1406 Brazilian Journal of Physics, vol. 34, no. 4A, December, 2004

QCD at High Parton Density
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The high parton density regime of Quantum Chromodynamics (QCD) is briefly discussed. Some phenome-
nological aspects of saturation are described, mainly focusing on possible signatures of the non-linear QCD
dynamics in electron-proton/nucleus collisions. Implications of these effects in central and ultraperipheral

heavy-ion collisions are also presented.

1 Introduction in the proton. Thus, so long as the parton distributions are

not large, the partons in a proton are dilute. However, if the
The high parton density regime in deep inelastic electron- parton distributions get large enough, which happens when
proton (nucleus) scattering is characterized by small valuest is very small, partons in the proton must begin to overlap.
of the Bjorken variabler = Q2/s, whereQ? is the mo- If there is a sufficient amount of parton overlap then a given
mentum transfer ang/s is the center of mass energy, and Parton will not act as a free quantum over its lifetime but will
represents the challenge of studying the interface betweerinteract strongly with the other partons in the proton, even
the perturbative and nonperturbative QCD, with the pecu- thougha, may still be in the perturbative regime. In other
liar feature that this transition is taken in a kinematical re- words, while for large momentum transfer, the linear
gion where the strong Coup”ng constant is small. By evolution equations (DGLAP/BFKL) prediCtS that the me-
the domain of perturbative QCD we mean the region where chanismg — gg populates the transverse space with a large
the parton picture has been developed and the separatioRumber of small size gluons per unit of rapidity (the trans-
between the short and long distance contributions (the col-verse size of a gluon with momentum is proportional to
linear factorization) is made possible by the use of the 1/k1), for smallk, the produced gluons overlap and fu-
operator product expansion (OPE). The Dokshitzer-Gribov- Sion processegg — g, are equally important. Considering
Lipatov-Altarelli-Parisi (DGLAP) equations [1] are the evo- the latter process, the rise of the gluon distribution below a
lution equations in this kinematical region. In the limit of typical scale is reduced, restoring the unitarity. That typi-
small values of: (< 10~2) one expects to see new features cal scale is energy dependent and is called saturation scal
inside the nucleon: the density Ofg|uons and quarks becomé?s. The saturation momentum sets the critical transverse
very h|gh and an associated new dynamica| effect is expec.Size for the unitarization of the cross sections. Therefore,
ted to stop the further growth of the structure functions. In at sufficient small values of, one enters in the regime of
particular, for a fixed hard scal@® > A, the OPE high density QCD, where partons from neighboring ladders
eventually breaks down at sufficiently smal[2]. Ultima- overlap spatially and new dynamical effects associated with
tely, the physics in the region of high parton densities will be the unitarity corrections are expected to stop further growth
described by nonperturbative methods, which is still waiting ©f the parton densities.

