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Abstract

| discuss the role played by multiple partonic interactigfPl) in
the early stages of relativistic heavy-ion collisions, ¥drich a weak-
coupling QCD description is possible. From the Color Glassd&n-
sate, through the Glasma and into the Quark-Gluon-Plas@msepMPI
are at the origin of interesting novel QCD phenomena.

1 Introduction

Relativistic heavy-ion collisions involve such large partiensities, that they are reactions where
multiple partonic interactions (MPI) abound, and in whibtlege can be investigated. Through
most of the stages of a high-energy heavy-ion collision, Ml not only important but cru-
cial, and without their understanding, no robust QCD-ba$estription of the collision can be
achieved. During the different phases that the system dmesgh, from the initial nuclear wave
functions, through the pre-equilibrium state just after tollision, and into the following ther-
malized quark-gluon plasma (QGP) and hadronic phases, MRk #he origin of most interesting
phenomena.

However, one may wonder what can be described with firsepia weak-coupling QCD
calculations. It has been proposed that the early stagée dfgavy-ion collision should be, per-
haps until the QGP phase. The saturation of the initial rawcheave functions, and the multipar-
ticle production from the decay of strong color fields arermrmaena which have been addressed
by weak-coupling methods, as well as the quenching of hastgs via QGP-induced energy
loss. In those calculations, MPI are characterized by monmerscales which, if hard enough,
justify a weak coupling analysis.

In the Color Glass Condensate (CGC) picture of the nucleaewiianction, the saturation
scale(); characterizes which quantum fluctuations can be treatedherently and which cannot;
in the glasma phase right after the collision of two CGO%), sets the time scale for the decay
of the strong color fields; and in the QGP phase, the plasnuaag@in momentum characterizes
what part of the wave function of hard probes is responsibtetfeir energy loss, by becoming
emitted radiation. In the following, | discuss the role @dyby MPI in those different stages.

2 Thesaturation scalein the nuclear wave function

The QCD description of hadrons/nuclei in terms of quarks gludns depends on the process
under consideration, on what part of the wave function isdgpgirobed. Consider a hadron
moving at nearly the speed of light along the light cone diogcx™, with momentumP+.
Depending on their transverse momentém and longitudinal momentum P+, the partons
inside the hadron behave differently, reflecting the ddferegimes of the hadron wave function.
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Fig. 1: Left: diagram in thék? = Q?, z) plane picturing the hadron/nucleus in the different weaidypled regimes.
The saturation line separates the dilute (leading-twesime from the dense (saturation) regime. Right: when scat-
tering a dilute probe on the hadron/nucleus, both multipktterings and saturation of the wave function are equally
important at smalk, when occupation numbers become of ortigt.

When probing the (non-perturbative) soft part of the wavecfion, corresponding to par-
tons with transverse momenta of the order\@fcp ~ 200 MeV, the hadron looks like a bound
state of strongly interacting partons. When probing thalh@art of the wave function, corre-
sponding to partons withy > Agcp andx < 1, the hadron looks like a dilute system of weakly
interacting partons.

The saturation regime of QCD describes the smalpart of the wave function. When
probing partons that featufe- > Agcp, andz < 1, the effective coupling constant; log(1/z)
is large, and the hadron looks like a dense system of weatdyacting partons, mainly gluons
(called smal-z gluons). The largekr is, the smallest: needs to be to enter the saturation
regime. As pictured in Fig.1, this means that the separdt@ween the dense and dilute regimes
is characterized by a momentum scélg(x), called the saturation scale, which increases as
decreases.

A simple way to estimate the saturation scale is to equatglti@-recombination cross-
sectiong,e. ~ as/ka with 1/pr ~ wR?/(zf(z, k%)), the inverse gluon density per unit of
transverse area. Indeed, when.pr ~ 1, one expects recombination not to be negligible
anymore. This gives:

2 Oésl’f(l’, Qg)

Q; = — 1)
Note thata,(Q?) decreases as decreases, so for small enoughone deals with a weakly-
coupled regime, even though non-linear effects are imptrt&he scattering of dilute partons
(with k7> Q(x)) is described in the leading-twist approximation in whibby scatter incoher-
ently. By contrast, when the parton density is lafge ~ Qs (x)), partons scatter collectively.

