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We explore how nuclear modifications to the nucleon parton distributions affect production of high-
transverse-momentum hadrons in deuteron-nucleus collisions. We calculate the charged hadron spectra to
leading order using standard fragmentation functions and shadowing parametrizations. We olotaiAutie
pp ratio both in minimum bias collisions and as a function of centrality. The minimum bias results agree
reasonably well with the BRAHMS data while the calculated centrality dependence underestimates the data
and is a stronger function gf; than the data indicate.
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One of the most intriguing results from the Relativistic 20)%, (30-50%, and(60-80% of the geometric cross sec-
Heavy lon ColliderRHIC) at Brookhaven National Labora- tion. Using a Glauber calculation of the nuclear overlap with
tory has been the suppression of hadrons with high transa Woods-Saxon density distribution for the gold nucleus and
verse momentunpy_in central Au+Au collisions at center- the Hulthén wave function to calculate the deuteron density,
of-mass energiesySyy of 130 and 200 GeV. TheAA  we find that these bins correspond to the impact paranbeter

suppression factor ranges of Gsb=<3.81 fm, 4.66sb=6.01 fm, and 6.5%b
<7.74 fm, respectively. Our calculated values(ofj\Tqa.)
doan/dpr . . . : .
Raa(Pr) = —5 (1) in these impact parameter bins are in relatively good agree-
(onnTamdop/dpr ment with those determined by BRAHMS. The results in the

compares théA andpp p; distributions of hadrons, normal- WO lowest 7 bins are reported fo_(h++h‘)/2 While the 7
ized by the number of binary collision®}jyTaa), the prod- ~ =2-2 and 3.2 bins are reported fot only, whereh” andh
uct of the nucleon-nucleon inelastic cross sectig, and stand for the positively and negatively charged hadrons, re-

the nuclear overlap functiofi, Saturation effects in the SPECtvely. .

initial nuclear wave function and final-state parton energy =M this paper, we calculatBs,(pr) in the BRAHMS 7
loss were both proposed as explanations of the large supprg@nS Using two parametrizations of nuclear shadowing. We
sion seen in Au+Au collisions by PHENIXL,2], STAR also calculate the central-to-peripheral ratRss(pr) with

[3,4], and BRAHMS[5]. To determine whether the suppres- IWO parametrizations of the spatial dependence of shadow-
sion is an initial- or final-state effecti+Au collisions at INg. The calculated ratios are compared to the BRAHMS
VS\w=200 GeV were recently studied at RHIC. The datadata[8]. To better illustrate the effects of shadowing alone,
[6—8] show that, at midrapidity7~0), the d+Au suppres- We do notinclude the Cronin effeqt; broadenind9,10, in
sion factor our calculations.

We make a leading ord€t.O) calculation of minijet pro-

dogad/dpr 2 duction to obtain the yield of high; partons[11]. The pr

(0NN Taawdorp/dpr distribution of Ref.[12] is modified to include the nuclear

. i parton distribution functions,
is much closer to unity. These results suggest that the strong

suppression in Au+Au collisions is a final-state effect, im- dogay_.nx _ E Omax dbem. 2
plying that, at least at central rapidities, saturation effects are 2 gp, ~ 2pr 4 SiN O m dx [ dx | ds
small. However, at higher rapidities where the nuclear parton mn o
momentum fractiorx, is smaller, such effects might still be , 5 =
important. Sincec is not very small at RHIC, it is necessary X | dz| dZFig(x, Q%52
to check if other, more conventional, models of nuclear shad- o
owing may also explain the data. X (0, Q2B - §|,Z,)Dh/k(2c,Q )d(T.Hk’

The BRAHMS Collaboration has measurBg,, at sev- J di
eral values of pseudorapidity and observed increasing sup- 3)
pression asy increases fromy|<0.2 to »=3.2 [8]. The
BRAHMS measurements are in fous bins: |7/<0.2, 0.8  wherex, andx, are the parton momentum fractions in the
=79n=<12(n=1), 1.9=9=<2.35(n=2.2), and 2.9<»=<3.5 deuterium and gold nuclei, respectively,is the momentum
(»=3.2), corresponding to center-of-mass scattering anglescale of the hard interaction, arg is the fraction of the
Ocm of 101.4°= 6, ,,=78.6°, 48.4°= 0, ,,=33.5°, 17.01° parton momentum transferred to the final-state hadron. The
=6, 7n=10.9°, and 6.3= 6, ,,=3.5°, respectively. These integrals over center-of-mass scattering anglg,= 6c.m.
data have also been divided into three centrality bils: < 6,a COrrespond to the BRAHMS angular regions, given

