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Gluon Saturation and Leading Particle Spectra in pp Collisions
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In this work we use the IGM, a model that describes well the energy flux in hadronic collisions, to study the
leading particle spectrum when saturation effects on the gluon distribution function are included. The leading
particle spectrum is calculated for several center of mass energies (

√
s). In the very high energy limit we compare

our results with the predictions made in a recent paper, which also addresses the same problem.
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I. INTRODUCTION

Nowadays there are enough reasons to believe that when
hadrons or nuclei suffer scattering at asymptotically high en-
ergies, they behave in a qualitatively different way. This high
energy limit of QCD is called the Color Glass Condensate
(CGC) [1]. It is not yet very clear at which energies we will
unambiguously observe the CGC and which are the best ob-
servables to look for it.

Many observables have been considered as possible signa-
tures of the CGC. In deep inelastic scattering, for example,
there have been many attempts to understand HERA data [2]
in the context of gluon saturation. In p− A collisions, go-
ing to forward rapidities corresponds to probing the nuclear
wavefunction at smaller x, which should exhibit saturation at
some low value of x. Thus, this is one of the best places to
search for the CGC or the effects of quantum evolution [3].
Such effects should be measured in the nuclear modification
factor, and this was indeed done by the BRAHMS experiment
in deuteron-Au collisions at RHIC [4]. The experimental data
show enhancement of the ratio at mid-rapidity (the Cronin ef-
fect) and suppression at forward rapidities. Such global be-
havior is qualitatively consistent with the predictions made
by the CGC [5, 6]. Quantitative results are also available.
Kharzeev, Kovchegov, and Tuchin have computed the nuclear
modification factor within the framework of the CGC [7], and
found rather good agreement with the BRAHMS data.

So far, we have understood many things within the frame-
work of the CGC but, in fact, there are several other ap-
proaches which can describe the Cronin effect, high pT sup-
pression and other proposed CGC signals. Thus, in order to
be convinced enough, it is necessary to perform more detailed
investigation in the future.

II. LEADING PARTICLES

In high energy hadron-hadron collisions the momentum
spectra of outgoing particles which have the same quantum
numbers as the incoming particles, also called leading parti-
cle (LP) spectra, have been measured already some time ago
[8, 14]. More recently data on leading protons produced in

electron-proton reactions at HERA with a c.m.s. energy one
order of magnitude higher than in the other above mentioned
hadronic experiments became available [9]. These measure-
ments of LP spectra both in hadron-hadron and in electron-
proton collisions have renewed the interest on the subject, es-
pecially because the latter are measured at higher energies and
therefore the energy dependence of the LP spectra can be de-
termined.

Until recently gluon saturation effects were never included
in the study of leading hadron production. This was done
in [10] where it was argued that the inclusive distribution of
leading hadrons may be computed with weak coupling meth-
ods for very high energy collisions when the target approaches
the “black body” limit. The main conclusion of [10] was that
leading hadron production is strongly suppressed. According
to the authors, this should happen because for a dense target
all incident proton constituents scatter and experience a large
momentum transfer (which is set by the saturation scale of
the target). Thus, the coherence of the projectile is destroyed
completely, and the scattered quarks and gluons fragment in-
dependently. As a consequence, the proton decays predomi-
nantly into a beam of leading mesons, with the baryon num-
ber shifted to small light-cone momentum fraction (< 0.1). In
simple terms, the onset of saturation would be indicated by
the onset of quark independent fragmentation for LP produc-
tion. Moreover, this mechanism of LP production implies a
strong energy loss by the valence quarks and the consequent
strong enhancement of the energy used to produce secondary
particles, the so called inelasticity [11].

III. THE INTERACTING GLUON MODEL

Our model is based on the following assumptions [12, 13]:

(i) The two colliding hadrons are represented by their va-
lence quarks plus the gluon clouds (which include also
q−q pairs).

(ii) During the collision, the clouds interact strongly and
fractions x of the projectile initial 4-momentum and y of
the target initial 4-momentum are deposited in the cen-
tral region, forming a cluster called ”central fireball”, or
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CF.