The Color Glass Condensate (CGC) is an effective theory dd QI which aims at de-
scribing this part of the wave function. Rather than usinggadard Fock-state decomposition,
it is more efficient to describe it with collective degreedreedom, more adapted to account for
the collective behavior of the smatlgluons. The CGC approach uses classical color fields:

|h) = lqqq) + lqqqg) + ...+ laqqg ... g99) +... = |h>:/qu>mA[P]|p>- 2)



Fig. 2: Left: typical diagram for the production of higlpr particles, with large values af being probed in the
nuclear wave functions. Right: typical diagram for the proiibn of bulk particles wittbr ~ Q,, where multiple
partonic interactions are crucial. This is true in heawy-@wllisions, and pp collisions at very high energies.

The long-lived, larger partons are represented by a strong color sopreé /gs which is static
during the lifetime of the short-lived smali-gluons, whose dynamics is described by the color
field A~ 1/gs. The arbitrary separation between the field and the sourceretddz 4. When
probing the CGC with a dilute object carrying a weak colorrgeathe color fieldA is directly
obtained fromp via classical Yang-Mills equations:

[Dy, F*] = 6""p, ®3)

and it can be used to characterize the CGC wave fundtig].Al.

This wave function is a fundamental object of this pictutés mainly a non-perturbative
quantity, but ther 4 evolution can be computed perturbatively. Requiring tHadewvables are
independent of the choice afs, a functional renormalization group equation can be derived
In the leading-logarithmic approximation which resums pesvofag In(1/z4), the JIMWLK
equation describes the evolution|d*, , [A]|> with z 4. The evolution of the saturation scale with
x is then obtained from this equation.

Finally, the information contained in the wave function, gilnon number and gluon cor-
relations, can be expressed in terms of n-point correlaprobed in scattering processes. These
correlators consist of Wilson lines averaged with the CG®@enmanction, and resum powers of
gs A ~ 1, i.e scattering with an arbitrary number of gluons exchangedh#CGC picture, both
multiple scatterings and non-linear QCD evolution are taikeéo account. Note that in terms of
occupation numbers, in the saturation regime one reaches

(AA) = / DA D, [AIPAA ~ 1/a, . @)

Therefore, taking into account multiple scatterings in ¢bé#ision is as important as the satura-
tion of the wave function. A consistent calculation of MPIshinclude both.

It was not obvious that the CGC picture (2), which requireslénalues ofz 4, would be
relevant at present energies. One of the most acclaime@sses came in the context of d+Au
collisions at RHIC, where forward particle productipdl — h X allows to reach small values
of x4 with a dilute probe well understood in QCD [2]. The prediatithat the yield of highpr
particles at forward rapidities in pA collisions is supmed compared tal pp collisions, and
should decrease when increasing the rapidity, was confirmed
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Fig. 3: The charged-particle multiplicity in AA collisiorst RHIC and the LHC. In both approaches a few parameters
are fixed to reproduce RHIC data, such as the initial valu@ ofThen the smalle evolution determines the multi-
plicity at the LHC. The predictions are similar, around 14®@rged particles at mid rapidity for central collisions.

3 Multiple partonic interactions in the Glasma

The Glasma is the result of the collision of two CGCs. In a kéglergy heavy-ion collision,
each nuclear wave function is characterized by a strong cblarge, and the field describing the
dynamics of the small-x gluons is the solution of

[Dyy, FF] = 6% p1+ 6 Vpa . (5)

The field after the collision is non-trivial [3]: it has a stig component4* ~ 1/g,), a compo-
nent which is particle like4* ~ 1), and components of any strength in between. To understand
how this pre-equilibrium system thermalizes, one needsitetstand how the Glasma field de-
cays into particles. Right after the collision, the stromddficomponent contains all modes. Then,
as the field decays, modes wjifa > 1/7 are not part of the strong component anymore, and for
those a particle description becomes more appropriateer Aftime of orderl /@, this picture
breaks down, and it has been a formidable challenge to dietemveather a fast thermalization
can be achieved within this framework, due to instabilifiés