Raau(pr) =

i,i=9,0.9
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previously. The 2-2 minijet cross sectionsloy; ,/dt are  gold nucleus with the parametrization that gives the strongest
given in Ref.[13]. Even though the next-to-leading order gluon shadowing for the largest contrast to EKS98, denoted
corrections may affect the shape of thedistributions, the FGS1 here.
higher-order corrections should largely cancel ouRip,, as We now turn to the spatial dependence of the shadowing.
is the case fod/ s [14] and Drell-Yan[11] production. Since some qualitative spatial dependence has been observed
The parton densities in the gold nucIeE@Au(x,Qz,B,z), [2_3] but the exact_ behavior is_unknown, we have trieo_l tW(_)
can be factorized inta- andQ*independent nuclear density different pgrametnzauons for |nhc')mogleneous shadowing in
distributions, position- and nuclear-number-independenf*Au collisions [11,24-2§. The first, S \ys assumes that
nucleon parton densities, and a shadowing functiorrh@dowing is proportional to the local densify(r),

SL’S(A,X,QZ,B,Z) that describes the modification of the _ - _ 5 pa(r)

nuclear parton distributions in positon and momentum  SbwsAXQ%S2) =1+Nwd SH(AX,Q%) - 1]W7 (6)
space. The first subscript on the shadowing function, P, refers P

to the shadowing parametrization while the second, S, to theshere r=1s?+7%, pa(0) is the central density, anblys is
spatial dependence. Most available shadowing parametrizahosen so thatl/A) [ d?s dzpa(3,2)S ys=Sh. Whenr >Ry,
tions ignore effects in deuterium so tifl; depends only on  the nucleons behave as free particles while, at the center of
the deuterium density distribution and the nucleon partonhe nucleus, the modifications are larger ti&n

densities. We account for the proton and neutron numbers of |f, instead, shadowing stems from multiple interactions of

both nuclei. Ther{14] the incident parton[27], parton-parton interactions are
spread longitudinally over the coherence lenigthl/2myx,
Fia(%,Q%8,2) = py(5,2)fin(%. Q?), (4)  wheremy is the nucleon magg8]. Forx<0.016,l.> R, for

any A and the incident parton interacts coherently with all
the target partons in its path so that

Fiinu(x.Q%[0-8.2) = ppu(Ib-§.2) ‘ . J dzpa(S,2)
XS'D’S(AU,X, Q2,|6 _ é*I,Z/)fj/N(X’ QZ)’ SDVP(A’X! Q2'§,Z) =1+ NP[S:(A,X, Q2) - 1]f de:(O’_,Z) .
(5) (7)

where f;\(x,Q?) is the nucleon parton density. In the ab- The integral overz includes the material traversed by the
sence of nuclear modificationS, <= 1. The nucleon density |nC|dent2 nucleon.  The  normalization  requires
distribution of the gold nucleus is assumed to be a Woodst1/A)Jd°s dzpa($,2S =S with N,>Nys. At large x, I
Saxon withR,,=6.38 fm [15]. We use the Hulthén wave <Ra and shadowing is proportional to the local density, Eq.
function [16] to calculate the deuteron density distribution. (6)-

The densities are normalized so tifalfs dzp(5,2)=A. We ~ While there are three homogeneous FGS parametriza-
use the Martin-Roberts-Stirling-Thor®RST) LO parton  tons, only two inhomogeneous parametrizations are pro-
distributions[17] for isolated nucleons and tal@zzp% vided. No spatial dependence is given for FGS1, the case