for a satisfactory solution in QCD. However, the transition Other important aspect which must be considered for the
from the moderate region towards the smadl limit may description of the QCD at high energies is that the usual col-
possibly be accessible in perturbation theory, and, hence, alfinear factorization approach for the calculations of the ob-
lows us to test the ideas about the onset of nonperturbativeservables has to be replaced by a corresponding high energ;
dynamics. (k1 -dependent) factorization in this regime. In the collinear
The expectation of the transition for the high density factorization approach [3] all partons involved are assumed
regime can be understood considering the physical pictureto be on mass shell, carrying only longitudinal momenta,
of the deep inelastic scattering. In the infinite momen- and their transverse momenta are neglected in the QCD ma-
tum frame (IMF) the virtual photon with virtualit$)? me- trix elements. Moreover, the cross sections for the QCD sub-
asures the number density of charged partons having lonprocess are usually calculated in the leading order (LO), as
gitudinal momentum fraction: and transverse spatial size well as in the next-to-leading order (NLO). In particular, the
Ax; <1/Q. WhenQ?is large,a,(Q?) is small, sothatthe  cross sections involving incoming hadrons are given, at all
struck quark can be treated perturbatively. Also, wign orders, by the convolution of intrinsically non-perturbative
is large the struck quark is small, so that one can picture the(but universal) quantities - the parton densities - with pertur-
struck quark as being isolated, far away from similar quarks, batively calculable hard matrix elements, which are process
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dependent. The conventional gluon distributigfx, 12), Q? A%], with the saturation scale for nuclear targets lar-
which drives the behavior of the observables at high ener-ger than for nucleon ones [Fig. 1]. This result motivates
gies, corresponds to the density of gluons in the proton ha-more extensive studies of nuclear collisions and, in parti-
ving a longitudinal momentum fractionat the factorization  cular, of electron-nucleus collisions at high energies, where
scaleu. This distribution satisfies the DGLAP evolution in  the number of other medium effects is reduced in compatri-
12 and does not contain information about the transverseson with AA collisions.
momentak, of the gluon. On the other hand, in the large In that follows we present a brief review of some sig-
energy (smallg) limit, we have that the characteristic scale natures of the high parton density regime (For other recent
1 of the hard subprocess of parton scattering is much lessreviews see Refs. [12, 13, 14]). In the next section, we dis-
than /s, but greater than thAocp parameter. In this li-  cuss the high density effects in the deep inelastic scattering
mit, the effects of the finite transverse momenta of the inco- process and the property of geometric scaling predicted the-
ming partons become important, and the factorization mustoretically and observed in the HERA data. Moreover, some
be generalized, implying that the cross sections areliow  signatures of these effects in electron-nuclei collisions are
factorized into an off-shell partonic cross section arid a proposed. In Section 3 the possibility of using ultraperiphe-
unintegrated parton density functiof(z, k, ), characteri- ral heavy ion collisions as a photonuclear collider is analy-
zing thek -factorization approach [4]. The functiaf is zed and some predictions for the saturation effects in the he-
obtained as a solution of the evolution equation associatedavy quark production are presented. In Section 4 we discuss
to the dynamics that governs the QCD at high energies. the saturation effects in nuclear collisions. In particular, we
The understanding and analytic description of the QCD present some estimates for these effects in the signatures of
at high energies has become an increasingly active subjecthe quark-gluon plasma. Finally, in Section 5 we summatrize
of research, both from experimental and theoretical pointsour main conclusions.
of view. Theoretically, we expect that the growth of parton
distributions should saturate, possibly forming a color glass
condensate (CGC) [5], which is characterized by a bulk mo- Q=
mentum scal€),. If the saturation scale is larger than the
QCD scaleAgep, then this regime can be studied using 6
weak coupling methods. The magnitude(@f is associa-
ted to the behavior of the gluon distribution at high energies,
and some estimates has been obtained. In general, the pre- A
dictions are), ~ 1 GeV at HERA/RHIC and), ~ 2 — 3
GeV atLHC [6, 7, 8]. In particular, it has been observed that 3
the ep deep inelastic scattering (DIS) data at lewcan be 5
successfully described with the help of the saturation mo-
del [6], which incorporates the main characteristics of the 15 q o 5 o 0 1o
high density QCD approaches [9, 10, 5]. On the other hand, 1ix
deep inelastic scattering on nuclei gives us a new possibi-
lity to reach high-density QCD phase without requiring ex-
tremely low values ofc. The nucleus in this process ser-
ves as an amplifier for nonlinear phenomena expected in
QCD at smallz. In order to understand this expectation

and estimate the kinematic region where the high densities{z Seeking Saturation in ep/eA Pro-
effects should be present, we can analyze the behavior o

the functionx(z, Q2) = %%, which represents cesses
the probability of gluon-gluon interaction inside the parton
cascade, and also is denoted the packing factor of parton
in a parton cascade [11, 10]. Considering that the condition
x = 1 specifies the critical line, which separates between the
linear (low parton density) regime < 1 and the high den-
sity regimex > 1, we can define the saturation momentum

13

Figure 1. Saturation scale for different valuesténdz.

We start from the space-time picture of the processes
s1315]. The deep inelastic scattering — e+ X is characteri-
zed by a large electron energy lasén the target rest frame)
and an invariant momentum transtér= —Q? between the
incoming and outgoing electron such that= Q?/2myv
is fixed. In terms of Fock states we then view thescatte-

scaleQ); given by ring as follows: the electron emits a photda &— |ey >)
) 3m2a, zga(z, Q%(x; A)) with £, = v andp? ~ Q?, after the photon splits into
Qi(z:4) = —5 o) ; M) agg ey >— leqg >) and typically travels a distance

l. = 1/myx, referred as the coherence length, before in-
below which the gluon density reaches its maximum value teracting in the nucleon. For small (large s, where /s
(saturates). Atany value ofthere is a value af? = Q?(x) is they*p center-of-mass energy), the photon converts to a
in which the gluonic density reaches a sufficiently high value quark pair at a large distance before it interacts to the tar-
that the number of partons stops to rise. This scale dependget. Consequently, the space-time picture of the DIS in the
on the energy of the processq oc 2~ (A ~ 0.3)] andon  target rest frame can be viewed as the decay of the virtual
the atomic number of the colliding nucleRl « As — photon at high energy (smat) into a quark-antiquark pair
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long before the interaction with the target. Tdiepair sub-
sequently interacts with the target. In the smaltegion,
wherez < 51+, the gg pair crosses the target with fixed
transverse distance between the quarks. Following Gri-
bov [16], we may write a double dispersion relation for the
forward v*p elastic amplitudeA, related to the total cross
section by the optical theorenfirfy A = 507" ?(s,Q?)), and
obtain for fixeds

' o dM? dM"?
g (SvQ);\/MQ—FQQMQ-FQQp

(s, M?, M)

