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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 obtain thed+Au to
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 ofpT than the data indicate.
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One of the most intriguing results from the Relativistic
Heavy Ion Collider(RHIC) at Brookhaven National Labora-
tory has been the suppression of hadrons with high trans-
verse momentumpT in central Au+Au collisions at center-
of-mass energiesÎSNN of 130 and 200 GeV. TheAA
suppression factor

RAAspTd =
dsAA/dpT

ksNN
in TAAldspp/dpT

s1d

compares theAA andpp pT distributions of hadrons, normal-
ized by the number of binary collisionsksNN

in TAAl, the prod-
uct of the nucleon-nucleon inelastic cross sectionsNN, and
the nuclear overlap functionTAA. Saturation effects in the
initial nuclear wave function and final-state parton energy
loss were both proposed as explanations of the large suppres-
sion seen in Au+Au collisions by PHENIX[1,2], STAR
[3,4], and BRAHMS[5]. To determine whether the suppres-
sion is an initial- or final-state effect,d+Au collisions at
ÎSNN=200 GeV were recently studied at RHIC. The data
[6–8] show that, at midrapiditysh<0d, the d+Au suppres-
sion factor

RdAuspTd =
dsdAu/dpT

ksNN
in TdAuldspp/dpT

s2d

is much closer to unity. These results suggest that the strong
suppression in Au+Au collisions is a final-state effect, im-
plying that, at least at central rapidities, saturation effects are
small. However, at higher rapidities where the nuclear parton
momentum fractionx2 is smaller, such effects might still be
important. Sincex is not very small at RHIC, it is necessary
to check if other, more conventional, models of nuclear shad-
owing may also explain the data.

The BRAHMS Collaboration has measuredRdAu at sev-
eral values of pseudorapidityh and observed increasing sup-
pression ash increases fromuhuø0.2 to h=3.2 [8]. The
BRAHMS measurements are in fourh bins: uhuø0.2, 0.8
øhø1.2 sh=1d, 1.9øhø2.35 sh=2.2d, and 2.9øhø3.5
sh=3.2d, corresponding to center-of-mass scattering angles
uc.m. of 101.4°ùuc.m.ù78.6°, 48.4°ùuc.m.ù33.5°, 17.01°
ùuc.m.ù10.9°, and 6.3°ùuc.m.ù3.5°, respectively. These
data have also been divided into three centrality bins:(0–

20)%, (30–50)%, and(60–80)% of the geometric cross sec-
tion. Using a Glauber calculation of the nuclear overlap with
a Woods-Saxon density distribution for the gold nucleus and
the Hulthén wave function to calculate the deuteron density,
we find that these bins correspond to the impact parameterb
ranges of 0øbø3.81 fm, 4.66øbø6.01 fm, and 6.59øb
ø7.74 fm, respectively. Our calculated values ofksNN

in TdAul
in these impact parameter bins are in relatively good agree-
ment with those determined by BRAHMS. The results in the
two lowesth bins are reported forsh++h−d /2 while theh
=2.2 and 3.2 bins are reported forh− only, whereh+ andh−

stand for the positively and negatively charged hadrons, re-
spectively.

In this paper, we calculateRdAuspTd in the BRAHMS h
bins using two parametrizations of nuclear shadowing. We
also calculate the central-to-peripheral ratiosRCPspTd with
two parametrizations of the spatial dependence of shadow-
ing. The calculated ratios are compared to the BRAHMS
data[8]. To better illustrate the effects of shadowing alone,
we do not include the Cronin effect,pT broadening[9,10], in
our calculations.

