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We show how the limiting fragmentation phenomenon can arise from the Color Glass Condensate model of
high energy QCD. We consider the very forward rapidity region in relativistic heavy ion collisions and argue
that in this region, nucleus-nucleus collisions are similar to proton-nucleus collisions(up to shadowing cor-
rections). We then use the known results for proton-nucleus cross sections to show that it leads to the phe-
nomenon of limiting fragmentation in the very forward region of heavy ion collisions as observed at RHIC.
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The Relativistic Heavy Ion Collider(RHIC) has opened
up a new frontier in high energy nucleus-nucleus collisions.
Many exciting and new phenomena have been observed
which have challenged theoretical models and predictions.
Suppression of highpt hadrons in mid rapidity, increase of
baryon to pion ratio withpt and a large, constant anisotropy
at high pt are yet to be explained satisfactorily. In the frag-
mentation region(very forward rapidity), the PHOBOS ex-
periment[1] has observed the so called limiting fragmenta-
tion phenomenon[2], shown in Fig. 1 for two different
energies, which clearly shows most central(0–6%) charged
particle multiplicities are independent of the center of mass
energy.(The error bars shown forÎs=200 GeV data are the
average of positive and negative uncertainties published by
PHOBOS[1].) In this note, we show that the Color Glass
Condensate model of high energy nuclei can lead to a semi-
quantitative understanding of this phenomenon.

It has been suggested that at high energies, due to high
gluon density effects, a hadron or nucleus is a Color Glass
Condensate and can be described by semiclassical methods
[3,4]. This approach has been applied to heavy ion collisions
at RHIC with some success[5]. Proton (deuteron) nucleus
collisions at RHIC, scheduled to begin shortly, will greatly
clarify the role and significance of the gluon saturation at
RHIC energies[6]. Here we show that limiting fragmenta-
tion observed at RHIC can serve as yet another indication of
the importance of high gluon density effects and the Color
Glass Condensate at RHIC energies.

Unlike the mid-rapidity region, the fragmentation region
(very forward rapidities) in a high energy heavy ion colli-
sion, is expected to be quite similar to high energy proton
nucleus collisions, up to shadowing corrections.(By shadow-
ing here, we mean any modification of the nuclear parton
distributions, be it antishadowing, EMC effect etc.) This is
because the Quark Gluon Plasma is expected to be formed
only in the mid-rapidity region and will not affect particle
production in the very forward rapidity region. Also, in the
fragmentation region, one can treat the target nucleus as a
dilute system of quarks and gluons while the projectile
nucleus must be treated as a Color Glass Condensate due to

its large number of gluons. This is formally the same as a
proton nucleus system treated in Ref.[6] where one consid-
ers scattering of quarks and gluons[7] coming from the pro-
ton on the dense nucleus.

In the Color Glass Condensate model, smallx gluons in
the wave function of a high energy nuclei are described by a
classical color field generated by the largex quarks and glu-
ons which constitute a color charger. The classical gluon
field of the nucleusAa

msx−,xtd=dm+aasx−,xtd is static (light
cone time independent) and is given byaa=−s1/]t

2dra in the
covariant gauge. One can calculate the quark or gluon propa-
gator in the background of this classical field. For definite-
ness, here we consider the quark propagator in the back-
ground field since we will focus on quark nucleus scattering.
It is given by (see for example, Refs.[6,8])

tsq,pd = s2pddsp− − q−dg−eisqt−ptdztE d2ztfUsztd − 1g, s1d

where the matrixU contains multiple scatterings of the quark
from the classical background field and is given by

Usztd ; P̂ expF− ig2E
−`

+`

dz− 1

]t
2rasz−,ztdtaG . s2d

The quark nucleus scattering cross section is related to the
quark propagator via[6]
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FIG. 1. (Color online) Limiting fragmentation observed at
RHIC [1].
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ds , kuūsqdtsq,pduspdu2lr s3d

and is given by

dsqA→qX

d2qtdq−d2bt
=

1

s2pd2dsq− − p−d E d2rte
iqt·rt

1

Nc
Tr

3 FK1 − USbt +
rt

2
D − U†Sbt −

rt

2
D

+ USbt +
rt

2
DU†Sbt −

rt

2
DL

r
G , s4d

wherep−sq−d is the longitudinal momentum of the incoming
(outgoing) quark, with a similar equation for gluon scatter-
ing. This is the multiple scattering generalization of quark
gluon scattering in pQCD and unlike the leading twist(single
scattering) result, is finite asqt→0 due to higher twist ef-
fects. We emphasize the fact that this integral isfinite and
can be doneexactly. To see this, let us integrate(4) over qt
which gives an overalldsrtd which in turn can be used to do
the rt integration and setsrt=0. Using unitarity of theU
matrices and that the color averages ofU andU† go to zero
as expf−Qs

2/LQCD
2 g and can therefore be ignored, trace of the

bracket in(4) becomes equal to 2Nc. To relate this to nucleus
nucleus scattering in the very forward rapidity region, we
convolute this cross section with the quark and gluon distri-
butions in the target nucleus

dsAA→qX

d2qtdq−d2bt
=E dxqfq/Asxqd

dsqA→qX

d2qtdq−d2bt
s5d

and since we are interested in total number of produced par-
ticles per unit rapidity, we will integrate over the transverse
momentumqt of the scattered quark.