1
x;]m Aggip(s, M2 M) | (2)

where M and M’ are the invariant masses of the incoming
and outgoing;g pair. If we assume that the forwagg + p

scattering does not change the momentum of the quarks then

Aqgg+p is proportional taj(M? — M'?), and (2) becomes

2

. dM
o’ p(S’QQ) = zq:/(MQJrQQVP(S’MQ)quer(&MQ) , (3)

where the spectral functiop(s, M?) is the density ofyg
states, which may be expressed in terms ofithe» ¢g ma-
trix element [17]. Using thad/? = (k2 + m2)/[z(1 — 2)],
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change, but only the correlations of the color source. This
change can be computed in perturbation theory, and expres
sed as a functional renormalization group equation for the
weight function, in which the 'fast’ partons are integrated
out in steps of rapidity and in the background of the classi-
cal field generated at the previous step [5]. This approach
enables one to calculate cross sections in a high gluon den.
sity environment. Recently, this approach has been applied
foreA[20, 21],pA[21, 22, 23] and4 A processes [24]. Ba-
sically, we have that the corrections associated to the high
parton density when estimated in the color glass condensate
formalism [5], implies that-4;, can be written as

Gaipl,71) = 2 / 2o [L-S(rbl) . @)

whereS is the S-matrix element which encodes all the in-
formation about the hadronic scattering, and thus about the
non-linear and quantum effects in the hadron wave function.

2.1 Geometric Scaling

The functionS can be obtained by solving an appropri-

wherek, andz are the transverse and longitudinal momen- ate evolution equation in the rapidity = In(1/z) [9, 5].

tum components of the quark with mass,, we can ex-
press the integral over the maas of the ¢g in terms of a
two-dimensional integral over andk, . Instead ofk |, it
is useful to work with the transverse coordinate (impact

The main properties of are: (a) for the interaction of a
small dipole ¢, < 1/Q;), S(r1) = 1, which characte-
rizes that this system is weakly interacting; (b) for a large
dipole (-, > 1/Qs), the system is strongly absorbed which

parameter representation), which is the variable Fourier con-impliesS(r, ) < 1. This property is associated to the large

jugate tok , resulting [15],
Uz*g(% Qz) :/ dz d2lrl |\I/L,T(Za T, Q2)|2 Jdip(xa TL)?

whereogi, = 04q1p andz ~ Q?/W2, (s = W2)) is equi-

valent to the Bjorken variable. In general, the photon wave Zdip(Z,7L) _ 1-S(x,11); S =exp

functionsV ;, r are determined from light cone perturbation
theory [15].
The dipole hadron cross sectieg;, contains all infor-

mation about the target and the strong interaction physics.

At leading orderg g

= %(3045(%)/4) 2 r? xg(x, %),

wherezg(z, T%) is the nucleon gluon distribution. In the

density of saturated gluons in the hadron wave function. The
phenomenological saturation model proposed in Ref. [6] en-
codes the main properties of the saturation approaches. Ir
this model

0o

with o4;,, /09 the scattering amplitude, averaged over all im-
pact parameters, , andQ? ~ A% e**(#0/?) The parame-
ters of the model were constrained from the HERA small
data, coming out typical values of order 1-2 Gelér the

linear regime,L where the high densities effects can be dis-momentum scale. We have that whef(z) i < 1, the

regarded, the smalt behavior of the gluon distribution is
given by the solutions of the DGLAP [1] and/or BFKL [18]

model reduces to color transparency, whereas as one appro
aches the regio®)?(z) r? =~ 1, the exponential takes care

evolution equations. The common feature of these equati-Of reSumming many gluon exchanges, in a Glauber-inspired

ons is the steep increase of asx decreases. This steep
increase cannot persist down to arbitrarily low valueg: of

way. Intuitively, this is what happens when the proton starts
to look dark. The saturation model depends upon the va-

since it violates a fundamental principle of quantum theory, fiablesz andr, only through the dimensionless quantity
i.e. the unitarity. The large values of the gluon distribution @s 7. Consequently, the saturation model predicts the ge-
in this regime (large occupation number of the soft gluon Ometric scaling of the total cross section. As demonstrgted
modes) suggests the use of semi-classical methods, whic# Ref. [25], the HERA data on the proton structure function
allow to describe the smafl-gluons inside a fast moving ~ £2 are consistent with scaling at < 0.01 and@* < 400
nucleus by a classical color field [19]. This color field is dri- G€V*. Similar behavior has been observed in exclusive [26]
ven by a classical Yang-Mills equation whose source term is @nd electron-nuclei processes [27].

provided by faster partons. When the energy further incre-

ases, the structure of the classical field equations does not
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Figure 2. Experimental data on inclusive charm production plotted . ) .
versus the scaling variabte= Q?/Q? [28]. Figure 3. Comparison between the raitg: with and without the

high density effects for A=40 (Ca) and A=208 (Pb). The RHIC and

Recently, we have demonstrated [28] that the inclusive LHC kinematic regions are also shown [39].

charm production also exhibits geometric scaling in a large

region of photon virtualities, as verified in Fig. 2. In the  phenomena as the nuclear shadowing effect. The theoretical
HERA kinematic domain the saturation momentd(x) understanding of’5* in the full kinematic region has pro-
stays below the hard scalé = 4m?, implying that charm  gressed in recent years, with several models which describe
production probes mostly the color transparency regime andthe data quite successfully [33]. On the other hand, the satu-
saturation corrections are not very important. The curves areration effects should also modify the behavior of the nuclear
our predictions for the geometric scaling considering two structure functionFy (z, Q%) [34, 35] and its logarithmic
different saturation models, which relies on quite simple as- slope [8] at smallk.