(iii) The valence quarks interact less, ”fly through”, recom-
bine and form the final leading particles in the fragmen-
tation regions. This happens mainly because σqq <<
σqg << σgg.

The leading particles carry momentum fracions xL = 1− x
(projectile) and yL = 1−y (target). The probability that a CF is
formed with momentum fractions x and y of the two colliding
hadrons is given by the function χ(x,y):

χ(x,y) =
χ0

2π
√

Dxy
exp {− 1

2Dxy

×[< y2 > (x−< x >)2+ < x2 > (y−< y >)2

+2 < xy > (x−< x >)(< y−< y >)]} (1)

where

Dxy =< x2 >< y2 >−< xy >2 (2)

and

< xnym >=
∫ 1

0
dx′x′n

∫ 1

0
dy′y′nω(x′,y′) (3)

χ0 is a normalization constant. The function ω(x′,y′) repre-
sents the average number of gluon-gluon collisions with x’ e
y’. This function is a sum of soft (ωS) and semi-hard (ωH )
components and hence the quantities < xnym > (the so-called
“moments” of the function ω) will be also split into soft and
semi-hard parts:

< xnym >=< xnym >S + < xnym >H (4)

The leading particle spectrum in the IGM is given by:

1
σ

dσ
dxL

= f (xL) =
∫ 1

0
dx

∫ 1

0
dy θ(xy−K2

min)

×δ(1− x− xl) χ(x,y) (5)

where Kmin = m0/
√

s, is the minimal inelasticity of the
model. Due to the symmetry of proton - proton collisions
there are only three independent soft momenta: < x >S (=<
y >S) , < x2 >S (=< y2 >S) and < xy >S. These three num-
bers will be adjusted so that (5) reproduces the experimental
data [14] taken at lower energies,

√
s ' 10 − 20 GeV 2. In

this energy region neither semi-hard nor saturation physics is
active.

IV. THE IGM WITH GLUON SATURATION

As it was seen in the previous sections, the IGM contains a
non-perturbative (soft) and a perturbative (semi-hard) compo-
nent. When we move to higher energies the perturbative part
becomes dominant. When we reach the energy region where
gluon saturation becomes important, there is a change in the
reaction dynamics. The gluon density must be computed with
a non-linear evolution equation and also the elementary cross

sections must include the resummation over a large number
of rescatterings. In [15], gluon production in the saturation
regime was studied in a simple, analytical approach hereafter
called the KLN model. In particular, KLN calculated the ra-
pidity distribution of gluons, produced through gluon-gluon
fusion, in proton-proton collisions finding:

dN
dη

=
1

σpp

4πNc αs

N2
c −1

∫
d p2

T
1
p4

T

×xG(x, p2
T )yG(y, p2

T ) (6)

where

xG(x, p2
T ) =

{ κ0
αs(Q2

s ) S p2
T (1− x)D p2

T < Q2
s

κ0
αs(Q2

s ) SQ2
s (1− x)D p2

T > Q2
s

(7)

In the above expression G(x, p2
T ) are the gluon distribution

function, Nc is the number of colors, S is the area of the pro-
jectile or target, αs is the coupling constant given by pertuba-
tive QCD and σpp is the total proton-proton cross section. κ0
is a constant parameter. Qs is the saturation scale given by: .

Q2
s (x) = Q2

0

(x0

x

)λ
(8)

where Q2
0 = 0.34 GeV 2, x0 = 3× 10−4 and λ = 0.29. From

(6) it is easy to compute the number of gluon - gluon colli-
sions per unit of rapidity and transverse momentum, dN

dηd p2
T

,

and then change variables obtaining dN
dxdy which we indentify

with ωH(x,y), the function to be inserted in (4). Thus, we
have:

< xnym >H =
1

σpp

4πNcαS

N2
c −1

∫
dx

∫
dy

1
p2

T

×xn G(x, p2
T ) ym G(y, p2

T ) (9)

In (7), the exponent D is taken from the GRV94 gluon distrib-
ution [16] and is given by D = 2.792 + 2.215U + 0.422U2 −
0.104U3 where U ∝ ln(ln(p2

T )). We were obliged to change
D because in our calculation we are integrating over all values
of x, for the target and the projectile, whereas in [15], the val-
ues of the corresponding x (and y) were fixed at small values.
The change in D improves the behavior of G(x, p2

t ) at large x
(x ' 1), which is relevant for us. Finally, imposing the gluon
momentum sum rule:

∫ 1

0
xG(x)dx = p∼= 0.5 (10)

we fix the parameter κ0.

