.75 GeV (x10%)

._.
o\l

._.
oun
oy

M=6.25 GeV (x10°)

S

M>d®6/dxp dM (nb GeV?)
5 5

M=6.75 GeV (x10%)

—
<
W

102 M=725Gev (x10%) by the same quantity calculated in LO. TKefactor origi-
DL nates(mostly) from the analytic continuation from the space-
100 F M5 Gov (x10%) RS like (DIS) to the timelike(DY) region ofg? in the annihila-
1 b tion and virtual corrections at NLO. The QCD Compton
M=8.25 GeV (x10) k- process, which dominates at lows because of the large
10! F ) target gluon density, doe&@lmos}) not contribute to the
2 M=8.75 GeV K-factor. Therefore, in the kinematical region of interest, the
16-05 0.0001 0.001 001 0.1 1 K-factor is considerably below its usually assumed value of 2
Xy to 3.

At this point, we stress that the ternkK*factor” is defined
only in the parton model. In the dipole approach, there is no
freedom to adjust the overall normalization of the DY cross
section as proposed [29], because higher order corrections
are contained in the parametrization of the dipole cross sec-
tion.

Apparently, the lowx, range accessible at fixed target ~Most uncertainties in the dipole approach arise from un-
energies is very limited, and therefore the dipole formulationcertainties in this parametrization. It remains to be seen
is bestowed with several uncertainties. Unfortunately, theravhether future lowk, DY data from RHIC can be accurately
are no DY data at really low,. Even CDF dat430] are at ~ described with dprobably improveglphenomenological pa-
about the same values g} as the E772 data, because theyrametrization of the dipole cross section. We believe that
are mostly in theZ-boson mass range. At RHIC, however, future DY data can serve as an important source of knowl-
much lower values ok, will be reached, where the dipole €dge about the color dipole cross section.
approach can readily be applied. In Fig. 3, we show predic-
tions from the dipole approach and the NLO parton model;; e py TRANSVERSE MOMENTUM DISTRIBUTION
(using CTEQ5M PDFsfor RHIC energy. Calculations with
the modified dipole cross section, E@®), are also shown. The DY cross section differential in the dilepton trans-
The disagreement between the dipole approach and the parerse momentung;, can provide even more detailed infor-
ton model sets in arournx,~0.01, i.e. arounc~0. Atlow  mation about the shape of the dipole cross section than the
X, all three curves are in good agreement, confirming they, -integrated cross section. In the dipole approach, the
similarity between the two approaches. g, -differential cross section readls],

FIG. 4. The same as Fig. 3, but with GRV PDfl]. For the
dipole approach, we employed the LO PDFs GRV98LO for the
projectile parton distribution.

dco(qp—y*X) 1
dIn ad?q, (2m)?

f d?p,d?p, €’ (plipz)q’:*q( a,p) ¥ yql @,p2)

1 - -
XE{Uqa(apl ,X) + O-qE(CVPZ X)— O-qa( a(pl_pZ)ix)}7 (10)
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whereq, is they* transverse momentum with respect to thesmearing parametar,. The lower valueo,=0.48 GeV,

direction of the projectile quark. This formula was first pub- 55 used if32] to describe ISR data afs=44 GeV and 62
lished |n[5]_. We give a _deta|led derivation in the Appendlx. GeV. The parametar, is presumably independent of energy
The partonic cross section, HQ0), has to be embedded into ¢ Nevertheless, we also calculated for twice the ISR value of
the hadronic environment in the same way as in B. . pecause at the low values ofeached at RHIC, quarks
Again, the sum over photon polarizations is understood t0 bg,ay have a larger intrinsic transverse momentum. Of course,
contained Iln tlhke light-cone War\1/e functions, see @0). yhe chojce ofr, has the largest influence at small, while

_We would like to compare the transverse momentum diSy; yery Jarge transverse momentum, the results become inde-
tribution calculated in the dipole approach with the Samependent of this parameter. Note however, thgtstill has a

quant_|ty computt_ed in the _part_on model. Since TEQ CO‘?'e rather large impact on the numerical results at intermediate
used in the previous section is not capable of calculating thg 5 _3 " gay

DY transverse momentum distrib_ution, we dgveloped our™” No intrinsic transverse momentum is included in the di-
or:/vndqlode based (?Mn the for;nu(ljas g'\lledllr?”]' Agalln, Wde use pole approach, even though one could introduce one. As al-
the dilepton mass/ as a hard scale. It was already men'éeady pointed out if10], the cross section calculated in the