In pQCD, to calculate the hadronic cross section from the
partonic one, one needs to convolute the partonic cross sec-
tion with the appropriate fragmentation function. This re-
quires a hard scale which is typically taken to be the trans-
verse momentum of the produced hadrons. This means that
one cannot calculate total hadron multiplicities from pQCD
since the cross sections are divergent asqt→0 while total
multiplicities are dominated by such lowqt scales. This rules
out the use of fragmentation functions for calculation of total
multiplicities. In our formalism, the partonic cross sections
are finite at lowqt. However, we can still not use fragmen-
tation functions since there is no hard scale left in the prob-
lem after integrating over the transverse momentum of the
produced hadrons. We can avoid this problem if we are will-
ing to treat the absolute normalization of multiplicities as a
parameter to be fixed at some energy. In other words, a scat-
tered quark or gluon in our approach can “fragment” into
many hadrons. Since we are interested only in the rapidity
dependence of multiplicity distributions, we do not need to
know how many hadrons a quark or gluon will “fragment”
into. So therefore, we do not use a fragmentation function.
We then have

dsAA→hX

dq−d2bt
,E dxdsp− − q−dffq

Asxd + GAsxdg, s6d

where p−=xÎs/2 and q−,ehh. Using the delta function
dsp−−q−d in (6) to do thex integration leads to

dsAA→hadrons

dhhd
2bt

, fxfq
Asxd + xGAsxdg, s7d

wherex,ehh−ybeam and fq
A and GA are the quark and gluon

distributions of the target nucleus.
In Fig. 2 we plot ds /dhhd

2bt from Eq. (7) shifted for
normalization and by the beam rapidity. Since we have as-
sumed a uniform nuclear density and since our formalism is
valid for most central collisions where the value of the satu-
ration scale is large, we compare our results with the most
central (0–6%) data [1] from RHIC at Îs=200. We have
used GRV98[9] parton distributions and the EKS98 param-
eterization of nuclear shadowing[10].

As is seen in Fig. 2, the agreement with the data is quite
good for the first three(two) units of rapidity for Îs
=200 GeVs130 GeVd. The physical picture behind the lim-
iting fragmentation phenomenon in the Color Glass Conden-
sate model is quite simple; in the rest frame of the target
nucleus, the projectile nucleus is highly Lorenz contracted
and due to its large number of gluons, looks black to the
partons in the target nucleus which interact with the projec-
tile nucleus with unit probability(the black disk limit). In
other words, due to a large boost factor, the projectile
nucleus has a saturation momentum scale which is larger
than the momenta of most particles produced. In this kine-
matic region, the partons from the target nucleus interact
with the projectile nucleus(Color Glass Condensate) with
unit probability.

There are a few caveats to our results. We cannot predict
the overall normalizations, only the slope and have to nor-
malize our results to the data at one reference point taken to
be the target beam rapidity. Also, the scale dependence of
nuclear parton distributions, and in particular the gluon dis-
tribution, is very poorly known due to the limitedQ2 cover-
age of fixed target experiments. The current parameteriza-
tions of nuclear gluon distributions are at best an educated

FIG. 2. (Color online) Limiting fragmentation from(7) com-
pared to data from RHIC.
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guess. Unfortunately, our results are quite sensitive to the
change of scaleQ2 [the scale dependence of distribution
functions is not written out explicitly in Eq.(7)]. We there-
fore fix this scale by requiring that Eq.(7) gives a reasonable
fit to the RHIC limiting fragmentation data atÎs,20 GeV
for a couple of units of rapidity. It turns out thatQ
=2.3 GeV works well. We then use the same scaleQ in (7)
to predict the multiplicities at higher energies ofÎs
=130 GeV andÎs=200 GeV. We also show the case when
Q2=Qs

2syd as suggested(during completion of this note, we
learned of Ref.[11] which however focuses on a different
problem) in Ref. [11]. Here y=log 1/x and Qs

2syd
;Qs0

2 expslyd with Qs0
2 =2.0 GeV2 at mid-rapidity andl

=0.3[5]. The choice ofQs0
2 =3.0 GeV2 leads to a much better

agreement but is disfavored[5] by RHIC data. Alternatively
and if one insists on keepingQs0

2 =2.0 GeV2 at mid-rapidity,
the choice ofl=0.45 leads to a good agreement with the
data but this value ofl=0.45 is too large to fit the HERA
data(also, choosing ax dependent scale in parton distribu-
tions would seem to violate the sum rules reflecting various
conservation laws. We will not pursue this further since we
are not doing a detailed quantitative study here.)

