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Viewpoint

New Measurements of the Most Perfect Liquid
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Producing quark-gluon matter from higher-energy nuclear collisions will give insight into its fluidlike

properties.
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For several years, researchers have known that the
quark-gluon matter created in the collision of relativistic
nuclei has an exceptionally low viscosity. Now, the lat-
est experiments exploring this state of matter are being
reported in Physical Review Letters by the collaboration
running the Compact Muon Solenoid (CMS) detector at
the Large Hadron Collider in Geneva. The team was able
to study the quark-gluon matter at higher collision ener-
gies and for longer times compared to earlier experiments
[1]. As a result, their data will lead to more accurate cal-
culations of the viscosity and expansion of the strongly
interacting matter and may help researchers better un-
derstand the structure of gluons in high-energy particles.

One of the main goals of high-energy nuclear physics
is to break apart protons, neutrons, and heavier nuclei
into their constituent quarks and gluons and study the
state of matter believed to exist at the time of the big
bang. But creating deconfined quarks and gluons, which
are bound by the strong force, requires either very high
temperatures or very high energies. At the Relativistic
Heavy Ion Collider (RHIC), these conditions are created
by smashing ultrarelativistic gold nuclei together, while
collisions between lead nuclei are studied at the higher-
energy Large Hadron Collider (LHC). Like other detector
experiments, CMS measures the energies and momenta
of the particles created in such collisions and uses this in-
formation to figure out the state of matter created shortly
after the collision.

Earlier experimental findings at RHIC indicated that
the matter produced in heavy-ion collisions expands like
a fluid with very little dissipation. In fact, the dis-
sipation approaches a fundamental lower limit for flu-
ids, suggesting that the deconfined quark-gluon matter
could be one of the most “perfect” fluids ever stud-
ied in the lab [2] (See 26 October 2010 Trends). The
RHIC researchers reached this conclusion by studying the
momentum anisotropy of particles produced in heavy-
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ion collisions. Typically, the geometry of the colliding
nuclei determines the anisotropy, but how this spatial
anisotropy is converted to momentum-space anisotropy
depends on the shear viscosity: the smaller the shear
viscosity the more efficient this conversion is. The RHIC
experiments showed that the anisotropies are quite large,
suggesting that the ratio of the shear viscosity to entropy
density, (n/s), in the quark-gluon matter is very small.

Heavy-ion collision experiments at the LHC are now
aimed at understanding how the properties of quark-
gluon matter, in particular n/s, depend on the tem-
perature or energy density, or whether there are signifi-
cant effects from the relatively small size of the system
produced in heavy-ion collisions. The energy density
of the quark-gluon matter increases with the center-of-
mass energy of the accelerated ions, while the size of the
system is determined by the degree to which the ions
strike each other head on (the centrality of the collision.)
To characterize the geometry of the system produced in
the heavy-ion collisions, researchers measure the rapid-
ity, y = In((E + cp;)/ (E — ¢pz)) /2, of all of the post-
collision particles. Here E and p, are the energy of the
particle and its momentum along the beam axis. Roughly
speaking, the rapidity describes how fast particles are
moving in the longitudinal direction (along the path of
the collision) and is a useful way to describe the longitu-
dinal distribution of the matter.

The particular quantity that CMS measures in the new
experiments is the transverse energy density—the energy
per particle of those particles that were ejected perpen-
dicular to the line of collision. This quantity depends on
two unknowns—the initial state of the collision (the mo-
ment right after the two nuclei collide) and the viscosity
of the quark-gluon matter as it expands to the final state
that CMS actually measures—and may therefore tell us
something new about both.

One of the uncertainties in trying to quantify n/s from
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heavy-ion collisions is an incomplete theoretical picture
of the initial state. When a proton or nucleus is accel-
erated to high energies, the number of gluons inside of
the particle increases. This occurs because the particle
has more energy with which to generate new gluons, but
eventually, there are so many gluons that they start to
interact and annihilate each other. At some point, gluon
creation and recombination balance out, the number of
gluons saturates, and the interior of the particle is said
to form a “color glass condensate.” Such a system can
be described classically because it has a high occupation
number of gluons [3].

When two heavy ions collide, the gluon fields in the two
nuclei start to interact with each other. In a short win-
dow of time (up to about 0.2 fermi/c, where 1 fermi/c =
3.3 x 10724 seconds), quantum fluctuations are small and
the gluons can still be described classically [4]—a state
called a glasma. In fact, it is the classical nature of the
gluons fields at early times that makes the theoretical
treatment of this highly nonlinear and nonequilibrium
system possible. An energy scale that is called the gluon
saturation scale characterizes both the color glass con-
densate and the glasma. The gluon saturation scale, Qs,
is ~ (1 —3) GeV and depends on the energy of the colli-
sions and the rapidity, and this dependence is relatively
straightforward to calculate [5, [6]. For this reason, mod-
els based on the idea of gluon saturation have been suc-
cessful at characterizing these quantities in heavy-ion col-
lisions at RHIC as well as at the LHC [5], [6]. But, there
is still no consensus that the gluon saturation picture is
applicable when Qg is a relatively low value, as it is in
the RHIC and LHC experiments.

CMS’s experiments show (Fig. that the transverse
energy density rises more rapidly with the collision en-
ergy than the lower-energy RHIC experiments had indi-
cated. The result is not completely surprising if gluon
saturation is the right theory for the initial state: The
saturation scale depends nonlinearly on the center-of-
mass energy because the gluon density isn’t linear with
energy. Therefore the gluon saturation picture can, in
principle, provide a natural explanation of the rapid rise
of the transverse energy density seen in Fig. Proton-
lead collisions planned at the LHC will provide a more
direct test of the gluon saturation picture. In the long
run, the ultimate test will come from colliding electrons
with heavy ions. (New facilities for such experiments,
such as the Electron-Ion Collider in the US or the Large
Hadron Electron Collider at CERN are currently being
proposed.)

The new experiments are also important because they
allow a more accurate measurement of the viscosity of
deconfined quark-gluon matter. To relate the initial-
state transverse energy density, which can be calculated
in the framework of gluon saturation, to the final state
that CMS actually measures, one has to smoothly match
the calculation in the glasma framework to viscous hy-
drodynamics. The first attempts to do this studied the
anisotropy of the flow of particles [7]. Based on the new
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FIG. 1: Characterizing the quark-gluon matter produced in
heavy-ion collisions. CMS measured the average energy per
particle emerging perpendicular to the line of collision (red
point). The new measurement indicates that this transverse
energy density increases more rapidly with energy (dotted
curve) compared to what was measured at lower energies
(straight line). (Adapted from S. Chatrchyan et al.[1])

CMS measurement, similar calculations should be able to
determine the centrality and rapidity dependence of the
transverse energy in the final state, thus providing addi-
tional constraints on the hydrodynamic models and the
value of 7/ s that are largely independent from those com-
ing from anisotropic flow. CMS has provided the data, so
now we’ll have to sit tight and wait for the calculations.
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