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Abstract

We point out that the suppression in the rakiga, recently observed by the BRAHMS Collaboration in forward scattering
is stronger than usually appratéd. This is related to the fact that at forwaagidities BRAHMS measures negatively charged
hadrons and thakgya is defined from the ratio of dA angp scattering cross sections. We also investigate the influence of
standard shadowing oRgay, and the typical values of partonic momentum fractions relevant in forward scattering. We find
thatxa, > 0.02 dominate in the cross section.

0 2004 Published by Elsevier B.\Open access under CC BY license.

1. Introduction the question of whether leading-twist shadowing could
be responsible for the observed suppression.
In the present Letter we hope to add valuable in-
The BRAHMS Collaboration has recently pre- formation that will have an impact on the present
sented measurements of the ralgn, of hadron pro-  and future attempts to interpret the BRAHMS data,
duction cross sections in dAu ang collisions[1]. and on plans for further measurements. We base our
With increasing hadron rapidity, the data indicate a analysis on next-to-leading order (NLO) leading-twist
growing suppression of the ratio. Theoretical analy- perturbative-QCD (pQCD) calculations of inclusive
ses of the data have focused on nuclear effects relatedhadron production. Such calculations have enjoyed
to the gold nucleus, emphasizing variously the role of considerable success in comparisons with data from
small x physics in the nuclear producti¢®], as well pp collisions at RHIC at,/s = 200 GeV. They yield
as of nuclear-enhanced power corrections in the dA good agreement with the PHENIX dd8i for pp —
cross sectiorj3]. Other studieg4,5] have addressed  70x at central rapidities, and with data from STAR
[7] on pp — 7%X at forward rapidities; = 3.8 and
n = 3.3, the latter being essentially in the kinematic
E-mail address: vogelsan@gquark.phy.bnl.g@w. Vogelsang). range explored by BRAHMS in their most forward
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measurements. It is appropriate to point out that there enhancement was not taken into account. We further-
are sizable uncertainties in the NLO calculation, re- more explore more thoroughly the possible effects of
lated to the choice of fragmentation functions and leading-twist nuclear shadowing by making more ex-
scales. However, we are confident that for the kinemat- treme assumptions on the structure of screening at
ics relevant for BRAHMS NLO pQCD does explainat intermediatex, tolerated because of possible uncer-
least 50% of the cross section, as a conservative esti-tainties in the connection between diffractive HERA
mate, and hence is a viable tool for obtaining deeper data and gluon shadowing.
insights into the production mechanism, at leastfor In Section2 we discuss the ranges of partonic
collisions. momentum fractions mainly probed by the forward

The main point of our analysis can be stated very BRAHMS data. Sectiod addresses the leading-twist
simply: the nuclear effect reported by BRAHMS actu- nuclear shadowing and its relevance in forward dA
ally appears to be substantially larger than appreciatedscattering. With the findings of Sectio@sand 3 we
in the studieqd2,3,5]. This is related to the fact that are in the position to discusgya in the forward re-
in the very forward region, at rapidities= 2.2 and gion in more detail. This is done in Sectidhwhere
n = 3.2, BRAHMS only measuredegatively charged we emphasize our main point related to the normal-
hadrong™) and not the charge average™ +47)/2 ization of Rga by the pp — A~ X cross section. We
as at the more central rapidities. In the raliga the summarize and conclude with Sectidn
denominator refers tgpp collisions, and negatively
charged hadrons are expected to be produced more
rarely in pp than in dA collisions, for which from 2. Kinematicsand x ranges probed in forward
isospin considerations it follows that at least and scattering
7~ should be produced in equal numbers. This im-
mediately implies that the ratio of dAw 2~ X and We consider the reactiol1H> — hX, where
pp — h~ X cross sections is “intrinsically enhanced”, Hi, H2 are initial hadrons and is a hadron in the
by actually a factor of about 1.5, as we will show. The final state produced at high transverse momenggm
fact that BRAHMS nonetheless reports a suppression Since largepr ensures large momentum transfer, the
of the ratio is therefore truly remarkable and awaits cross section for the process may be written in a fac-
further investigation. torized form,