. . ipole approach does not diverge qat—0 because of the
momema |n.the leading order parton model.. The qml@r flattening of the dipole cross section, see E§). At q;
correction yields a transverse momentum distribution that_ 10 GeV, the dipole approach and parton model differ by

diverges at], —0 and has the wrong shape, when compareda t a factor of 5. Emplovina th ifi inol h
to data[13]. This can be remedied by resumming c:ontribu—Et();)ng)a Sﬁn(gsotr?é CTR/gyhngwnebryos If:(g:rlp;eoag F;f ach,

tions from soft gluon radiation12], which yields a good —10 GeV and has no effect at small . Therefore, we do

description of the data. not show the corresponding curves. Note that at high trans-

hln this palper_, hlowe\_/er, V\X/e f.OItIO\BéB] and a?tply a motreb verse momentum, the numerical value of the DY cross sec-
phenomenological recipe. Ve Introduce a sott, nonperturbgs , jq completely insensitive to the largebehavior of the
tive, primordial transverse momentum distribution of the par-diloole cross section. Indeed, it was found[i0] that an

tons in the colliding protons, which we parametrize by aexpansion of Eq(6) to order p? virtually yields the same

Gaussian, numerical results at largg, when employed in Eq10). On
the other hand, the behavior @t — 0 is largely determined
1 - . .

f(k?)= ——e Kilog, (11) by the largep behavior of the dipole cross section. There-
fore, future data on the DY, -distribution can be important
for further constraining the dipole cross section, provided
The mean transverse primordial momentum squared of statistics will be high enough.
single constituent in the proton is then

<k12_>primordiaI: 20’5 . (12 V. SUMMARY

. o In this paper, we presented a detailed comparison between
The perturbatively calculateql -distribution is then smeared cajculations of the Drell-Yan cross section in the color dipole
out by this primordial momentum and the regularized dilep-approach with calculations in the conventional NLO parton
ton cross section is given by model. We also compared both approaches with experimen-

I tal data when available. The dipole approach and the parton
(o

2 2 ) =f dp,

dM<“dxcd“q, g

2,

d4oPY )
dM?dxed®p, |, o

£
- - s 10t
x{fl(a.—p)?1-f(aD)}+1f(a?) s
d242Y N 10
X| —— (13 210
dM“dxe NLO+LO S
g 10
The subscrip®A+ C refers to “annihilation- Compton” cor- :—g 10°
rection. The virtual corrections do not contribute to the first =
term in Eq.(13). With this recipe, the perturbative result is 107
reproduced for large transverse momenta while the diver- 0.1
gence aig, =0 is removed. The first term on the rhs of Eq.
(13) vanished after integration ovey, and [d”q,f(q,) IS FIG. 5. Comparison of the DY transverse momentum distribu-
normalized to unity, so that the total DY cross section istion calculated in the dipole approach and in the NLO parton model.
correctly reproduced. The parton model calculations have been performed for two differ-

The results of our calculations in the dipole approach an@nt values of the quark’s intrinsic momentum. The values of the
in the parton model are shown in Fig. 5. We performed theinematical variables for all curves in this figure arés
parton model calculation for two different values of the =500 GeV,x,=0 andM=4.25 GeV.
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model are believed to represent the same physics, but viewed Naturally, the differences between the two approaches are
from different reference frames. The purpose of this papelarger when one considers the DY transverse momentum dis-
was to demonstrate the close connection between the twitibution. At low q, , the numerical result in the parton
approaches numerically. model depends quite strongly on the amount of primordial
First, we compared calculations for the DY cross sectiorfransverse momentum which is included. This uncertainty is
integrated over the dilepton’s transverse momentynand ~ however no longer present at very large transverse momenta,
found that at lowx,, where the dipole approach is supposedd. ~10 GeV, where the two calculations differ by a factor
to be valid, calculations agree well. Since both approache@f 5 (at Vs=500 GeV). It will be seen, if RHIC data can
rely on different nonperturbative inputs, numerical resultsdistinguish between the two approaches or if the dipole cross
will not agree exactly. There are several uncertainties fron$€ction and/or the parton distribution function can both be
free parameters that can affect the numerical value of th@diusted to fit the data. We point out that both approaches