We make a leading order(LO) calculation of minijet pro-
duction to obtain the yield of high-pT partons[11]. The pT
distribution of Ref.[12] is modified to include the nuclear
parton distribution functions,

dsdAu→hX

d2b dpT
= 2pT o

i,j=q,q̄,g
E

umin

umax duc.m.

sinuc.m.
E dx1E dx2E d2s

3E dzE dz8Fi/dsx1,Q
2,sW,zd

3Fj /Ausx2,Q
2,ubW − sWu,z8d

Dh/kszc,Q
2d

zc

dŝi j→k

dt̂
,

s3d

wherex1 and x2 are the parton momentum fractions in the
deuterium and gold nuclei, respectively,Q is the momentum
scale of the hard interaction, andzc is the fraction of the
parton momentum transferred to the final-state hadron. The
integrals over center-of-mass scattering angleuminøuc.m.
øumax correspond to the BRAHMS angular regions, given
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previously. The 2→2 minijet cross sectionsdŝi j→k/dt̂ are
given in Ref. [13]. Even though the next-to-leading order
corrections may affect the shape of thepT distributions, the
higher-order corrections should largely cancel out inRdAu, as
is the case forJ/c [14] and Drell-Yan[11] production.

The parton densities in the gold nucleus,Fj /Ausx,Q2,bW ,zd,
can be factorized intox- andQ2-independent nuclear density
distributions, position- and nuclear-number-independent
nucleon parton densities, and a shadowing function

SP,S
j sA,x,Q2,bW ,zd that describes the modification of the

nuclear parton distributions in position and momentum
space. The first subscript on the shadowing function, P, refers
to the shadowing parametrization while the second, S, to the
spatial dependence. Most available shadowing parametriza-
tions ignore effects in deuterium so thatFi/d depends only on
the deuterium density distribution and the nucleon parton
densities. We account for the proton and neutron numbers of
both nuclei. Then[14]

Fi/dsx,Q2,sW,zd = rdssW,zdf i/Nsx,Q2d, s4d

Fj /Ausx,Q2,ubW − sWu,z8d = rAusubW − sWu,z8d

3SP,S
j sAu,x,Q2,ubW − sWu,z8df j /Nsx,Q2d,

s5d

where f i/Nsx,Q2d is the nucleon parton density. In the ab-
sence of nuclear modifications,SP,S

j ;1. The nucleon density
distribution of the gold nucleus is assumed to be a Woods-
Saxon with RAu=6.38 fm [15]. We use the Hulthén wave
function [16] to calculate the deuteron density distribution.
The densities are normalized so thated2s dzrAssW ,zd=A. We
use the Martin-Roberts-Stirling-Thorne(MRST) LO parton
distributions[17] for isolated nucleons and takeQ2=pT

2.
We have chosen two parametrizations of nuclear shadow-

ing which cover extremes of gluon shadowing at lowx. The
Eskolaet al. parametrization EKS98 is based on the Gluck-
Reya-Vogt(GRV) LO [18] parton densities. At the minimum
scaleQ0

2, valence quark shadowing is identical foru and d
quarks. Likewise,ū, d̄, and s̄ shadowing is identical atQ0

2.
Even though the light quark shadowing ratios are not con-
strained to be equal at higher scales, the differences between
them are small. Shadowing of the heavier flavor sea,s̄ and
higher, is calculated separately atQ0

2. The shadowing ratios
for each parton type are evolved to LO for 2.25,Q2

,104 GeV and are valid forxù10−6 [19,20]. Interpolation
in nuclear mass number allows results to be obtained for any
input A. The parametrizations by Frankfurt, Guzey, and
Strikman combine Gribov theory with hard diffraction[21].
They are based on the CTEQ5M[22] parton densities and
evolve each parton species separately to next-to-leading or-
der (NLO) for 4,Q2,104 GeV. Although thex range is
10−5,x,0.95, the sea quark and gluon ratios are unity for
x.0.2. The EKS98 valence quark shadowing ratios are used
as input since Gribov theory does not predict valence shad-
owing. The parametrizations are available for four different
values ofA: 16, 40, 110, and 206. We useA=206 for the

gold nucleus with the parametrization that gives the strongest
gluon shadowing for the largest contrast to EKS98, denoted
FGS1 here.