We also revisit in our analysis the following ques- 1 1

tions: dU:Z /dxzfdxl

(i) What are the most relevant parton momentum ¢ bLXS“” xn
fractionsx for hadron production at BRAHMS, in 1
particular, at very forward rapidity = 3.2 where % / dz £H(x Ha D' (z
the suppression akya is largest? To what extent _ a7 1) fy =020 i) De (2. 1)
are truly smallx, say,x < 10~ probed? zmn
(ii) How relevant is leadingwist nuclear shadowing dé Ph
. P b P 9 9 l
for the explanation of the BRAHMS data? X g\ ¥1Pry. 2Py H* @)

where the sum is over all contrlbutmg partonic chan-
These questions have already been addressed imelsy 4+ p — ¢ + - -, with d6¢, the associated short-

some detail irf5]. Our analysis extends that study by gistance cross section which may be evaluated in QCD
providing results within a full NLO calculation. This  hertyrbation theory.

will generally lead to more reliable results. In addi-

tion, the enhancement effect mentioned above has ofdé,), (O) + d” Dy (2)
course also direct implications for estimates
obtained when using leading-twist nuclear shadow- The leading- order(LO) contributiors;, are of or-
ing. Our calculations therefore provide an improved deroz the next-to-leading order (NLO) corrections
estimate as compared to the result§5if where the are knowr{8] and will be included in our analysis.

c, (0)
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In Eq. (1), fiH(x, ) denotes the distribution func- r ! | o ! T
tion at scaleu for a parton of type in hadronH, car- [ Ppr=15Gev NS |
rying the fractione of the hadron’s light-cone momen- 1500000 — , = 32 e X —
tum. Likewise,Dﬁ’ (z, n) describes the fragmentation i " X i
of produced partom into the observed hadran the H e "ﬂ .
latter taking momentum fractiop of the parton mo- 1000000 i X B
mentum. The scalg in Eq. (1) stands generically for L x X i
the involved renormalization and factorization scales. r X X T
u should be of the order of the hard scale in the i ,: 2 ]
process; in the following we chooge= pr. The de- 500000 — X % —
pendence op is actually quite large even at NL[8]; i ):‘ o
however, in this work we are mainly interested in ra- L x "K 4
tios of cross sections for which the dependence is I I T Y
fairly insignificant. —4 -3 -2 -1 0

The lower limits of the integrations over momen- Logso(xe)
tum fractions in Eq(1) may be de.m./ed in terms of Fig. 1. Distribution in logg(x2) of the NLO invariant cross section
xr = 2pr/+/s and the pseudorapidity of the pro- Ed30/dp3 at /s = 200 GeV,pr = 1.5 GeV andy = 3.2.
duced hadron. They are given by
xin — e’ , xjnin — _x2xr® —, This is of course relevant for judging various explana-

2—xrel 2xp —x7€7" tions for the suppression &4a seen by BRAHMS, in
min_ Xr[€77 €& 3 particular, those relating to saturation effects in the nu-
LT |:x_2 + X_1j| @) cleus wave functiofi2]. Fig. 1 shows the distribution

of the cross section fgsp — x°X at /s = 200 GeV,
pr =15GeV,n =3.2,inbins of log o(x2). The over-
all normalization is unimportant of course; for defi-
niteness we note that the sum of all entries shown in
the plot yields the full NLO invariant cross section
E d3c/dp® in pb/GeV2. For the calculation we have
chosen the CTEQ6NP] parton distribution functions
and the fragmentation functions of REE0]. One can
see that the distribution peaksxgt> 0.01. There are
several ways to estimate an averggg) of the dis-
tribution. For example, one may defife,) in the
standard way from evaluating the integral in Ef)
with an extra factoxs in the integrand, divided by the
integral itself:

From these equations it follows that at central rapidi-
tiesn ~ 0 the momentum fractions; andx, can be-
come as small as roughjyr /+/s. In forward scatter-
ing, that is, at (large) positive, the collisions become
very asymmetric. In particulak, may become fairly
small, whereas tends to be large. For forward kine-
matics at BRAHMS one has, typicallyy ~ 1.5 GeV
andn = 3.2. This implies thak, may become as small
as ~ 3.5 x 1074, However, in practice it turns out
that such smalko hardly ever contribute to the cross
section: ifx2 is so small, the hadron with transverse
momentump7 can only be produced if botk; and

z are unity, where however the parton distributions
faﬂl(xl, wu) and the fragmentation functiorﬁﬁ?(z, In)
vanish. This is an immediate consequence of kinemat-