Drell-Yan cross section. In the dipole approach, these uncepredICt the_ same asymptoztlc beha}lwor for the partonic DY
tainties are as follows. cross section, namelgo/d-q, «<1/q] for large transverse

(i) Different possible choices of the hard scde at momenturm5}.
which the parton distribution of the projecetile is probed, can
lead to an uncertainty as large as a factor of 2 Fkér

~4 GeV, even though the dependence@ris only loga- We are indebted to Fred Cooper, Mikkel Johnson, Boris
rithmic. This uncertainty vanishes with increasing dileptonKopeliovich and Magno Machado for valuable discussion.
massM. For M=8.75 GeV it is only~10%. Note that a This work was supported by the U.S. Department of Energy
larger value ofQ leads to a smaller value of the DY cross at Los Alamos National Laboratory under Contract No.
section, because the projectile PDF is probed at large mo&/-7405-ENG-38.
mentum fraction.

(ii) For the low values ok, we are interested in, different ~ APPENDIX: DERIVATION OF THE DIPOLE FORMULA

ACKNOWLEDGMENTS

parametrizations of PDFs lead to variations of the numerical FOR DY
results of up to~25%. This uncertainty is also present in the ) i i i o
parton model. In this appendix, we give a detailed derivation of the for-

(iii) The uncertainty arising from possible choices of theMula that expresses the DY cross section in terms of the
energy scale is ~10%. Since the dipole cross section in- €0lor dipole cross section, E¢3). This formula was first.
creases with decreasing a lower value ofx pulls the DY discovered if3]. Some details of the derivation in the semi-
cross section up. classical approach ¢83] are given in the appendix ¢#]. In

(iv) The dipole approach allows one to introduce a quarkiS paper, we use the framework of covariant Feynman per-
massm;. In this work we setmy=0. A quark massm, turbation theory. The calculation can be carried out in a very

=200 MeV would reduce the numerical value of the DY Similar way for DIS. _ _ o
cross section by less than 1000]. The differential cross section for Q|Iepton production in
The main uncertainty, which is difficult to quantify, arises the target rest frame, see Fig. 1, is given by
from the parametrization of the dipole cross section. Future
DY data from RHIC will certainly help to better constrain ¢8;(qN—ql*I~X)=>, >, 62(7\)61,(?\')/\7””
this quantity. X/
We found that the disagreement between the two ap-
proaches is typically of order 20% for,<<0.01. We believe dad?q, d?p;,
that the parametrization of the dipole cross section can be X Sy 02 1
adjusted so that future RHIC data can be described without (2m)°8(pj) a(l-a)
introducing an arbitrary overall normalization factor for
which we cannot find a theoretical justification. For larger X deme (N €) (N )L ——,
values ofx,, the applicability of the dipole approach is ques- 167°M
tionable, because this approach neglects several contribution
to the DY cross section which might already be important forwherep; is the momentum of the projectile quarl; is the
0.01=x,=<0.1. momentum of the final quark arglis the momentum of the
Note that several data points from E723] at lowx, are ~ massive photorg?=M?>0. The first two lines describe the
not well described by either of the approaches. Preliminaryoremsstrahlung of a massive photon from a qua de-
E866/NuSea dafi@5], however, which were measured in the picted in Fig. 3, and the third line the decay into the lepton
same kinematical region, are well described by the NLO parpair | “1 ™ into solid angledQ (not shown in Fig. 1 The
ton model. Therefore, the agreement between the dipole aglectromagnetic coupling constant is denoted by,
proach and the NLO parton model at lowgives confidence =e?/(4m7)=1/137. Furthermoreg,,(\) is the polarization
in the applicability of the dipole approach. However, we vector of the photony e {*1,0}. We sum over all final states
stress that in order to strictly prove the validity of the dipole X and the photon polarizations, \’. The &-function for
approach, one has to reproduce experimental data and not teeergy conservation is already integrated over. Furthermore,
parton model calculation. a is the energy fraction the photon takes from its parent
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quark. It is assumed that only transverse momentum but no We will now express thei3aT,L/d In ad?q, in terms of

energy is exchanged with the target. Than#” is the abso- the q—¥*q light-cone(LC) wave functions and the dipole
lute square of the bremsstrahlung-amplitude, before contragross section. Consider tteechannel graph in Fig. left)