A problem which can be more easily addressed is multiparficbduction. The difficult
task is to express the cross-section in terms of the Glasraa &ed this is when MPI must be
dealt with, as pictured in Fig.2. This has first been donees tevel, and from the one-loop
calculation a factorization theorem could then be deriigdriote an interesting possible appli-
cation of the results to pp collisions: those first-prineighlculations could inspire a model for
the underlying event). Predictions for the total chargadiple multiplicity in AA collisions at
the LHC are shown in Fig.3. Two approaches are compared:eifiist, a simplified factoriza-
tion (calledkr factorization) is assumed but the energy evolution is ately obtained from a
next-to-leading evolution equation [6]; in the second,ehergy evolution is only parameterized
but MPI are correctly dealt with by solving classical YangiMequations [7]. While a full next-
leading treatment of both multiple scatterings and smadlolution is desirable, the numbers
obtained are similar, which indicates that the uncertainiin both approaches are under control.
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Fig. 4: Left: production of high-energy partons in a hardgass, which then lose energy propagating through the
plasma. Some quantum fluctuations in their wave functiorpat@n shell while interacting with the medium and be-
come emitted radiation. Right: the resulting particle prctibn in AA collisions is suppresse®( 4 < 1) compared

to independent nucleon-nucleon collisions. The supprassilarge for light hadrons, and similar for heavy mesons
(those data are displayed in the figure), which is difficuthdcommodate in a weakly-coupled QCD description.

4 Thesaturation scalein the QCD plasma

Hard probes are believed to be understood well enough tadeamlean measurements of the
properties of the QGP formed in heavy-ion collisions. A &agnount of work has been devoted
to understand what happens to a quark (of high enérgyassM and Lorentz factoty = E /M)

as it propagates through a thermalized plasma [8]. MPI araia mgredient of the perturbative

QCD (pQCD) description of how a quark losses energy, untiletmalizes or exits the medium

(see Fig.4).

At lowest order with respect ta,, quantum fluctuations in a quark wave function consist
of a single gluon, whose energy we denotand transverse momentutn . The virtuality of that
fluctuation is measured by the coherence time, or lifetimhi¢he gluont,. = w/ki. Short-lived
fluctuations are highly virtual while longer-lived fluctimts are more easily put on shell when
they interact. The probability of the fluctuationdgNV,., up to a kinematic factor which for heavy
quarks suppresses fluctuations with> vk, . This means that when gluons are put on-shell, they
are not radiated in a forward cone around a heavy quark. Tipigression of the available phase
space for radiation, thdead-cone effect, implies less energy loss for heavier quarks [9].

In pQCD, medium-induced gluon radiation is due to multiptatgerings of the virtual
gluons. If, while undergoing multiple scattering, the wat gluons pick up enough transverse
momentum to be put on shell, they become emitted radiatidv® accumulated transverse mo-
mentum squared picked up by a gluon of coherence tine

te .
pi = u27 qte (6)

where? is the average transverse momentum squared picked up irseattaring, and is the
mean free path. These medium properties are involved thrtharatio = u2/I.



Since only the fluctuations which pick up enough transversenentum are freedk( <
p.), the limiting value can be obtained by equatiigwith p? = Gw/k? :

ki < ()" = Qs(w) . (7)

The picture is that highly virtual fluctuations with. > @ do not have time to pick up enough
p, to be freed, while the longer-lived ones with < ), do. That transverse momentugy

which controls which gluons are freed and which are not itedalhe saturation scale. With
heavy quarks, one sees that due to the dead cone effect, #imuna energy a radiated gluon
can have isv = vk, = vQ; (and its coherence time is = v/Q;). This allows to estimate the

heavy-quark energy loss:
dE s
—— o agN, 0 = achQg . (8)
dt 0%
The saturation momentum in this formula is the one that spwads to the fluctuation which
dominates the energy losg, = (¢v)'/3.

For a plasma of extend < t. = v*/3/3'/3, formula (8) still holds but withQ? = GL.
These are the basic ingredients of more involved phenorogiwall calculations, but after com-
parisons with data, it has remained unclear if this pertire@approach can describe the suppres-
sion of high-p | particles. For instance, at RHIC temperatures, the valsel — 3 GeV? /fm is
more natural than the — 10 GeV? /fm needed to describe the data on light hadron production.
If one accepts to adjugtto this large value, then thB and B mesons are naturally predicted to
be less suppressed than light hadrons, which is not the sasd~{g.4).

While the present pQCD calculations should still be impthand may be shown to work
in the future, this motivated to think about strongly-cagplplasmas. The tools to address the
strong-coupling dynamics in QCD are quite limited, howefaerthe N = 4 Super-Yang-Mills
(SYM) theory, the ADS/CFT correspondence is a powerful apgin used in many studies. The
findings for the strongly-coupled SYM plasma may provideéghsfor gauge theories in general,
and some aspects may even be universal. One interesting issthat the total energy loss of
hard probes goes @SE « L3 at strong coupling [10], instead of tHe’ law at weak coupling.
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