SumptionS about the dipOle-pl’Oton interaction. The presence One approach to estimate the h|gh density effects in
of the geometric scaling in a kinematical region above the nyclear processes is the Glauber multiple scattering theory
saturation scale agrees with recent studies. In particular, inj36], which was derived in QCD [37]. In this framework the
Ref. [29] the authors have demonstrated that the geometrichuclear collision is analyzed as a succession of independent
scaling predicted at low momeng¥ < Q?(x) is preserved  collisions of the probe with individual nucleons within the
by the BFKL evolution (at both fixed and running coupling nucleus, which implies that [10]

constant) up to relatively large virtualities, within the kine-

matical windowl < In7 < In(Q2/Agcp). On the other Q2(x,A)s(by) ,

hand, in Ref. [30], the impact of the QCD DGLAP evo- S=exp |-——Fr——11]| , (6)
lution on the geometric scaling has been studied. In this
case, the DGLAP evolution equation is solved imposing as
initial conditions along the critical lin€)? = Q?(x) sa-
tisfying scaling, showing that it is approximately preserved
at very smallz. The residual scaling violation is factored
out, although the determination of a window for the scaling

where@Q?(x, A) is given by Eq. (1) and(b,) is the nu-
clear profile function. In Ref. [35] we have estimated the
high density effects in the nuclear structure function and
proposed a procedure to obtain a parameterization for the

. . o : parton distributions which includes the high density and nu-
aboveq); is not provided. It is important to emphasize that clear shadowing effects. In order to illustrate our results, in

our results for the nuclear heavy quark photoproduction in- Fig. 3 we compare our predictions for the- dependence
dicate that the geometric scaling should also be present inof the ratioRe = zga(z, Q%)/zgn(z, Q?) for Q% = 15

the nuclear case [31]. Ge\? with the EKS predictions [38], which is derived con-
sidering the linear DGLAP dynamics. The results are shown
2.2 The nuclear structure function for two typical nuclei of interest in nuclear collisions. Also

) ] the corresponding kinematic region which will be explored
In recent years several experiments have been dedicated t§, the RHIC and LHC colliders are presented. Two impor-
high precision measurements of deep inelastic lepton scattetant features of the high density effects can be seen in Fig. 3:
ring (DIS) off nuclei. Experiments at CERN and Fermilab  the magnitude of the effects and the saturation behavior. The
focus especially on the region of small valueoffhe data  suppression of the gluon distribution in respect to the EKS
[32], taken over a wide kinematic range, have shown that theset is 6% for A=40 (Ca) and 11% for A=208 (Pb) in the
proton and neutron structure functions are modified by a nu-jower limit of the RHIC kinematic range. When the lower
clear environment. The modifications depends on the partoniimit of the LHC kinematic range is concerned, the reduc-
momentum fraction: for momentum fractioms< 0.1 and  tion of the gluon distribution is 31% for A=40 and 50% for
0.3 <z < 0.7, adepletion is observed in the nuclear struc- A=208. This strong effect also modify the saturation of the
ture functions. The low (shadowing region) and the larger ratio predicted in the EKS parameterization at low Ba-
x (EMC region) are bridged by an enhancement known assically, in the EKS approach the saturation of the ratio is
antishadowing fof.1 < x < 0.3. We refer to the entire assumed in the nonperturbative initial condition as a cons-

train for the behavior of the nuclear parton distributions in



1410 Brazilian Journal of Physics, vol. 34, no. 4A, December, 2004

the smallz limit. This behavior is preserved by the DGLAP 8

evolution, since these equations reduce to the DLA limit at 70| — w=s0
low z in the nucleon and nuclear case, keeping the ratio ol T Wins
constant. When the high density effects are considered in A 107

the dynamics, a large modification of the gluon distribution o] v oo

is predicted, which is amplified in nuclear processes since S /

the nuclear medium amplifies the effects associated to the ¥l .

high parton density. Therefore, the high density approaches

predict larger effects in the nuclear gluon distribution than 0r

the nucleon one, independent of the initial parton distribu- 10}
tions used. This expectation is present in the behavior of . ‘ ‘ e
RA(AG), which turn to be much smaller theRg (EKS) 1o 1o’ 10 1o’ 10’

in low z region. The implications of this behavior in the he-
avy quark production impA collisions has been studied in

. N A . .
Ref. [39]. Figure 4. The logarithmi&)“ slope of F5* as function of the vari-

able@? at different values ofV [8].