. flm'n dx2x2fH2 (x2, () - -
ics, as demonstrated by E(). One can show that _ g b ’

. . Hy (x2) = 1 i s (4)

if the parton densityf, *(x1, ) behaves at large; fxmin dxz f,?(x2, 1) - -

as(1—x1) and D" (z, n) as(1— z)* (with some 2

powersay, ap > 1), thexz-integrand in Eq(1) van- where the ellipses denote the remaining factors in

ishes in the vicinity ofxM"" as (x; — xfiMestap+l, Eg.(1). Alternatively, one may simply determirie,)

Therefore, contributions from very smal are highly as the median of the distribution, demanding that the

suppressed. area under the distribution Fig. 1to the left of (x5)
The question, then, remains of how smadl re- equals that to the right. Either way, one finds an aver-

ally is on average for forward kinematics at RHIC. age(x2) > 0.01, typically 0.03—0.05 at thisy andn.



176 V. Guzey et al. / Physics Letters B 603 (2004) 173-183

: T T T T T T T T I T T T T I T T T T : FT T T T I T T T T I T T T T T T T L |
1250000 — n"""“n,‘n pr = 1.5 GeV —] L pp =5 GeV ;"(", 1
L X X ] 61— x —
L % ”‘xxx n =232 ] L n=32 « . ]
1000000 [— x o, - i . X |
C X )(ﬂ)( ] - X 4
C X ] 45— % X -
750000 [— X X — i x 1
L X * ] I X 8 ]
L X i L X ]
500000 — X x N X _|
L B L X X N
L X - X
- X 1 F X 7
[ X 7 L X X -
250000 — — x
- X X r X x|
L ] ol v v by v L Ly T
. X 4
C X ] -4 -3 -2 -1 0
[ R | l [ B B | [ B | Lo X Logw(xz)
—4 -3 -2 -1 0
Logyo(x2) Fig. 3. Same akig. 1, but for p7 =5 GeV.
Fig. 2. Same abig. 1 but for the GRV[11] parton distributions.
1.00p L00 pror T 3
F— <> 3
0.50 r 0.50 C 7]
The precise shape of the distribution and the value o.20 - o020 4
of (x2) depend somewhat on the parton distributions | "=** =42

) . . <Xg> e 0.10
(and, less so, on the fragmentation functions) chosen. ]

E ] ? <xp>
We remind the reader that the distribution shown in ©°95[ 7] 005~ \_/

ol Lo L M I A A

Fig. lis atpr = 1.5 GeV and that we have chosen the > " A 8 1o 1s 20 25
factorization and renormalization scales tqbe pr. pr [GeV] pr [GeV]
This means that we are using a fairly low scale in the F T Ty 10
parton densities. At this scale, the CTEQ6 densities, 0.50F
in particular the gluon, are still relatively flat towards
small x. In order to estimate to what extent this in- %°
fluences the distribution, we have calculated it for the o.10
GRV [11] parton distributions, which are steeper at :

[

1

N

this scale. The corresponding histogram iny|gi@») is GOp mm s
shown inFig. 2 One can see that as expected it peaks o 1 2z 3 ¢ 0 1 2 s,
somewhat more to the left; nevertheless there is not

much quantitative change in the average The full Fig. 4. Averages ok1, xp, andz in pp — 70X at RHIC, defined

invariant cross section is about 15% smaller than for @S in Eq.(4), as functions of pion transverse momentum at forward
the CTEQG set. We have mentioned in the introduction rapidities (upper row), and of pion rapidity for fixggh (lower row).
that there are data from STAR for the cross section for

pp — 7°X in roughly this kinematic rangg] which extent by evolution since at scale=5 GeV the par-
are in very good agreement with the NLO calculation ton distributions are steeper thanat 1.5 GeV.

used inFig. 1. This supports the view that the distrib- Finally, in Fig. 4 we present results for the aver-
utions shown irFFigs. 1 and 2are realistic. ages ofxj, x2, andz, as functions of pion transverse
Fig. 3 shows the logy(x2) distribution atpr = momentum and rapidity ay/s = 200 GeV. Here we
5 GeV. At this pr, one is closer to the boundary of have definedxy) as in Eq.(4), with analogous defin-
phase space given by the conditiopcosh(n) = 1, itions for (x1) and(z). The upper row shows results

where all momentum fractiong, x», z are forced to 1. for fixed pr in forward scattering. Besides = 3.2
The distribution inx; is therefore more “squeezed” as relevant for BRAHMS, we have also extended the
and shifted to the right. The effect is countered to some results ton = 4.2 which may be useful for future ex-
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perimental studies. It becomes evident thet) and

(z) are very large in forward scattering, as expected.