We now turn to the spatial dependence of the shadowing.
Since some qualitative spatial dependence has been observed
[23] but the exact behavior is unknown, we have tried two
different parametrizations for inhomogeneous shadowing in
d+Au collisions [11,24–26]. The first, SP,WS

j , assumes that
shadowing is proportional to the local densityrAsrd,

SP,WS
j sA,x,Q2,sW,zd = 1 +NWSfSP

j sA,x,Q2d − 1g
rAsrd
rAs0d

, s6d

where r =Îs2+z2, rAs0d is the central density, andNWS is
chosen so thats1/Aded2s dzrAssW ,zdSP,WS

j =SP
j . Whenr @RA,

the nucleons behave as free particles while, at the center of
the nucleus, the modifications are larger thanSP

i .
If, instead, shadowing stems from multiple interactions of

the incident parton[27], parton-parton interactions are
spread longitudinally over the coherence lengthlc=1/2mNx,
wheremN is the nucleon mass[28]. Forx,0.016,lc.RA for
any A and the incident parton interacts coherently with all
the target partons in its path so that

SP,r
j sA,x,Q2,sW,zd = 1 +NrfSP

j sA,x,Q2d − 1g
e dzrAssW,zd
e dzrAs0,zd

.

s7d

The integral overz includes the material traversed by the
incident nucleon. The normalization requires
s1/Aded2s dzrAssW ,zdSP,r

j =SP
j with Nr.NWS. At large x, lc

!RA and shadowing is proportional to the local density, Eq.
(6).

While there are three homogeneous FGS parametriza-
tions, only two inhomogeneous parametrizations are pro-
vided. No spatial dependence is given for FGS1, the case
with the strongest gluon shadowing. We have checked the
available dependencies against those calculated using
SFGS1,WS

j andSFGS1,r
j and found that, at similar values of the

homogeneous shadowing ratios,SFGS1,r
j is quite compatible

with the available FGS inhomogeneous parametrizations.
Therefore, to characterize the spatial dependence of FGS1,
we useSFGS1,r

j .
The fragmentation functionsDh/kszc,Q2d describe the pro-

duction of hadronh from partonk with zc=ph/pk. The pro-
duced partons are fragmented into charged pions, kaons, and
protons using the LO Kniehl-Kramer-Pötter(KKP) fragmen-
tation functions[29], fitted toe+e− data. The final-state had-
rons are assumed to be produced pairwise so thatp;sp+

+p−d /2, K;sK++K−d /2, andp;sp+ p̄d /2. The equality of
p and p̄ production obviously does not describe low-energy
hadroproduction well. At higher energies, however, the ap-
proximation thatp= p̄ may be more reasonable. The pro-
duced hadrons follow the parent parton direction. The mini-
mum Q2 in the KKP fragmentation functions isQFr0

2

=2 GeV2, similar to but somewhat lower than the minimum
Q2 of the shadowing parametrizations. Thus the minimumpT
of our calculations isÎ2 GeV. We assume the same scale in
the parton densities and the fragmentation functions,Q2
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=QFr
2 =pT

2. A larger scale,pT
2 /zc

2, is sometimes used in the
parton densities but wherezc is large, as is the case here,
changing the scale does not significantly alter the calculated
ratios.

The largest contribution to the total final-state charged
particle production is from the charged pions, followed by
the kaons. The proton contribution is the smallest even
though, ind+Au collisions at RHIC,sp+ p̄d /h<0.24±0.02
whereh=h++h− for 2,pT,3 GeV, independent of central-
ity [30]. The d+Au result is similar to that frompp,
0.21±0.01[30]. The discrepancy between the RHICd+Au
andpp results and the extrapolation frome+e− is due to the
poor knowledge of the fragmentation functions at largezc.

We have calculated thepT distributions for final-state
charged pions, kaons, and protons/antiprotons separately as
well as the sum of all charged particles. For each final-state
hadron, we determine the fraction of the total from produced
quarks, antiquarks, and gluons. In the centralh bin for pion
production, gluons are produced almost equally in thegg
→gg and qg→qg channels. Theqg channel is somewhat
larger for pT.5 GeV. There is a negligible contribution
from qq̄→gg. Pion production by quarks and antiquarks pro-
ceeds mainly through theqg→qg channel for quarks and
q̄g→ q̄g for antiquarks. The next largest contributions to pion
production by quarks are theqq8→qq8 and qq→qq chan-
nels which are of very similar strength, followed byqq̄
→qq̄ and gg→qq̄ with a negligible contribution fromqq̄
→q8q̄8. The contributions to antiquark production afterq̄g
→ q̄g are q̄q8→ q̄q8, q̄q→ q̄q, and gg→qq̄, followed by
smaller contributions fromqq→qq and qq̄→q8q̄8. Similar
results are found for kaon and proton production. However,
the proton distributions fall off more steeply withpT.