tion with the polarization vector of the photon. There are twowhere the photon is radiated after the projectile quark has
contributions to this amplitude, scattered off the target. The propagator of the quark in the

intermediate state can be written as

1 1

M=z 3 2 (MEF MM+ M. Brdl e m . U, (Pr+Q)U(pi+ )
(A2) (pr+@)®—mf o (prra)?-m?
The s-channel amplitudeM & describes the process where y*
the photon is radiated after the quark has scattered off the - 207 +q7) (A6)
f

target, Fig. 1(left), and theu-channel amplitudeM / de-
scribes the process where the photon is radiated before thﬁheug(p) are Dirac-spinors,{—my)u,(p) =0, for on-shell
quark scatters off the proton, Fig.(dight). The bar indicates  momentunp and helicityo. The y*-term arises, because the
that the matrix element is summed over heligityand color  jntermediate quark is off-shell. In the high energy approxi-
¢ of the final quark and averaged over helicityand color  mation which we employ, this term is droppedhis is the

¢; of the initial quark. N.=3 is the number of colorsFi-  crycial step that allows one to write the amplitude as a prod-
nally, p;= are the dilepton momenta and uct of an LC wave function and a quark scattering amplitude.

The s-channel amplitude then turns out to be
LA"=4(p{ipy-+p/spi=—9“"Pi+pi-) (A3)

. . e i ulrf(pf)yﬂu(r(pf—i_q)
is the leptonic tensor, summed over helicities. lMg‘:eE
Different terms in the sum over photon helicities lead to s (prra)i-mf
different angular distributions of the lepton pair. In this pa- 0. on
per, we integrate over the solid angl€) =d¢d(cos#), and Xtg,00,(PF+07),K.). (A7)

obtain for the differential DY cross section o )
For simplicity, we have set the flavor charge to unity. Here,

d*ac(qN=171"X)  aem | APor(qN—y*X) tq,wi((p?Jr q%),k,) is the amplitude for scattering a quark

dIn adM?d?q, = 37M2 dIn ad?q, off a nucleon in the rest frame of the nucleon,
d3o (qN— »* X)} ta,0, (PP +0%),K ) =, (ps+a) ¥OVq(K U, (p)
+
5 R
dInad?q, ~zpi°5(,,0ivq(kl). (A8)

where the indice§ andL stand for transverse and longitu-
dinal photons, respectively. We also integrated over th
phase space of the final quark. The factar,/(37wM?)
originates from the third line of EqAl) and describes the
decay of they* into the lepton pair. The interesting physic
resides in the quantitie$®o | /d In adq, , which are given

by

Note thatt andV are matrices in color space, we suppressed
%he color indices. Our spinors are normalized to

u];(p)ugr(p)=2p°5(m, . The functioan(IZl) will be com-

s bletely absorbed into the dipole cross section, so that we will
never need to specify it. Therefore, the dipole formulation
also accounts for some higher order and nonperturbative ef-
fects, which are difficult or even impossible to account for in
the standard parton model. We wrkg only as function of

5 the exchanged transverse momentkm=p;, +q, —pi, .

dinad®q, because the longitudinal momentum of the projectile quark

cannot be changed significantly at high energies. Note that

d*or(gN— y*X)

* ALY

_ f a2p, S €,(N)e,(N)MH (A4) Vg also depends on energy, even though we do not write this

X Aer=1) (2m)°8(pP)2(1—a) dependence explicitly. The Kroneckéy-, means that the

helicity of the quark is not changed by scattering off the
d3or(gN— y* X) proton.
> In impact parameter space, the amplitude reads
dInad®q,
er(A=0)e,(A=0) M"" , . . o

= f deHZ YN . (A5) As already pointed out if¢], this approximation is equivalent to