2.3 TheF; slope

Other important observable which can be useful to constrain
the boundary region between the linear and nonlinear dyna-The description of the nucleon (nuclear) and its slope
mics is the nuclear structure function slope. As the behavioris simplified in the asymptotic regime of very high parton
of this quantity is strongly dependent of the gluon distribu- densities. In this case, under the assumption that the in-

2.4 The asymptotic regime

tion, we expect distinct behaviors@t > Q? andQ? < Q? teraction is black, we can estimate the total cross section
with the transition point dependent of the valuesroind (3) using the following approximationsy(s, M?) oc M?>
A. In Ref. [8] we have estimated the behavior of t#ig- and o51,(s, M?) = wR?. Consequently, we can get

slope in the kinematic regions which could be explored in 57"7(s, M?) x R? In[(M2,,+Q2)/(M2, +Q?)]. Using
eA colliders at HERA and RHIC, as well as for some typi- thatM?2,, ~ 4m?2 whereas\/?,, o s, results that

cal values of the number of nucleods Following [6], we

have considered that the Bjorken variabland the photon ) Q?
virtuality Q2 are related by the expression= Q?/W?2, Fy(z,Q7) = Tro
whereW is they*N c.m. energy, and calculate theand o

Q? dependences fdi’ and A fixed. The Fig. 4 shows the  which is the black disc limit for theé®, structure function.
logarithmicQ? slope ofF5* plotted for some typical values  This bound, derived from a geometrical analysis, represents
of W2 and A = 197 as a function of)?. The main aspect the maximum value allowed for the cross sections at high
in the plot is the presence of a distinct maximum for each energies (high densities). In Ref. [40] we have analyzed
slope, dependent of the energy. A similar behavior is ve- some distinct high energy approaches and demonstrated tha
rified for different number of nucleons. We can see that at this prediction is a common limit. In particular, from the re-
fixed 4, if we increase the value of the energy, the maximum sults for the structure function in the asymptotic regime we
value of the slope occur at larger valuespf (and smaller  have verified that this regime is characterized by the identity
values ofz) as obtained for the proton structure function

slope [6]. The remarkable properties of the collisions with dFy(z, Q%) 9

nuclei targets are the large values@f for the turnover of dln Q? = Fy(2,Q7) , (8)

F4* slope and the large shift of the turnover at large values

of Q? with the growth of the energy. These behaviors can which is an important signature of the asymptotic regime of
be understood intuitively. The turnover is associated with high density QCD. This regime should be reached for the
the regime in which the partons in the nucleus form a densecase of an interaction with nuclei at smaller parton densities
system with mutual interactions and recombinations, with a than in a nucleon, sinc@2(z; A) = A3 x Q%(x), where
transition between the linear and nonlinear regime at the sa<Q?(z) is the nucleon saturation scale.

turation scale [Eq. (1)]. As the partonic density growth at

larger values of the number of nucleoAsand smaller va-

lues ofz we have that, at fixed!, the saturation scal@? 3 Saturation in Ultraperipheral He-

will increase at small values af, since this is directly pro- .

portional to the gluon distribution. Moreover, at fixed energy avy lon Collisions

W, the same density at = 12,32, 197 will be obtained at . . )

larger values of: andQ2. These properties of the high den- The studies of saturation effects_ in nuclear processes show
sity effects are verified in th&;! slope. The main result that future electron—nu'cleus colliders at HERA ar)d RHIC,
of our analysis was that the saturation should occur alreadyProbably could determine whether parton distributions satu-
at rather small distances (larg&®) well below where soft rate and constrain the behavior of the nuclear gluon distribu-

dynamics is supposed to set in, justifying the use of pertur- tion in the full kinematical range. However, until these colli-
bative QCD to approach a highly dense system. ders become reality we need to consider alternative searches

- 1
o7 P x Q*R? lng , @)
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in the current and/or scheduled accelerators which allow us .
to constrain the QCD dynamics. Recently, we have analyzed In Ret. [43.] we .ha.ve estimated the heavy quark pro-
the possibility of using ultraperipheral heavy ion collisions o_Iuct|or_1 assuming d'St'nFt approaches for the QCD evolu-
as a photonuclear collider (For a review see Ref. [41]). Infion. First, we have_con5|dered th? us_ual c_olImear approaqh,
particular, we have studied th& ¥ production [42] and the where the pr_odl_Jcthn cross section Is dr_lven by the .00""
heavy quark production [43] assuming distinct approache ear gluon dI_Strlbutlon on the nuclei. '!'h|s one contains a
for the QCD evolution. In this section we present a brief re- 10t Of information about nuclear shadowing, EMC, and anti-

view of the approach and indicate the original references forshadowing effects. Second, the-factorization formalism
more details. was introduced, where the relevant quantity is now the nu-