(z) is particularly large because, on account of Eg,
the single fragmentation function has to compete with

two parton densities, each function being strongly sup-
pressed at large momentum fraction. As we have al-

ready seen in the histograntsgs. 1-3,(x2) is much

177

clear shadowing in forward dA scattering. The recent
study [5] has also employed the nPDFs [dR2-14]
albeit only in the framework of a lowest order (LO)
calculation.

We note that we will neglect any nuclear effects in
the deuteron, for which we just usk= (p + n)/2.
As follows from our analysis of the averageg, the

smaller. Aspr increases and the boundary of phase deuteron parton distributions are sampled at values of
space is approached, all momentum fractions becomex in the domain of the EMC effect. Therefore, the ap-
larger and eventually converge to unity. We also note proximationd = (p + n)/2 is valid to a few percent

an unexpected upturn a@f2) toward smallerpr. We

accuracy, as can be estimated as follows. The CTEQ

have not been able to identify this effect as resulting fits use the neutron structure function extracted from

from any straightforward origin. The precise small-
behavior of the parton distributions at the rather low

the deuteron data within the framework of the con-
volution approximation (Fermi motion). The convolu-

scales involved here plays a role (however, the effect tion model gives for the structure function ratio=

also occurs for the steep&RV distributions). The
structure of the cross section formula in @) it-
self is also partly responsible. In the lower part of
Fig. 4 we show the averages as functions of rapid-
ity for two fixed values ofpy. At n = 0 one obvi-
ously starts from(x1) = (x2); with increasingn the
two momentum fractions become very different. To-
wardn = cosh1(1/x7) they again both tend to unity;
for (x2) this happens rather late.

3. Influence of leading-twist nuclear shadowing

In dA collisions, nuclear effects will alter the distri-
bution inx» as well as the full cross section. Shadow-
ing effects at smalky, x2 < 0.05-0.1, will lower the
cross section and will lead to yet higher averagée-

2FY /(FY + F}) the values of 0.99 far ~ 0.5 and of
1.03-1.05 forx ~ 0.7. As aresult, outl = (p +n)/2
approximation overestimates the true deuteron parton
distributions by about- 1% atx ~ 0.5 and underes-
timates them by a few percent.at- 0.7. Since large
x1 are important in our calculations, proper account of
this would make the effect we will discuss in the next
section even slightly bigger. Note that for heavier nu-
clei the convolution model contradicts the EMC effect.
However, here we are using it to “restore” the deuteron
structure function within the procedure used to extract
the neutron structure function; sgk5] for an exten-
sive discussion of nuclear effects in the deuteron par-
ton densities.

Let us now briefly describe the approachi?—14]
for deriving nPDFs. Leading-twist nuclear shadow-
ing is obtained using Gribov's theorefh7] relating

ing probed. There will also be enhancements at larger nuclear shadowing to diffraction, Collins’ QCD fac-

x2, 0.05-01 < x» < 0.2, associated with yet another
coherent nuclear effect, antishadowing. This will be

torization theorem for hard diffraction in DIEL8],
and the QCD analysis of hard diffraction measured

followed by the suppression related to the EMC effect at HERA in terms of diffractive parton distribution

for 0.2 < x2 < 0.8, and by the subsequent enhance-

ment explained by the Fermi motion fgs > 0.8.
Since in the BRAHMS kinematics the average

functions of the proton. Operationally, the nPDFs are
first derived at the initial scal®g = 2 GeV and for
10~® < x < 1. Standard (NLO) DGLAP evolution is

is near 0.01, the principal nuclear effect is shadow- then used to obtain the nPDFs foF > QS.

ing. We investigate its role in the interpretation of the
BRAHMS data by considering leading-twist shadow-

ing, using the parameterization of nuclear parton dis-

tribution functions (nPDFs) derived [(12—14] Unlike
most other sets of nPDH4,15], these functions have