We have chosen two parametrizations of nuclear shadowVith the strongest gluon shadowing. We have checked the
ing which cover extremes of gluon shadowing at lewrhe ~ a@vailable dependencies against those calculated —using
Eskolaet al. parametrization EKS98 is based on the Gluck- SFes1,wsa@Nd Ses1, and found that, at similar values of the
Reya-Vogt(GRV) LO [18] parton densities. At the minimum Nomogeneous shadowing ratigs,,, is quite compatible
scaleQ, valence quark shadowing is identical ferandd ~ With the available FGS inhomogeneous parametrizations.
quarks. Likewisel, d, ands shadowing is identical a@é. Therefore, to characterize the spatial dependence of FGS1,
Even though the light quark shadowing ratios are not conWe Us€Stes1, _ ) _
strained to be equal at higher scales, the differences between The fragmentation functior8y,(z;, Q%) describe the pro-
them are small. Shadowing of the heavier flavor seand ~ duction of hadrorh from partonk with z=p/py. The pro-
higher, is calculated separately @§. The shadowing ratios duced partons are fragmented into charged pions, kaons, and
for each parton type are evolved to LO for 222  Protons using the LO. KmehI—Kramer—Potl(e(KP) fragmen-
<10" GeV and are valid fox=10" [19,20. Interpolation  tation functiong[29], fitted toe*e™ data. Thg final-state had-
in nuclear mass number allows results to be obtained for an§PNs are assumed to be produced pairwise so #twal7*
input A. The parametrizations by Frankfurt, Guzey, and*7)/2, K=(K"+K")/2, andp=(p+p)/2. The equality of
Strikman combine Gribov theory with hard diffractipf1]. P andp production obviously does not describe low-energy
They are based on the CTEQ5]M2] parton densities and hadroproduction well. At higher energies, however, the ap-
evolve each parton species separately to next-to-leading oproximation thatp=p may be more reasonable. The pro-
der (NLO) for 4<Q?<10* GeV. Although thex range is duced hadrons follow the parent parton direction. The mini-
105<x<0.95, the sea quark and gluon ratios are unity formum Q* in the KKP fragmentation functions i§3|2:r0
x>0.2. The EKS98 valence quark shadowing ratios are used?2 Ge\?, similar to but somewhat lower than the minimum
as input since Gribov theory does not predict valence shadd? of the shadowing parametrizations. Thus the mininpym
owing. The parametrizations are available for four differentof our calculations is/2 GeV. We assume the same scale in
values ofA: 16, 40, 110, and 206. We uge=206 for the the parton densities and the fragmentation functio@$,
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:Q'Z:r: p%_ A larger scale,p%/zﬁ, is sometimes used in the TABLE I. The average values of the Au aldnomentum frac-
parton densities but wherg is large, as is the case here, tions,(x;) and(xy), respectively, as well as the average fraction of
changing the scale does not significantly alter the calculatethe final-state parton momentum transferred to the hadggp,in
ratios. the four BRAHMS pseudorapidity intervals. The minimum values
The largest contribution to the total final-state chargedcorrespond tgpr=~ 12 GeV while the maximum corresponds e
particle production is from the charged pions, followed by=12 GeV for the first three bins and 10 GeV for the most forward
the kaons. The proton contribution is the smallest every bin.
though, ind+Au collisions at RHIC,(p+p)/h=~0.24+0.02
whereh=h*+h" for 2<p;<3 GeV, independent of central- (7 (X2 (X1 (zo)
ity [30]. The d+Au result is similar to that frompp, ] . ]
0.21+0.01[30]. The discrepancy between the RH3 Au min max min max min max
and pp results and the extrapolatlo_n froeﬁe_ is due to the ~0 0.07 0.22 0.07 022 052 0.64
poor knowledge of the fragmentation functions at lazge
We have calculated the; distributions for final-state 1 0.055 0.18 0.1 0.33 0.54 0.68
charged pions, kaons, and protons/antiprotons separately ag-2 0.042 014 017 062 055 0.81
well as the sum of all charged particles. For each final-state 3.2 0.035 0.23 0.32 0.95 0.64 0.96
hadron, we determine the fraction of the total from produced
quarks, antiquarks, and gluons. In the centjdin for pion
production, gluons are produced almost equally in ¢ige
—gg and qg— qg channels. Theyg channel is somewhat
larger for py>5 GeV. There is a negligible contribution
from qg— gg. Pion production by quarks and antiquarks pro-
ceeds mainly through thgg— qg channel for quarks and
qg— qg for antiquarks. The next largest contributions to pion

production by quarks are theq’ —qq’ andqg—qd chan-  qyarks and gluons make negligible contributions to jow-
nels which are of very similar strength, followed g  kaon and proton production ai=2.2 and 3.2. Quarks also
—0qq and gg—qq with a negligible contribution fromgq  gominate pion production fop;> 6.5, 3, and 1.5 GeV with
—0q'q’. The contributions to antiquark production aftgy n=1, 2.2, and 3.2, respectively.