In heavy ion collisions the large number of photons co- clear unintegrated g!uon distribution.. qu this purpose, we
ming from one of the colliding nuclei will allow to study have.analyze.:d two simple parameterizations for it V.Vh'Ch are
photoproduction, with energidd’, v reaching to 950 GeV consistent with data description on inclusive and diffractive
for the LHC. The photonuclea? cross sections are given2!>: Finally, we have takeninto account the color glass con-
by the convolution between the photon flux from one of densate formalism, where the scattering process is viewed

the nuclei and the cross section for the scattering photon@S the interaction of the probe particles with the strong nu-
nuclei, with the photon flustY (@) given by the Weizsacker- clegr color _flelq treated in a classical approximation. _The
WiIIiar,ns method [44, 41]. Tcﬁ}e final expression for the pro- main quantity is the correlator of two Wilson lines, which

duction of heavy quarks in ultraperipheral heavy ion collisi- is related to the dipole cross section and at lowest order
ons i given b;/yq Perp y has no energy dependence. In [43] we have proposed a

simple phenomenological parameterization which introdu-
ces higher orders corrections to the classical approximation

oo
B <\/5‘7> _ d dN (w) and allow us to produce more realistic estimates for the cross
TAA-QQX NN )= Y section.
Wmin In Fig. 5 is shown the rapidity distribution for the dis-
X0 40T (W72A = 2w /SNN) (9) tinct high energy approaches considered. The collinear re-

sult is denoted by the long-dashed curves, where we have

. employed the EKS98 parameterization for the collinear nu-
wherewn,n = Mé§/47LmP andy/ Sy is the c.m.s energy clear gluon function. The solid and dotted lines label the
of the nucleus-nucleus system. The Lorentz factor for LHC semihard  , -factorization) results, where one has used that
is v, = 2930, giving the maximum c.m.s.yN energy  the unintegrated gluon distribution is related to the usual par-
Wya =~ 950 GeV. The typical values of: which will ton distributions by
be probed in ultraperipheral heavy ion collisions, are gi-
ven byx = (M,5/2p)e” Y, where M = is the invariant 2
mass of the (phgt%é-gl)uon system ayci?di e center of mo- Foue (z, k35 A) = %, (10)
mentum rapidity. For Pb + Pb collisions at LHC energies nEL
the nucleon momentum is equal po= 2750 GeV; hence ) oy
& = (Mgg/5500 GeV)e~¥. Therefore, the region of small wherezG(z, Q%) = Ry x Gy (z,Q7) is the nuclear
mass and large rapidities probes directly the high energygluon distribution, withR, taken from the EKS paramete-
(smallz) behavior of the QCD dynamics present in thel rization [38]. Two _p033|b|llt|es for the nucleon _qu_on distri-
cross section. This demonstrates that ultraperipheral heav?Utlon were considered: (I) GRV94(LO) - solid line - and
ion collisions at LHC represents a very good tool to cons- II) GRV98(LO) - dotted line. The saturation model results

train the high energy regime of the QCD dynamics, as alre-2r€¢ denoted by the dot-dashed line. In this case we have
extension of theep saturation model for nuclear processes

through Glauber-Gribov formalism. The color glass con-
densate prediction is denoted by the dashed line. We have

300 ‘ ‘ that the predictions for the collinear approach and the se-

L EQRTA_,LA,?RDD, CHARN mihard formalism are similar for both charm and bottom
SEMIHARD I PbPb LHC production and give somewhat larger values than the satu-

= 200 |- CGC ration and CGC results. One possible interpretation for the
E T EKS® PR similarity between the predictions of the semihard approach
= / N and the collinear one is that the expected enhancement in the

E 100 g b\ k1 -factorization formalism, associated to the resummation

/,,_# o \ of the (a; In %)” in the coefficient function [4], is not si-

//' = S \\\ zeable for inclusive quantities in the kinematic region of the

0 A S future colliders. Our phenomenological ansatz within the

0 2 4 f( 8 10 12 CGC formalism gives similar results as the saturation mo-

del, but should be noticed that the physical assumptions in
those models are distinct. While the saturation model consi-

Figure 5. Rapidity distribution for charm production in ultrape- ders multiple scattering on single nucleons, our expression
ripheral heavy ion collisions [43]. for the dipole-nucleus cross section in the CGC formalism
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assumes scattering on a black area filled by partons coming Lets start from a brief review of the quarkonium sup-
from many nucleons. It is important to emphasize that the pression in heavy-ion collisions. The heavy quark pair le-
current experimental data for the nuclear structure function ading to the quarkonia are produced in such collisions on
can only be described if the first choice is implemented [46]. a very short time-scale- 1/2mg, wheremg, is the mass
Our results shown that an experimental analysis of this pro-of the heavy quark. The pair develops into the physical
cess can be useful to constrain the QCD dynamics at highresonance over a formation time . For a confined sur-
energies. rounding, the bound states af andbb interacting via two
forces: a linear confining potential and a color-Coulomb in-
. . . . teraction. In the plasma phase, the linear potential is absent
4 Saturation in HeaVy‘Ion Collisions due to the high temperature leading to deconfinement and