Analyses of DIS by both H]19] and ZEUS[20]
demonstrate that diffraction constitutes10% of the
total cross section in the quark-dominated channel and
as much as= 30% in the gluon channel. As a result, it
is found in[12—14]that the effect of nuclear shadow-

a rather rapid and strong onset of shadowing toward ing in nPDFs is large and, even more strikingly, much

smallx, so they may serve as a good tool for studying
the “maximally possible” effects of leading-twist nu-

stronger in the gluon nPDF at smalthan in the quark
nPDFs.
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Fig. 5. Same a$ig. 1, but also showing the result for dAu scat-
tering using the shadowing of Refd2—-14] and a more extreme
ansatz for shadowing (see text). The “spikes” in the distributions at
log1g(x2) ~ —0.8 are artifacts of the implementation of antishad-
owing in the nPDFs 0f12-14] For better comparison we have
displayed the result dfig. 1 by a solid line.

Conservation of the baryon number and the mo-
mentum sum rule then require that the depletion of
nPDFs at small values of, x < 0.01, be accompa-
nied by a certain enhancement aD®< x < 0.2.

V. Guzey et al. / Physics Letters B 603 (2004) 173-183

compared to thep cross section, the probed values
of x» are clearly not small enough to deliver a signifi-
cant nuclear shadowing effect.

The kinematics for forward scattering at BRAHMS
mostly corresponds to values ab in the transi-
tion region between shadowing and antishadowing,
where the predictions for nPDFs are rather uncer-
tain. Therefore, in addition to the standard scenario
(“shadowing 1”) of nuclear shadowing, we have also
explored an option for which nuclear shadowing in
the gluon channel is increased by extending it up
to x = 0.1, similarly to the shadowing in the quark
densities. We refer to the resulting set of nPDFs
as “shadowing 2”. The corresponding lggr2) dis-
tribution of the cross section for dAw 79X is
also displayed irFig. 5. Compared to shadowing 1,
there is only a small modification of the distribu-
tion, which will lead to a very slight further sup-
pression of the dA cross section. It is worth empha-
sizing that one can hardly increase the amount of
gluon shadowing at ~ 102 since here there are
constraints from/ /¢ data[22]. The model of[12—

14] gives a reasonable description of the observed
suppression by a factor 2, which would be spoilt

by a much stronger gluon shadowing. At the same
time, as soon as the amount of gluon shadowing at

The transition from shadowing to enhancement, and x ~ 102 is fixed, the gradual decrease of shadow-

the enhancement itself, are not described by the Gri-
bov theorem and, hence, can be only modeled. Us-

ing the available fixed-target nuclear DIS df24] as

a guide, the “standard” scenario fif2—14] assumes
that the transition from nuclear shadowing to the en-
hancement takes place at= 0.1 for quark nPDFs,
and atx = 0.03 for the gluon nPDF. In the follow-
ing, we will refer to this set of nPDFs as “shadow-
ing 1".

Fig. 5shows the distribution of the NLO cross sec-
tion for dAu— %X in log;o(x2), using shadowing 1.
For comparison, we also display the previous result
for pp — 79X of Fig. 1 (solid line). A clear shift
in the distribution to largexs is visible. At smallxy,
there are significant shadowing effects, while at large
x2 there is a small contribution from antishadowing.

ing with increasingr is automatic as a consequence
of the decrease of the coherence lengthl/m yx
and of a smaller probability for diffraction. There-
fore, we conclude that the standard effect of lead-
ing twist nuclear shadowing will at best be able to
explain only a small fraction of the dramatic sup-
pression of the spectra of charged hadrons at for-
ward rapidities observed by BRAHMS. This statement
is in line with the LO result in the revised version
of [5].

Fig. 6 shows the corresponding results fpf =
5 GeV. Here, largerx; are probed, and only slight an-
tishadowing effects appear.

So far we have only considered production as
an example. This is however not really appropriate for
a comparison with the BRAHMS data which, at for-

It is evident from comparison of the areas underneath ward rapidities, are for negatively charged hadrns

the distributions that the net effect on the dAu cross

section will be a decrease. However, one can antici-

As we will now show, for the case of~, even in
presence of the shadowing effects just discussed, the

pate that the decrease will be rather moderate: while leading-twist NLO calculation predicts asnhance-
nuclear shadowing does deplete the dA cross sectionment, rather than a suppression, Bfa.
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Fig. 6. Same abig. 5 but atpy =5 GeV.