—0qg are qq'—qq’, qq—qq, and gg—qq, followed by We have calculated the average Au ion momentum frac-
smaller contributions frongq—qq andqg—q’'q’. Similar  tjon (x,) and the average deuteron momentum fraction
results are found for kaon and proton production. Howeverg,, 2< pr=12 GeV. However, the largest accessiplede-

the proton distributions fall off more steeply witk. creases to 9.5 GeV aj=3.2 due to phase space. The results

The relative contributions from the production channels, .o shown in Table I. Since these are averegealues, the

remain similar as rapidity increases. The most important, ., for each event can be smaller or larger than these
change is in gluon production where tag—qg channel g\ erages. The minimum and maximupy) correspond to
grows more dominant, finally becoming larger than g the lowest and highesgk: values, respectively. Both the mini-

Hgg Cha_gf‘te' f[ﬁr allpy for ?]:3'2'| Itr;deed, at the mostblfor; mum and maximum values decreasesasicreases so that
ward rapidity, theqq— gg channet becomes comparable 10 y, minimum(x,) is reached aty=3.2. However, the maxi-

the qg channel apy~8 GeV. This may seem counterintui- mum {x,) increases relative to more centralvalues due to
tive since the iorx, value decreases aggrows, increasing 2 ke

the gluon density. However, the deuteronvalue increases € reduction of phase space at high Note that a$)—0,
more rapidly and, at large, we are in a region where the (X;)— 1. The averages are not_ very senS|t_|ve_to changes in
deuteron gluon density is dropping steeply while the quarl{he parton densities or the choice of factorization, renormal-
density, particularly that of the valence quarks, is still signifi-iZation, or fragmentation scales. _
cant. Thus thegg channel is more important than thg The_totgl hadr(')n'y|eld closely follows that of the'plons.
channel at largey, particularly whenp; and x, are large. There is little variation ofx,) between hadron species al-
Also, at high  and py, pr>7.5 GeV, antiquarks are pre- though the proton averages are generally somewhat smaller
dominantly produced by valence quark induced processei§an those of the mesons. A small difference between the
since these are large at high partonic contributions to hadron production can be attributed
Because we begin to approach the edge of phase spat® the behavior of the parton distribution functions in the
with increasingy, the p; distributions steepen, especially for various production channels. A set of LO parton densities
antiquark and gluon production. Quark production, whichderived including the GLRMQ recombination terms at lew
includes the valence contribution, dominant at hpgtand», ~ found deviations from normal Dokshitzer-Gribov-Lipatov-
remains harder overall. Thus quark production will come toAltavelli-Parcsi(DGLAP) evolution atx< 107 for the pro-
dominate all final-state hadron production. This effect, in-ton [31]. Thus one may question whether saturation effects
creasingly important at higip; and 7, is reflected in the can be at work here whefx;)=0.035 atn=3.2.
relative contributions to pion, kaon, and proton production While the average Au momentum fraction is decreasing
by quarks, antiquarks, and gluons. |4t <0.2, pion produc- with centrality, the average deuteron momentum frackpn
tion is dominated by produced gluons up pe>9 GeV is increasing. Note that the maximutw,) at »=3.2 ap-
where pion production by quarks becomes larger. Gluon proproaches 1, indicative of the edge of phase space. The aver-

duction of kaons is rather small, similar to the quark contri-
bution atpT~QFr0 but dropping below the antiquark contri-
bution atpr~ 3.5 GeV. Quark production is most important
for protons atpr>3.5 GeV. Asy increases, quark produc-
tion of final-state hadrons becomes increasingly dominant.
Already atn=1, more than half of all kaons and protons are
produced by quarks fop;>2.5 GeV. At highery, anti-
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1.2 1.2
1.0
1.0
0.8
FIG. 1. Rya, for charged piongdashed and
0.6 kaons(dot-dasheglas well as protons and anti-
g ) protons (dotted, and the sum over all charged
pf 0.8 hadrons (solid) for deuteron-gold collisions at
VSyn=200 GeV as a function ofy. The results
1.00 for homogeneous shadowing with the EKS98 pa-
1.00 rametrization are compared to the minimum bias
o075 BRAHMS data[8] in the following » bins: (a)
0.75 ) |7]=<0.2;(b) »=1; (c) »=2.2; and(d) 5=3.2.
0.50
0.50
0.25