V. NUMERICAL RESULTS

We have fixed the free parameters of the model (the three
soft momenta) by fitting lower energy data [14]: < x >S= 0.6,
< x2 >S= 0.5 and < xy >S= 0.0. We then have varied the
c.m.s. energy obtaining the results shown in Fig. 1, where
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FIG. 1: f (xL) for several c.m.s. energies.

we see that, increasing the energy, the LP spectrum becomes
peaked at smaller values of xL. This softening is though very
mild. An interesting question now would be: what would hap-
pen to these spectra if there would be no saturation? The an-
swer is obtained by switching off the first line of (7), since
when p2

T > Q2
s we are in the linear regine with no satura-

tion effects. The so obtained spectra are shown in Fig. 2.
The curves show a similar softening trend, much like in Fig.
1, but at the highest energies this softening is much more
pronounced than when saturation is included. In order to
make this difference more evident we plot, in Fig. 3 the ra-
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FIG. 2: The same as Fig. 1 without saturation.

tio f (xL)sat/ f (xL)no−sat . This ratio is very flat and almost al-
ways close to one. However at the highest energy it shows a
departure from one indicating that the effect of saturation is
to slow down the softening trend and to generate an excess of
fast leading particles. Of course, this result depends on the
parton densities used and also on some other numbers used
here. However, qualitatively, it is very stable. We can con-
clude that, for this observable, the onset of saturation tames
the softening of LP spectra, as it tames the growth of the to-
tal hadron-hadron cross section, the growth of the produced
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FIG. 3: Ratio of spectra with and without saturation.

particle densities in the central region of heavy ion collisions.

All conclusions above rely, more than on any numerical
input, on the assumption that valence quarks go through the
target and, after loosing their gluon clouds and loosing some
energy due to scattering off the target partons, recombine to
form the final leading baryons. This mechanism works very
well at low energies [17, 18] and it is not clear that it will
no longer work at higher energies. If this happens, then the
individual valence quarks will undergo independent fragmen-
tation and originate the leading baryons. In this case there is
a very strong softening. In [10], assuming independent frag-
mentation the authors computed the LP spectrum at very high
energies, which we compare with ours in Fig. 4. The dis-
crepancy is very large. Although the authors of [10] did a
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FIG. 4: Comparison between our prediction for f (xL) at the highest
energy with the one presented in Ref. [10].

fine work in calculating the energy loss of a valence quark
hitting the color glass condensate in the target, this energy
loss remains only a small effect in comparison to the convolu-
tion with the fragmentation function, the real “leading particle
killer”.
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VI. CONCLUSION

In this work we have studied leading particle (LP) produc-
tion at high and very high energies. In these processes the
non-perturbative component is important, especially at lower
energies, and must be modeled. The perturbative component
becomes dominant at very high energies and can be calculated
with perturbative QCD. On the other hand, at these energies
we expect to see the effects of gluon saturation. Using the In-
teracting Gluon Model, we have fitted the LP spectra at low
energies and then, including the effects of parton saturation,
we have made predictions for LP spectra at very high ener-
gies comparing them with the extrapolation of the usual lin-
ear pQCD. This comparison revealed that the behavior of LP
spectra with the energy is not a good signature of the color

glass condensate (CGC). We have seen that, at least in the
context of the IGM, gluon saturation slows down the soften-
ing trend of LP spectra with increasing energies. It is however
a very modest effect. We conclude then that the LP spectrum
is not a good place to search for parton saturation effects. This
conclusion depends strongly on the choice of the LP forma-
tion mechanism. At low energies this process is dominated by
valence quark recombination. We assume that this continues
to be the case at very high energies. If, on the other hand, the
leading particles are formed through independent quark frag-
mentation, then saturation effects might become more visible.
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