4. |sospin considerationsfor theratio of dA and
pp Cross sections

We now consider the rati®qa of single-inclusive
hadron cross sections in dA ang scattering. The
BRAHMS experiment has presented dfithfor Rga
as a function of hadron transverse momentem in
four different bins of hadron pseudorapidify with
central valueg =0, 1, 2.2, 3.2. BRAHMS sees a sig-
nificant suppression of the ratio with increasing

While BRAHMS measures inclusive charged had-
rons,(ht + k™) /2, at central rapidities{= 0 and 1),
their Rya data at forward rapidities refer only teg-
atively charged hadrons™. This has profound con-

o(m+)/o(m—)

s'? = 45 GeV

25—
T PP

n =076

2.0

1.5—

|

o ISR (R416) |

X

Fig. 7. Ratio of pp — 7 tX and pp — 7~ X cross sections at
/s =45 GeV and scattering angle SQcorresponding to pseudo-
rapidity n = 0.76), as a function of7 = 2pr/./s. The data points

are from measurements at the I§8]. The curve shows the result
of the NLO calculation, using the fragmentation function$24f].

produced practically equally in dAu collisions. There-
fore, one expectRga for negatively charged pions
to be intrinsically enhanced, if it is normalized by
the pp cross section and not, for example, by the
one.

To go into a little more quantitative detail, we recall
that at forward rapidities the partonic collisions are
very asymmetric. Large contributions to the scatter-
ing come from situations in which a largg-valence
guark in the “projectile” (i.e., in the deuteron, orin one
of the protons) hits a smally gluon in the “target”
(i.e., in the gold nucleus or in the other proton). The

sequences. To see this, let us assume for the momentnderlying (LO) subprocess is then the quark—gluon

that pions dominate the spectrum of observed high-

Compton procesgg — gg. For negatively charged

pr hadrons. Negatively charged pions are produced pjons one then expects that down quarks play a par-

more rarely than positively charged onesjip col-

lisions, due to the up-quark dominance in the pro-

ton. An example for this is shown iRig. 7, where
we display data for ther™ /7~ ratio from the ISR
[23] at \/s = 45 GeV. We also show the result of
the NLO calculation, using the fragmentation func-
tions of Ref.[24], which provides separate sets for

negatively and positively charged pions. (We note that

there are alsor*/n~ data at,/s = 62 GeV [25]

ticularly important role in the Compton process, since
both the “projectile” and the produced™ have ad
valence quark. To a good approximation (see the previ-
ous section), the deuteronisvalence density is given
by

1

1
digero"= 5 (dvar+ dla) = 5

- ©®)

where we have used isospin invariance to relate the

(Al + uia)

which lie lower and are in less impressive agreement valenced distribution in the neutron to the valenae-

with NLO pQCD.) AsFig. 7 shows, there is clear

excess of positive pions over negative ones. In con-

trast, isospin considerations imply that andz~ are

in the proton. Due to the up-quark excess in the pro-
ton, the distribution in Eq(5) becomes much larger
than the proton’s/-valence distribution at high, as
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distribution has been estimated according to (Gy.

Fig. 9. RatioRga of cross sections for dAw> hX and pp — hX

as a function of transverse momentum at various rapidities relevant
to the BRAHMS experiment. As in experiment, we have considered
production ofsummed charged hadrong;h = (h* + h™)/2 for

n =0, 1 andnegatively charged hadrons™ for = 2.2 and 3.2. For
comparison, the dashed lines show the result for summed charged
hadrons af) = 2.2 and 3.2. We have used the “shadowing 1" nPDFs
for the gold nucleus. The fragentation functions are froif24]; we

have found that for the case of summed charged hadrons using the
set of[10] does not alter our results by more than a few percent.

shown inFig. 8, resulting in an enhancement Rya.