) ~ the color charge is Debye screened by a cloud of surroun-
As we expect that the saturation effects should be manifestying quark-antiquarks pairs which weaken the binding force
in nuclear collisions, the recent results for heavy ion collisi- petween the)Q pair, thus reducing the color charge seen by

ons at RHIC have motivated some phenomenological analy-the other (anti)quark. Basically, above the critical tempera-
sis which assume the presence of these effects. In particulaty,re 7 e have

the approach from Ref. [47], which assume saturation of

the nuclear wavefunction, describes the experimental data

for the multiplicity distributions of produced particles very o o

well. However, the current situation is not unambiguous, Vi(r) = —; +or=V(r)= — exp(—upr)
since other approaches which do not assume saturation also

describe the same set of data. It is important to emphasize

that the presence of these effects should modify the behayynere o and o (the string tension) are phenomenologi-
vior of the signatures of the quark-gluon plasma. One of the 4 parameters angp, is the Debye mass. For values
proposed signatures of the QCD phase transition is the supy¢ e screening mass above a certain critical valffes
pression of quarkonium production [48]. The idea of sup- (i = J/, %', xe, T, T, x»), the screening become strong
pression of’c mesons//v, ¢, etc., is based on the notion g6 .gh for binding to be impossible and the resonance no
that c¢c are produced mainly via primary hard collisions of longer forms in the plasma. As a result, eandQ drift
energetic gluons during the preequilibrium stage up o Shor-4ay from each other, after leaving the interacting system
tly after the plasma formation (before the initial tempera- 4 form a charm and bottom mesons, which subsequently

ture drops below the production threshold), and the mesonsyecays into leptons to be detected. Therefore, a procedure
formed from these pairs may subsequently experience dey, getermine if quarkonium suppression is expected is the
confinement when traversing the region of the plasma. In4naysis of the screening mass. Basically, if we known the
a QGP, the suppression occurs due to the shielding of the, 1y tion of the screening mass during the collision process
ce binding potential by color screening, leading to t/he bréa- \e can estimate what quarkonia will be effectively suppres-
kup of the resonance. e (J/4, ", ..) andbb (T, T',...)  gaq. At screening mass values greater thiff for values
resonances have smaller radii than light-quark hadrons and time above (or equal) to the formation time of the bound
therefore higher temperatures are needed to dissociate thesgie ¢r), the bound state does not be formed. Therefore
quarkonium states. . ) we can analyze the quarkonium suppression considering the
The probability of a thermalized QGP production and qynamical evolution of the screening mass. In Ref. [50] we

the resulting strength of its signatures strongly depends 0np5ye gbtained an expression for the screening mass in term:
the initial conditions associated to the distributions of par- 4t the saturation scale, which is

tons in the nuclear wave functions. As discussed above, at

very high energies, the growth of parton distributions should

saturate. Some years ago, Mueller has proposed ideali-

zed initial conditions for a saturated nuclear wave function pw? =
and shown that the evolution of single particle distributi- m (Qst
ons could be described by a nonlinear Landau equation [49].

One of the main conclusions of that study was that the equi-

libration time and the initial temperature of the plasma have We have concentrated our analysis in thesuppression at

a strong functional dependence on the initial gluon satura-LHC energies, since at current energies, the situatiofy ¢f

tion scaleQ,. As a direct consequence, the possible signa- suppression is rather ambiguous because the bound state ce
tures of this saturated gluon plasma shouldhedependent  also break up through interactions with nucleons and como-
if the saturation scenario is valid for RHIC and LHC. We ving hadrons, i.e., QGP production has not been proved to
denote saturated gluon plasma, the plasma formed from theébe the unique explanation of the observed suppression ever
collision of two nuclei with saturated nuclear wave functi- though an increased density of secondary production is nee-
ons. In Ref. [50] we have analyzed the quarkonium sup- ded (See more details in that follows).

pression as a probe of a saturated gluon plasma. In particu-

lar, we have estimated the quarkonium suppression and its

dependence in the saturation scale at LHC energies. Below

we present a brief review of the main results of that analyses.

Q3
)2/3 -

(11)
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large enougH., such that foi? > 4mp? — 4m?2, the transi-
35 | ——t=02fm . tion probability essentially vanishes due to the existence of
the open charm threshold. In Fig. 7 we show our result for
the medium length dependence of thel cross section and
LHC energy using the distinct parameterizations as input in
our calculations. We have assumed= 0.250 GeV?/fm,
which has been constrained using the NA50 data. It is im-
portant to emphasize that our model describes very well this
set of data. We can see by the comparison between the EKS
and AG curve, which includes high density effects, that for
0 o5 1 15 2 25 3 a5 a4 LHC energies these effects present in the initial state can-
Q. (GeV) not be disregarded. Moreover, the inclusion of these effects
implies an additional// ¥ suppression. Therefore, for LHC
Figure 6. The dependence of the screening mass in the saturatiofy 1€"9'€S, We_ predict that _these eff_ects Strqngly reduces the
scale for two instants in the saturated plasma evolution. The long// ¥ production rate. This effect is associated to the do-
dashed curve characterize the dissociation screening mass for théinance of the smalt- behavior of the nuclear parton dis-
mesonY [50]. tributions at high energies. These results demonstrate that
the high density effects will significantly contribute in the

In Fig. 6 we present the dependence of the dynamical nhuclear.// ¥ production, which implies that a careful disen-
screening mass in the saturation scale for a typical value oftangling of initial and final state effects is required before
the coupling constant. We verify that the dissociation of the the clear identification of a new state of matter.