There are two principle reasons why our approach should
break down as we get closer to the mid-rapidity region. First,
as one goes further away from the target nucleus, high gluon
density effects in the target nucleus become important. This
will show as the growth in the saturation scale of the target
nucleus(which is of orderLQCD right at the target nucleus
rapidity). To estimate this, we useQs

2sDhd=LQCD
2 expsDhd.

As one goes about three units of rapidity away from the
target nucleus, its saturation scale becomes appreciable
s,1 GeVd and one cannot describe it as a dilute system of
partons anymore[12].

Another reason why this approach should break down as
one gets closer to mid-rapidity is that the classical fields of
both nuclei will become strong and the system will be very
different from a proton nucleus collision. Also, in the mid-
rapidity region one will have to include the media effects due
to the deconfined matter presumably produced in heavy ion
collisions at RHIC. The media effects are presently not well
understood and are beyond the scope of this work.

To summarize, the underlying physics of limiting frag-
mentation in the Color Glass Condensate formalism is that
since most particles are produced with transverse momenta
which are below the saturation scale of the projectile nucleus
(in the target nucleus reference frame), their cross sections
are transverse momentum independent(the black disk limit).
Thus the rise of the particle multiplicities in the very forward
rapidity region(near the target nucleus) is due to the black-
ness of the projectile nucleus and the growth of the target
nucleus parton distributions with rapidity.

The author would like to thank A. Dumitru, L. McLerran,
R. Pisarski, and D. Teaney for useful discussions. This work
is supported by the U.S. Department of Energy under Con-
tract No. DE-AC02-98CH10886 and in part by a PDF from
BSA.

[1] B. B. Backet al., nucl-ex/0210015(unpublished); P. A. Stein-
berg, nucl-ex/0210024(unpublished); R. Nouicer, nucl-ex/
0208003 (unpublished); the data can be found at http://
www.phobos.bnl.gov/Publications/index.htm.

[2] J. Benecke, T. T. Chou, C. N. Yang, and E. Yen, Phys. Rev.
188, 2159(1969).

[3] L. McLerran and R. Venugopalan, Phys. Rev. D49, 2233
(1994); 49, 3352 (1994); 59, 094002(1999); Y. V. Kovche-
gov, ibid. 54, 5463 (1996); 55, 5445 (1997); J. Jalilian-
Marian, A. Kovner, L. McLerran, and H. Weigert,ibid. 55,
5414 (1997).

[4] K. Rummukainen and H. Weigert, hep-ph/0309306(unpub-
lished).

[5] A. Krasnitz, Y. Nara, and R. Venugopalan, Nucl. Phys.A702,
227 (2002); D. Kharzeev, E. Levin, and L. McLerran, hep-ph/
0210332(unpublished); D. Kharzeev and E. Levin, Phys. Lett.

B 523, 79 (2001); D. Kharzeev, E. Levin, and M. Nardi, hep-
ph/0111315(unpublished).

[6] A. Dumitru and J. Jalilian-Marian, Phys. Rev. Lett.89, 022301
(2002); Phys. Lett. B547, 15 (2002); F. Gelis and J. Jalilian-
Marian, hep-ph/0211363(unpublished); hep-ph/0208141(un-
published); Phys. Rev. D66, 014021(2002).

[7] A. Ayala, J. Jalilian-Marian, L. D. McLerran, and R. Venugo-
palan, Phys. Rev. D52, 2935(1995); 53, 458 (1996).

[8] R. Venugopalan, Acta Phys. Pol. B30, 3731(1999).
[9] M. Gluck, E. Reya, and A. Vogt, Eur. Phys. J. C5, 461(1998).

[10] K. Eskola, V. Kolhinen, and P. Ruuskanen, Nucl. Phys.B535,
351 (1998); K. Eskola, V. Kolhinen, and C. Salgado, Eur.
Phys. J. C9, 61 (1999).

[11] A. Dumitru, L. Gerland, and M. Strikman, hep-ph/0211324
(unpublished).

[12] A. Dumitru and L. McLerran, Nucl. Phys.A700, 492 (2002).

BRIEF REPORTS PHYSICAL REVIEW C70, 027902(2004)

027902-3