Of course, other scattering channels will contribute
as well and dilute this valence effect. In addition,
BRAHMS does not measure only pions, but inclusive

charged hadrong® = 7+ + K+ + (p)+ .--. Never-
theless, when changing to charged-hadron fragmenta-
tion functions as given bf24], we find that the differ- appears. Shadowing effecof up to 15% are visible
ence in deuteron and proton valence densities contin-then, as expected frorfig. 5 and as also found in
ues to play an important role in the forward production Ref. [S] where only summed charged hadrons were
of negatively charged hadrons. This is demonstrated considered. It is remarkable that for the highegt~

by Fig. 9. The solid lines show the ratiBqa atn =0 3 GeV atn = 3.2 the curve forh™ is enhanced by
and 1 forsummed charged hadrong:™ + 27)/2, and about a factor 1.5 with respect to the one for summed
at n = 2.2 and 3.2 fornegatively charged hadrons, charges.

exactly corresponding to the BRAHMS conditions. Our analysis so far has been entirely based on
We have used the “shadowing 1" set described in @ NLO pQCD leading-twist calculation and the use
the previous section. As shown in Sectignwhen of fragmentation functions extracted froaTe~ an-
going fromn = 0 to n = 1, the average:, probed nihilation data. We expect that even if nonpertur-
slightly decreases, and shadowing effects start to be-bative phenomena are important in the kinematic
come visible at the smallep;. At n =22 and n= regime explored by BRAHMS, the enhancement in
3.2 the xo become yet smaller, but since now neg- Rda resulting due the different “projectiles” in the
atively charged hadrons are measured, the valencenumerator and denominator will persist. Here, our
effect discussed above outweighs any stronger shad-reasoning is as follows: ISR data (sg] and ref-

owing, and in fact the ratidRqa strongly increases
with pr because larger and largei become rele-
vant. For comparison we also showfig. 9 the re-
sults atn = 2.2 and n= 3.2 for summed charged

erences therein) om® production atpr ~ 1 GeV
and large Feynmang ~ 0.4 were found to be consis-
tent with do PP~ Jdxp ocu(xg), doPP~" Jdxp
d(xp), whereu andd are typical densities for up and

hadrons (dashed lines). For these, the effective valencedown valence quarks. Such spectraxin are much
densities in the proton and deuteron are the same,harder than the ones pQCD would give, indicating the
and the enhancement seen for negative hadrons dispresence of a nonperturbative production mechanism.
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Nonetheless, the ratio of ™ to 7~ cross sections
is of a similar magnitude as the one in the pertur-
bative regime shown ifrig. 7. Adding the fact that
the yields ofz*, 7—, 70 in dA scattering should be
equal because of isospinrespective of the produc-
tion mechanism, we are led to the conclusion tRgt
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5. Conclusions and outlook

We have shown that there is an intrinsic enhance-
ment in the ratiaRya, for negatively charged hadrons,
simply because of the different nature of the “projec-
tile” (deuteron vs. proton) in the numerator and de-

for negatively charged hadrons should be enhancednominator ofRgay. In the light ofFig. 9the significant

even if nonperturbative effects dominate. Note here
that nonperturbative effects in the fragmentation re-
gion are known to be consistent with the Feynman
scaling. Hence if nonperturbative effects are impor-
tant they should lead to about the sam&/7~ ra-
tio in pp scattering for the samer at ISR and at
RHIC.

We finally note that a potential caveat to our main
finding inFig. 9comes from a further set of BRAHMS
data. While we have mentioned that BRAHMS mea-

sures all hadrons and not just pions, we have gener-

suppression seen by BRAHMS &= 2.2 andn = 3.2
is even more striking than usually appreciated. The ef-
fect we have found has not been taken into account in
any previous theoretical studg®,3,5] of the data, to
our knowledge. We expect that future data Ryay
for summed charged hadrons in this kinematic regime
will show an even stronger suppression than observed
for »~, roughly by a factor 1.5. The same should hap-
pen if Rpay, rather thankRgay, were measured for—.
Because of the effect, it is entirely impossible to ex-
plain the suppression iRyay at forward rapidities by a

ally assumed that pions dominate the observed hadronconventional modification of the leading-twist parton

spectrum. However, preliminary data from BRAHMS
[27] show that the cross section for dAs 2™ X be-
comes significantly larger than that for dAs 7~ X

at pr > 1 GeV. At pr = 3 GeV, they observe about
three times as mang*™ ash~. As we have pointed