Py (GeV) P, (GeV)

agez. in the fragmentation functions is large0.5 at midra-  shown in Fig. 2. We show the results for charged pions
pidity, and increasing withy and p;. The fragmentation (dashe¢, charged kaons (dot-dashey and protons/
functions are best determined for smaltgiso that the high- antiprotons(dotted separately. The solid curves give the to-
z. fragmentation functions are unreliable, especially fortal charged hadron result. At midrapidity, whepe) is rela-
baryon production. Modeling of highr and high+ hadron tively large, the two parametrizations give rather similar
production thus contains large theoretical uncertainties dugesults. As pointed out in Ref32], the difference between
to the fragmentation functions. There is more variation inthe kaon and proton ratios is due to isospin effects. As long
(zo) due to parton type than ifx,). The protor(z,) tends to  as pion production is dominated by gluons, it is essentially
be somewhat smaller than for pions or kaons. The tabulateithdependent of isospin. The ratio is greater than unity but
values are for total charged hadrons. smaller than the BRAHMS result at midrapidity. Including
We now compare the ratioRy,, calculated for the two p; broadening would increase thg|<0.2 ratio.
homogeneous shadowing parametrizations, to the BRAHMS At =1 and lowpy, the ratio is less than unity for both
data[8]. The EKS98 results are shown for eaglinterval in ~ parametrizations but the stronger gluon shadowing in the
Fig. 1 while those employing the FGS1 parameterization ar&GS1 parametrization reduceRy,, to ~0.8 for py

1.2 J:l_ l r 1.2
S GG ) ot 1.0
1.0
0.8
FIG. 2. Ryp, for charged piongdashed and
o8 kaons(dot-dasheglas well as protons and anti-
3 ’ protons (dotted and the sum over all charged
nf’ 0.8 hadrons (solid) for deuteron-gold collisions at
VSyn=200 GeV as a function ofy. The results
1.00 for homogeneous shadowing with the FGS1 pa-
1.00 rametrization are compared to the minimum bias
o5 BRAHMS data[8] in the following » bins: (a)
0.75 ) |7/=<0.2;(b) »=1; (c) »=2.2; and(d) 5=3.2.
0.50
0.50
0.25

p; (GeV) p, (GeV)
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1.2 I T I
1.0 - AL
FIG. 3. Rep for charged hadrons in deuteron-
- Il <02 10°® n=1 gold collisions atySyy=200 GeV as a function
— — 0.6 of pr. The results foiS-gs1, are compared to the
& gglB® o — | ! | @ . | L | ® BRAHMS data[8] in the following % bins: (a)
(i A I B | A I |7=0.2; (b)) 7=1; (©) 7=2.2; and(d) »=3.2.
T T T The calculated ratios of the most central- and
1.00 e i 1.00 semicentral-to-peripheral collisions are shown in
.4 i the solid and dashed curves, respectively. The
i 1+ —{ o075 BRAHMS data are given by the open circles
0.75 — I{ — > (most centrgland diamondgsemicentrgl
> - f mﬂ% — 0.50
Iam}% n =22 1| 2 n =32 :
& pu—
R T @ fi 0 1 Yoss
] 5 10 0 5 10
Py (GeV) p, (GeV)

=2 GeV relative to~0.9 for EKS98. Atpr~ 2.5 GeV,Ryay impact parameter cuts while, experimentally, impact param-
rises above unity again. At higher rapiditiég;,, decreases eter is poorly measured on an event-by-event basisl in
at low pr but does not rise as far above unity at higipgr  +Au collisions. We note that both of the inhomogeneous
until, at »=3.2, the total charged hadron ratio is less thanEKS98 results are much weaker than those in Fig. 3 and are
unity for all pr. The EKS98 parametrization tends to under-not shown here.
estimate the data for all but the most central rapldltles, See |n central Co”isior]S, with small impact parameter, inho-
Fig. 1. The FGS1 parametrization, on the other hand, agreggogeneous shadowing is stronger than the homogeneous re-
rather well with the centrap data, Fig. 2a), and lies within gt The larger the homogeneous shadowing effect, the
the errors of the most peripheral bins for>v2 GeV, Figs. larger the difference betwees, and Sh ¢ Thus Rep is a
2(c) and 2d). However, the total charged hadron datasat ; ; 2 X

’ . ._stronger function of impact parameter for the FGS1 param-
=1 are somewhat underestimated by the FGS1 parametriz@y i, ation since it has larger homogeneous shadowing at

tion, Fig. 4Ab). . o . .