T must occur only if the saturated gluon plasma is characte-

rized by large values of the momentum saturation scale. In 12000 ‘ ‘
other words, the presenceBfsuppression indicates that if a T R 56 (= 0.250 GevAm)
saturation scenario is valid, the initial nuclear wave function WL TTae

are characterized for a bulk momentum se@le> 1.5 GeV. N
Therefore, thel' suppression may be an indirect probe of
the nuclear wave functions, and consequently, from the Co-
lor Glass Condensate, allowing to constrain the initial gluon
saturation scale.

Other possible approach to estimate the high density ef-
fects in nucleatJ/ ¥ production was recently considered in 20001
Ref. [51]. There we have assumed that the collinear factori- . ‘ ‘ ‘ ‘
zation approach is still valid for LHC energies and included 0 2 ‘L ™ 6 8 10
the high density effects as estimated in the parameterization
proposed in Ref. [35]. In particular, we have considered that rigyre 7. TotalJ/¥ cross sections with the branching ratios to
the J/¥ production can be described by the color evapora- ;, ¥, in AA collisions, as a function of the effective nuclear
tion model (CEM) [52]. Consequently, lenghtL(A, B) [51].

6(1 —cC QQ)
OAB. - K E dg* (b()
AB—J/¢yX a,b/ Q2

Lalh 2
/dxF‘ba/A(xa)‘bb/B(xb)% T Feewyppla?),  (12) The perturbative QCD has furnished a remarkably succes-

sful framework to interpret a wide range of high energy
where}"_, runs over all parton flavorg)? = ¢* + 4m?, lepton-lepton, lepton-hadron and hadron-hadron processes.
¢a,4(x4) is the distribution function of partoa in hadron Thrqugh global analysis of these processes, de_talled infor-
A zp = 24 — xp andzaay, = Q2/s = . The K-factor mation on the parton structure of hadrons, especially the nu-
’ - a a - —_— . . . . .

takes into account the next-to-leading order corrections to/€0N: has been obtained. The existing global analysis have
the cross section. Moreover, the faCfQ%HJ/w(qz) descri- been performed_usmg the stancjard DGLAP evolutlon' equa-
bes the transition probability for the state of the relative ~ 1ONS- However, in the small region the DGLAP evolution

square momentun to evolve into a physical /1> meson. equations are expected to breakdown, since new dynamical
The final state interactions of the producedpairs were effects associated to the high parton density must occur in

estimated using the model proposed in Ref. [53], which im- tNiS kinematical region.
plies 9 prop [53] Research in the field of QCD at high parton density deals

9 9, 2 both with fundamental theoretical issues, such as unitarity of
Feemsp(@) = Fomajp(a” +€°L), (13) strong interactions at high energies, and with the challe}rllge
whereL is the effective length of the nuclear medium in the of describing experimental data coming, at present, from
AB collisions ande? is the energy gained by the produced HERA and RHIC and expected exciting physics of forth-
ce pair per unit length. The above behavior implies that for a coming experiments at LHC. Over the past few years much

H (Gev)

\
8000
6000 -

4000 -

a,,/AB (nb/nucleon)

it

B
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theoretical effort has been devoted towards the understan-
ding of the growth of the total scattering cross sections with
energy. These studies are mainly motivated by the violation 4
of the unitarity (or Froissart) bound by the solutions of the
linear perturbative DGLAP and BFKL evolution equations.
Since these evolution equations predict that the cross sec-
tion rises obeying a power law of the energy, violating the
Froissart bound, unitarity corrections are expected to stop its [5]
further growth.

In this paper we have presented a brief review of the ba-
sic concepts present in the high density approaches and dis-
cussed some aspects of the rapidly developing field of QCD
at high parton density imp, eA and AA collisions. The
successful description of all inclusive and diffractive deep
inelastic data at the collider HERA, as well as some recent
results from RHIC, by saturation models suggests that these
effects might become important in the energy regime probed ¢
by current colliders. In particular, the remarkable property
of geometric scaling verified in the data indicate that the ex-
periments are in a kinematical region which probe QCD in
the non-linear regime of high parton density. Moreover, we
have verified that deeply inelastic scattering of electrons off
nuclei at high energies can determine whether parton distri-
butions saturate. The analysis of the nuclear structure func-
tion slope ateA HERA and/or RHIC energies will allow 10]
to establish the presence of a high density system and thé
behavior of the saturation scale. These results show that the
transition between the linear and nonlinear regimesAn
processes at high energies will occur in a perturbative re-
gime, justifying perturbative QCD approaches. Our recent [12]
studies shown that an alternative fot colliders is the study  [13]
of saturation effects in ultraperipheral heavy ion collisions.
Furthermore, our results demonstrate that the high density[14]
effects are very important mainly at the LHC kinematic re-
gion, where strong modifications in the Drell- Yan and quar- [15]
konium production are expected. As the smalbehavior
of the parton densities strongly determines the initial con- [16]
ditions of the minijet system in nucleus-nucleus collisions, 17]
we have that the high density effects cannot be disregarde&
in the calculations of the observables and signatures of a[18
Quark-Gluon Plasma. ]

(7]
(8]

—

9]
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