The relative contributions from the production channels
remain similar as rapidity increases. The most important
change is in gluon production where theqg→qg channel
grows more dominant, finally becoming larger than thegg
→gg channel for allpT for h=3.2. Indeed, at the most for-
ward rapidity, theqq̄→gg channel becomes comparable to
the qg channel atpT,8 GeV. This may seem counterintui-
tive since the ionx2 value decreases ash grows, increasing
the gluon density. However, the deuteronx1 value increases
more rapidly and, at largeh, we are in a region where the
deuteron gluon density is dropping steeply while the quark
density, particularly that of the valence quarks, is still signifi-
cant. Thus theqg channel is more important than thegg
channel at largeh, particularly whenpT and x1 are large.
Also, at high h and pT, pT.7.5 GeV, antiquarks are pre-
dominantly produced by valence quark induced processes
since these are large at highx.

Because we begin to approach the edge of phase space
with increasingh, thepT distributions steepen, especially for
antiquark and gluon production. Quark production, which
includes the valence contribution, dominant at highpT andh,
remains harder overall. Thus quark production will come to
dominate all final-state hadron production. This effect, in-
creasingly important at highpT and h, is reflected in the
relative contributions to pion, kaon, and proton production
by quarks, antiquarks, and gluons. Atuhuø0.2, pion produc-
tion is dominated by produced gluons up topT.9 GeV
where pion production by quarks becomes larger. Gluon pro-

duction of kaons is rather small, similar to the quark contri-
bution atpT,QFr0

but dropping below the antiquark contri-
bution atpT,3.5 GeV. Quark production is most important
for protons atpT.3.5 GeV. Ash increases, quark produc-
tion of final-state hadrons becomes increasingly dominant.
Already ath=1, more than half of all kaons and protons are
produced by quarks forpT.2.5 GeV. At higherh, anti-
quarks and gluons make negligible contributions to low-pT
kaon and proton production ath=2.2 and 3.2. Quarks also
dominate pion production forpT.6.5, 3, and 1.5 GeV with
h=1, 2.2, and 3.2, respectively.

We have calculated the average Au ion momentum frac-
tion kx2l and the average deuteron momentum fractionkx1l
for Î2øpTø12 GeV. However, the largest accessiblepT de-
creases to 9.5 GeV ath=3.2 due to phase space. The results
are shown in Table I. Since these are averagex2 values, the
actualx2 for each event can be smaller or larger than these
averages. The minimum and maximumkx2l correspond to
the lowest and highestpT values, respectively. Both the mini-
mum and maximum values decrease ash increases so that
the minimumkx2l is reached ath=3.2. However, the maxi-
mum kx2l increases relative to more centralh values due to
the reduction of phase space at highpT. Note that asu→0,
kx2l→1. The averages are not very sensitive to changes in
the parton densities or the choice of factorization, renormal-
ization, or fragmentation scales.

The total hadron yield closely follows that of the pions.
There is little variation ofkx2l between hadron species al-
though the proton averages are generally somewhat smaller
than those of the mesons. A small difference between the
partonic contributions to hadron production can be attributed
to the behavior of the parton distribution functions in the
various production channels. A set of LO parton densities
derived including the GLRMQ recombination terms at lowx
found deviations from normal Dokshitzer-Gribov-Lipatov-
Altavelli-Parcsi(DGLAP) evolution atx,10−3 for the pro-
ton [31]. Thus one may question whether saturation effects
can be at work here whenkx2l=0.035 ath=3.2.