In the most central bins, the ratio for the total chargedzr;aéln);e-[gi rce:)tlr?ssi d‘ggﬁ“;ﬁﬁﬁgrﬁirgﬁ;?,v;he,\,gfgtral':y
hadrons closely followy,, for the pions. At higher, the P : ya : ' Rba
6ﬁlpprqaches unity at larger since the difference betweeg

kaon contribution becomes more important, causing the tot q q | d the shadowi p
to be closer to the average of the pion and kaon results. THA" S5 decreases as increases and the shadowing effect

proton contribution, on the other hand, remains small, evef€comes small. - _ _
at 7=3.2, while one may expect that, in reality, proton pro-  SiNCe Skesi,(b) is a rather smooth function of impact
duction would be more important at large rapidity as theParameter, thé dependence oRcp is not very strong. The
fragmentation region is approached. However, this effecfluctuations inRep for g, especially notable at central
cannot be accounted for by standard parametrizations of tH@pidity, are due to the discrete stepsTaf(r) in the integra-
fragmentation functions. Since BRAHMS measures thdion over the spatial coordinates. These fluctuations are ab-
negative charged hadron distribution at »=2.2 and 3.2, Sent forS, s sincepay(r) is a smooth function.
only the antiprotons can contribute Ry, The agreement with the data is reasonable at cengral
We point out that becauseis not very small fopy larger ~ see Figs. @) and 3b). The trends of the impact parameter
than a few GeV and the shadowing ratios are also not faflependence are similar to the data at Igwy. The
from unity in this regionRya,, the ratios ofd+Au relative to ~ Semicentral-to-peripheral ratio is similar to the central-to-
pp, are driven by isospin rather than shadowing. This is obJeripheral ratio in the most central rapidity bin while in the
vious from the very similar behavior of the EKS98 and more peripheral bins, the central-to-peripheral ratio has a
FGS1 ratios seen in Figs. 1 and 2 foy>5 GeV. strongerpr dependence. However, the increaséxy) with
Figure 3 illustrates the centrality dependence usingor results in the strong growth d®cp with py at forward .
3#631,)- We compare the central-to-peripheral rafyp,  The resulting curvature of the calculated ratio is faster than
which should be less sensitive to isospin tiap,, to the the data. The magnitude &cp at low py is also underesti-
BRAHMS data. The solid curves show the ratio of the cen-mated. Since the position dependence of inhomogeneous
tral, (0-20%, to peripheral(60—80%, bins for eachy re-  shadowing is not well understood, the poorer agreement with
gion while the dashed curves show the semicenti@d- the centrality-dependent data in Fig. 3 compared to the mini-
50)%, to peripheral ratios. Our calculations assume exacmum bias results in Figs. 1 and 2 is not surprising. These
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data could be used to tune the position dependence of shagdested by BRAHMS, likely due to insufficient data on the
owing. impact parameter dependence of nuclear shadowing.

In summary, we find that the suppression fadgx,, cal- We thank K. J. Eskola and V. Guzey for providing the
culated with leading-twist shadowing, especially employingshadowing roufinés and J. Gonza{Iez S. R. Klein, M. Murray
the FGS1 parametrization, agrees moderately well with thg; "Stikman, and W. Vogelsang for discussions. This work
BRAHMS data. These calculations imply that saturation ef\yas supported in part by the Division of Nuclear Physics of
fects may not play a dominant role in the forward region atthe Office of High Energy and Nuclear Physics of the U.S.
RHIC, as suggested in other recent w@d,34. Our calcu-  Department of Energy under Contract No. DE-ACO03-
lations of Rop show a strongep; dependence than that sug- 76SF0098.
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