densities in nuclei. Howeveeyen if we disregard the
effect, nuclear leading-tist shadowing plays a rather
unimportantrole, giving at most a suppression of 15%.
The reason for this is that parton momentum fractions
in the gold nucleus are not very small on average even

out before, isospin excludes that such an excess couldfor forward kinematics, as we have shown. In other

be due to pionss (dAU— 77 X) =0 (dAU— 7~ X),
up to corrections of a few percent related to the fact

words, a large nuclear contribution originates from a
range ofx where nuclear effects are known to be small

that the gold nucleus is not isoscalar. Standard sets(or even antishadowed). This generally sets severe lim-

of fragmentation functions do not predict large con-
tributions from kaons and protons, and in the NLO
calculation one ends up with(dAu — 2™ X) at most
only 10% larger tharr (dAu — A~ X). It is hard to
conceive that proton production could lead to a large
enhancement df™ overh~ (that even increases with
pr) but, barring any experimental systematic prob-
lem, this appears to be the conclusion at present.
If the final BRAHMS data continue to show this
large excess, it will be a challenge to understand
it in terms of a nonperturbative effect. Such an ef-

itations on the ability ofany initial-state smallx ef-
fects to explain the observed suppression.

We have also mentioned that the fact that BRAHMS
observes the cross section for dAus™ X to be sig-
nificantly larger than that for dAw> A~ X at pr >
1 GeV, indicates the presence of sizable nonpertur-
bative contributions possibly related to protons. It
appears likely that mechanisms responsible for an
enhancement of proton production then also play a
role in the observed suppression Bfay. Nonper-
turbative production of pions, too, could play a role:

fect could, perhaps, result from coalescence of quarks coalescence effects inwahg spectator partons are

from the incoming nucleon with other partons, to
form a baryon. For this to work, the quarks would
need to experience large transverse “kicks” and would
need to lose a significant fraction of their momentum.
Such a possibility couldd connected to the expecta-
tions of a very strong suppression of the forward nu-
cleon spectrum in central nucleon—nucleus collisions
[28,29]

likely to be strongly suppressed in(d)A collisions

as compared to thgp case[28]. This suppression is
further enhanced when energies are large enough to
resolve the smalk high gluon densitie$29]. Such
non-leading twist effects should decrease with in-
crease of the transverse momentum of the pion, which
is consistent with the trend in the data &jay. On

the other hand, the observed excess of dAh™X
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500 T T T T T T T T T T T T I T T T T
[ pri =25 GeV op ]
400 [ 15 < ppp < 2.5 GeV % dAu, shad.l ]|
[ 25<mn, <35 ]
300 — —
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Fig. 10. LO distributions in logy(xp) of the cross section
do/dpr.1 for pp — 79%0x and dAu— 790X production at

/s =200 GeV. The kinematic variables have been chosen as de-
scribed in the text. Solid lines are fpp collisions and histograms
are for dAu, using “shadowing 1”. The higher-lying histograms are
for the case of “arbitrary” (i.e., unconstrainegh, the lower ones

are for 15 < np < 4.

over dAu— h~ X actually increases witlpy, which
is quite challenging to understand. Note also that the
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any restriction on the rapidity, of the second hadron,
one then obtains the higher lggx,)-distributions in
Fig. 10. As expected, these look very much like the
single-hadron distributions shown in Sectiéhand 3

If now the second hadron is also in the forward region
at 15 < 2 < 4, the lower distribution is obtained,
which is entirely located at; < 0.01. We also show

in Fig. 10 the corresponding results for dAu colli-
sions, using our “shadowing 1”. The shadowing effects
are much more relevant for the double-forward dis-
tribution, as expected. We note that the distributions
in Fig. 10 are normalized such that they sum to the
cross sectionlo /dpr 1 in pb/GeV. It is evident that
there is a significant decrease in rate for two forward
hadrons. The results shown kig. 10 are only LO.
The NLO corrections are expected to be sizable; they
are availabl¢30]. The two hadrons we have studied in
Fig. 10would be nearly back-ttback in azimuthal an-
gle. Further insights into the dynamics may be gained
by studying back-to-back azimuthal correlatidg,
32]. We finally note that small» effects might also
become more readily accessible in conceivable future
pA collisions after increase of the proton energy to
250 GeV at a later stage of RHIC operations.
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