While the average Au momentum fraction is decreasing
with centrality, the average deuteron momentum fractionx1
is increasing. Note that the maximumkx1l at h=3.2 ap-
proaches 1, indicative of the edge of phase space. The aver-

TABLE I. The average values of the Au andd momentum frac-
tions, kx2l and kx1l, respectively, as well as the average fraction of
the final-state parton momentum transferred to the hadron,kzcl, in
the four BRAHMS pseudorapidity intervals. The minimum values
correspond topT<Î2 GeV while the maximum corresponds topT

=12 GeV for the first threeh bins and 10 GeV for the most forward
h bin.

khl kx2l kx1l kzcl

min max min max min max

<0 0.07 0.22 0.07 0.22 0.52 0.64

1 0.055 0.18 0.1 0.33 0.54 0.68

2.2 0.042 0.14 0.17 0.62 0.55 0.81

3.2 0.035 0.23 0.32 0.95 0.64 0.96
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agezc in the fragmentation functions is large,<0.5 at midra-
pidity, and increasing withh and pT. The fragmentation
functions are best determined for smallerzc so that the high-
zc fragmentation functions are unreliable, especially for
baryon production. Modeling of high-pT and high-h hadron
production thus contains large theoretical uncertainties due
to the fragmentation functions. There is more variation in
kzcl due to parton type than inkx2l. The protonkzcl tends to
be somewhat smaller than for pions or kaons. The tabulated
values are for total charged hadrons.

We now compare the ratiosRdAu calculated for the two
homogeneous shadowing parametrizations, to the BRAHMS
data[8]. The EKS98 results are shown for eachh interval in
Fig. 1 while those employing the FGS1 parameterization are

shown in Fig. 2. We show the results for charged pions
(dashed), charged kaons (dot-dashed), and protons/
antiprotons(dotted) separately. The solid curves give the to-
tal charged hadron result. At midrapidity, wherekx2l is rela-
tively large, the two parametrizations give rather similar
results. As pointed out in Ref.[32], the difference between
the kaon and proton ratios is due to isospin effects. As long
as pion production is dominated by gluons, it is essentially
independent of isospin. The ratio is greater than unity but
smaller than the BRAHMS result at midrapidity. Including
pT broadening would increase theuhuø0.2 ratio.

At h=1 and lowpT, the ratio is less than unity for both
parametrizations but the stronger gluon shadowing in the
FGS1 parametrization reducesRdAu to ,0.8 for pT

FIG. 1. RdAu for charged pions(dashed) and
kaons(dot-dashed) as well as protons and anti-
protons (dotted), and the sum over all charged
hadrons (solid) for deuteron-gold collisions at
ÎSNN=200 GeV as a function ofpT. The results
for homogeneous shadowing with the EKS98 pa-
rametrization are compared to the minimum bias
BRAHMS data[8] in the following h bins: (a)
uhuø0.2; (b) h=1; (c) h=2.2; and(d) h=3.2.

FIG. 2. RdAu for charged pions(dashed) and
kaons(dot-dashed) as well as protons and anti-
protons (dotted) and the sum over all charged
hadrons (solid) for deuteron-gold collisions at
ÎSNN=200 GeV as a function ofpT. The results
for homogeneous shadowing with the FGS1 pa-
rametrization are compared to the minimum bias
BRAHMS data[8] in the following h bins: (a)
uhuø0.2; (b) h=1; (c) h=2.2; and(d) h=3.2.
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=Î2 GeV relative to,0.9 for EKS98. AtpT,2.5 GeV,RdAu
rises above unity again. At higher rapidities,RdAu decreases
at low pT but does not rise as far above unity at higherpT
until, at h=3.2, the total charged hadron ratio is less than
unity for all pT. The EKS98 parametrization tends to under-
estimate the data for all but the most central rapidities; see
Fig. 1. The FGS1 parametrization, on the other hand, agrees
rather well with the centralh data, Fig. 2(a), and lies within
the errors of the most peripheral bins forpT.Î2 GeV, Figs.
2(c) and 2(d). However, the total charged hadron data ath
=1 are somewhat underestimated by the FGS1 parametriza-
tion, Fig. 2(b).