X (2m)8(p;)(1—a) neglecting the instantaneous vertices in a Hamiltonian light-cone

approach to QCO34], and violates gauge invariance. The color
Terms withA#\" in Eq. (A1) vanish after integration over dipole approach is gauge invariant only in the leading xpg(-
the azimuthal angleb. proximation.
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o d21, d2k, where 7°=(1—a)M?+a?m?. In our numerical calcula-
M (Db,p)= f —4e"'L ap=ik b g a(T K tions in this paper, we set the quark mass=0. Sed10] for
(2m) its influence.
(A9) The u-channel graph can be written in the same way as
Eqg. (A9), but with a quark scattering amplitude at a shifted
_ (a, p)2p V.(b), impact parameter. This can be seen from the propagators.
*q P While the propagator for the-channel graph yields
(A10)
. R 1 a(l—a)
wherel, =p;, —(1—a)q, /a is the transverse momentum T 2= 22 3 (AL13)
of the final quark in a frame where tkeaxis is parallel to the (Pr+0Q)°— @i+

photon momentum. The conjugate variablelto, namely o6 finds for theu-channel graph the combinatidn +k,
a'p, is then the transverse distance between the initial anfhstead ofl | ,
final quark in that frame. This quantity will become the dis-

tance variable of the dipole cross section. Furthermore, 1 o
=— —— . (A14)
(Pi=@?=mf (1 +k)?+ 77
- ik by (|
q(b)_J’ (277)2e " Vg(kL). (A1l One then obtains for the-channel amplitude in impact pa-
rameter space
The LC wave functions in impact parameter space are related N
to the quark-photon vertex and the propagator by Fourier (b o)=i———W*, (a,p)2pV,(b+ ap
transformation, u(b.p) a\1—a 7 ol @P)2PiVo(bF ap)
(A15)
H _))_ 3\/1T d2|i e*iri<a;;\/_
glanp)=a a (2m)? Qem gl p)2pI q(b~l—ap)
_ (A16)
Uy (Pr) YUy (Ps+0) _ _
R , (A12) and with Eqs(A4) and(A5) for the photon production cross
ali+n sections
do7 L (AN—* X) j 1
. =] d? fdzbjdzbfdz fdz
dIn ad?q, PrL (2m)° 1 2 P1 P2
s @l a(py=po)+ik - (by— bz)z 2 \py o, Pl)‘l'y o(@ o)
‘Tfa'l
XE 2 {Vq( by)— Vq( (by+ aPl)}{VT (by)— VT(bz"‘ apy)}, (A17)

C CtCi

wherel, =p;, —(1—@)q, /@ andk, =p;, +d, —pi, . In the transverse casd), the sum ovei includes both transverse
polarizations\ = =1, while in the longitudinal casé.) only one termA =0 appears in the sum.

The LC wave functions for radiation of transverse and longitudinal photons are readily calculated by contractki2Eq.
with the photon polarization vect$8-5],

=

Wisg(@p)Wiig(@p)= 2 5 3 Weg(ap) ) Whiy(a,py)

g0

- -

@ pP1 P2
=2 miatKo(7p1)Ko( mp2) +[1+ (1 a)?]n? o KalmpKa(pz) [ (A18)
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- - 1 _ - _ -
Vi g(ap) Vi (@po)=5 2 eh(A=0)¥) J(ap1)e,(A=0)¥7r ()

g10j

Pem
= —, M*(1=a)?Ko(7p1)Ko( 702)- (A19)

o

Often, one needs only the sum over all polarization states of the photon. We denote the corresponding quantity by
W oeq(a,p) Whi (@,p2) =W 1, (@, p) WS (@,p2) + W, (@,p) WhE (@,p2). (A20)

Integrating Eq(A17) over the transverse momentum of the photon yields

dot  (qN—y*X) -
T D | v TPl (A21)
with the dipole cross section
1 o e e s
oaqlap) =2 — > fd2b|Vq(b)—Vq(b+ap)|2. (A22)
X Nc C¢Cj

If one assumes that the quark interacts via one-gluon exchange with the target and expdA@2)Hq. first order in @p)?,
keeping only terms of ordetg, then the dipole cross section is proportional to the target gluon density.

We can also express the transverse momentum distribution of DY pairs in terms of the dipole cross[Séclibe
differential cross section is given by the Fourier integral

dgtTT’L(qN—Wy*X) _ 1
dInad?q, (2m)?

[ @psdodi 0 T T )

XE{UN—(a )+ o — o alp—p A23
S10gql@pr) +agqlapr) = og falpr=pa)]}- (A23)

To derive this expression, one performs the integration 6y§rin Eqg. (A17) and observes that EGA17) has a real value.
This allows one to symmetrize the integrand with respegist@nd p,. The functionsV, combine then to the dipole cross
sections in the second line of EGA23). After integrating Eq(A23) over the transverse momentum of the photon, one
obviously recovers EqA21).
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