In the most central bins, the ratio for the total charged
hadrons closely followsRdAu for the pions. At higherh, the
kaon contribution becomes more important, causing the total
to be closer to the average of the pion and kaon results. The
proton contribution, on the other hand, remains small, even
at h=3.2, while one may expect that, in reality, proton pro-
duction would be more important at large rapidity as the
fragmentation region is approached. However, this effect
cannot be accounted for by standard parametrizations of the
fragmentation functions. Since BRAHMS measures the
negative charged hadron distributionh− at h=2.2 and 3.2,
only the antiprotons can contribute toRdAu.

We point out that becausex is not very small forpT larger
than a few GeV and the shadowing ratios are also not far
from unity in this region,RdAu, the ratios ofd+Au relative to
pp, are driven by isospin rather than shadowing. This is ob-
vious from the very similar behavior of the EKS98 and
FGS1 ratios seen in Figs. 1 and 2 forpT.5 GeV.

Figure 3 illustrates the centrality dependence using
SFGS1,r

j . We compare the central-to-peripheral ratioRCP,
which should be less sensitive to isospin thanRdAu, to the
BRAHMS data. The solid curves show the ratio of the cen-
tral, (0–20)%, to peripheral,(60–80)%, bins for eachh re-
gion while the dashed curves show the semicentral,(30–
50)%, to peripheral ratios. Our calculations assume exact

impact parameter cuts while, experimentally, impact param-
eter is poorly measured on an event-by-event basis ind
+Au collisions. We note that both of the inhomogeneous
EKS98 results are much weaker than those in Fig. 3 and are
not shown here.

In central collisions, with small impact parameter, inho-
mogeneous shadowing is stronger than the homogeneous re-
sult. The larger the homogeneous shadowing effect, the
larger the difference betweenSP

j and SP,S
j . Thus RCP is a

stronger function of impact parameter for the FGS1 param-
etrization since it has larger homogeneous shadowing at
small x. The ratios withSEKS,S

j underestimate the centrality
dependence considerably and are not shown. Note thatRCP

approaches unity at largepT since the difference betweenSP
j

and SP,S
j decreases asx increases and the shadowing effect

becomes small.
Since SFGS1,r

j sbd is a rather smooth function of impact
parameter, theb dependence ofRCP is not very strong. The
fluctuations inRCP for SFGS1,r

j , especially notable at central
rapidity, are due to the discrete steps ofTAusrd in the integra-
tion over the spatial coordinates. These fluctuations are ab-
sent forSP,WS

j sincerAusrd is a smooth function.
The agreement with the data is reasonable at centralh;

see Figs. 3(a) and 3(b). The trends of the impact parameter
dependence are similar to the data at lowpT. The
semicentral-to-peripheral ratio is similar to the central-to-
peripheral ratio in the most central rapidity bin while in the
more peripheral bins, the central-to-peripheral ratio has a
strongerpT dependence. However, the increase inkx2l with
pT results in the strong growth ofRCP with pT at forwardh.
The resulting curvature of the calculated ratio is faster than
the data. The magnitude ofRCP at low pT is also underesti-
mated. Since the position dependence of inhomogeneous
shadowing is not well understood, the poorer agreement with
the centrality-dependent data in Fig. 3 compared to the mini-
mum bias results in Figs. 1 and 2 is not surprising. These

FIG. 3. RCP for charged hadrons in deuteron-
gold collisions atÎSNN=200 GeV as a function
of pT. The results forSFGS1,r are compared to the
BRAHMS data[8] in the following h bins: (a)
uhuø0.2; (b) h=1; (c) h=2.2; and (d) h=3.2.
The calculated ratios of the most central- and
semicentral-to-peripheral collisions are shown in
the solid and dashed curves, respectively. The
BRAHMS data are given by the open circles
(most central) and diamonds(semicentral).
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data could be used to tune the position dependence of shad-
owing.

In summary, we find that the suppression factorRdAu, cal-
culated with leading-twist shadowing, especially employing
the FGS1 parametrization, agrees moderately well with the
BRAHMS data. These calculations imply that saturation ef-
fects may not play a dominant role in the forward region at
RHIC, as suggested in other recent work[33,34]. Our calcu-
lations ofRCP show a strongerpT dependence than that sug-

gested by BRAHMS, likely due to insufficient data on the
impact parameter dependence of nuclear shadowing.
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