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The Search for the Critical Point

Lattice QCD calculations show that in a matter- antimatter symmetric envi-
ronment the transition between a gas composed of mesons and baryons to the 
QGP occurs smoothly as a function of increasing temperature, with many ther-
modynamic properties changing dramatically but continuously within a narrow 
temperature range. In contrast, if nuclear matter is squeezed to higher and higher 
densities without heating it significantly—a feat accomplished in nature in the 
cores of neutron stars (see Box 2.4)—sharp phase transitions (as in the boiling or 
freezing of water) may result. A map of the expected QCD phase diagram (Figure 
2.25) predicts that the continuous crossover currently being explored in heavy-ion 
collisions at the highest RHIC energies will become discontinuous if the excess 
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FIGURE 2.25 The phase diagram of QCD is shown as a function of baryon chemical potential (a 
measure of the matter to antimatter excess) and temperature. A prominent feature in this landscape 
is the location of the critical point, which indicates the end of the first-order phase transition line in 
this plane. SOURCE: DOE/NSF, Nuclear Science Advisory Committee, 2007, The Frontiers of Nuclear 
Science: A Long Range Plan.
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as “spin liquid phases.” In all these cases, the textbook understanding (whether in 
terms of a dilute gas of quarks and gluons or atoms or Fermi’s theory of electrons 
in a metal) breaks down, failing even at a qualitative level to describe the experi-
mentally observed phenomena. The puzzles raised by experiments in each of these 
systems are at the core of their respective disciplines. Developing new frameworks 
for describing such systems represents a fundamental challenge in modern physics 
that cuts across the boundaries between disciplines.

At very short distances or very high temperatures, the relevant physical laws 
describing the properties of the QGP are well understood: QCD provides a solid 
microscopic framework that predicts that QGP does become a dilute gas of particle-
like quarks and gluons at very short distance scales and/or very high temperatures. 

FIGURE 2.20 The ratio of the shear viscosity of a fluid to its entropy density, denoted η/s, can be 
thought of as the “imperfection index” of a fluid, since it measures the degree to which internal fric-
tion damps out the flow of the fluid. Quantum mechanics dictates that there are no fluids with zero 
imperfection index. The two most perfect fluids known are the trillions-of-degrees-hot quark-gluon 
plasma that filled the microseconds-old universe and that today is produced in heavy ion collisions 
at RHIC and the LHC, and the millionths-of-degrees-cold fluid made from trapped atoms with the 
interaction between atoms tuned to the maximum possible. For comparison, the imperfection indices 
of several more familiar liquids are also shown. Gases have imperfection indices in the thousands. 
The imperfection index is defined as 4πη/s because it is equal to one in any of the many very strongly 
coupled plasmas that have a dual description via Einstein’s theory of general relativity extended to 
higher dimensions. Via this duality, 4πη/s =1 is related to long-established and universal properties 
of black holes. Quark-gluon plasma is the liquid whose imperfection index comes the closest to this 
value. SOURCE: Adapted from U.S. Department of Energy, 2009, Nuclear Physics Highlights, Oak 
Ridge National Laboratory Creative Media Services. Available at http://science.energy.gov/~/media/
np/pdf/docs/nph_basicversion_std_res.pdf.
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Near-Perfect Liquid 

The distributions of angles and momenta of the end products of a RHIC colli-
sion bear witness to the enormous collective motion developed as the tiny drop of 
fluid produced in the collision expands explosively. In those collisions that are not 
head-on, the initial droplet is almond-shaped, not spherical. The fluid motion that 
develops as such a droplet expands is anisotropic—the fluid explodes with greater 
force about the “equator” of the almond than from its poles, an effect referred to as 
“elliptic flow” (Figure 2.21). One of the early RHIC discoveries was that a descrip-
tion of these collisions using “ideal hydrodynamics” works surprisingly well, cap-
turing the patterns of how the strikingly large azimuthal asymmetry depends on the 
impact parameter of the collision and on the identity and momenta of the particles 
in the final state debris. One of the inputs to ideal hydrodynamics is an equation 
of state, which is taken from numerical calculations of QCD thermodynamics on 
a discrete space-time lattice. The other input is the assumption of a perfect liquid 

FIGURE 2.21 When the almond-shaped initial geometry in an off-center heavy ion collision at RHIC 
expands as a nearly perfect fluid, it explodes with greater momentum in the direction in which the 
initial almond is narrowest. SOURCE: Courtesy of Brookhaven National Laboratory.
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probes in abundance, and even more energetic particles have now been produced 
in heavy ion collisions at the LHC.

The most pictorial manifestation of jet quenching comes from an analysis 
in which one looks at the angular distribution of all the energetic particles in an 
event in which at least one particle with an energy above some threshold has been 
detected. In proton-proton or deuteron-gold collisions, two back-to-back jets are 
seen, where each jet is recoiling against the other owing to the conservation of 
momentum. In gold-gold collisions, however, a single spray of particles around 
the one used to select the event is seen, but the backward-going jet is missing, as 
shown in Figure 2.22. Instead, in the backward direction one finds an excess of the 
much lower energy particles characteristic of the debris from the droplet of QGP 
itself. The interpretation is that in the selected events one jet emerged relatively 
unscathed while the recoiling partner quark or gluon plowed into the plasma, 
dumped its energy into the plasma, and as a result heated the QGP rather than 
producing a high-energy jet.

Evidence for jet quenching can be seen clearly by measuring the reduction of 
the number of high-momentum particles observed in heavy-ion collisions. A very 
energetic quark or gluon loses energy in the QGP predominantly by radiating 
gluons. How much energy is radiated in gluons is determined by a single material 
property of the strongly coupled liquid, called the jet quenching parameter, which 
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FIGURE 2.22 The extinction of the away-side jet. Collimated patterns of jet particles are observed at 
∆Φ = π opposite a trigger particle at ∆Φ = 0 in p + p and d + Au collisions but are completely absent 
in Au + Au collisions. SOURCE: Adapted from DOE/NSF, Nuclear Science Advisory Committee, 2007, 
The Frontiers of Nuclear Science: A Long Range Plan.
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FIGURE 2.22 The extinction of the away-side jet. Collimated patterns of jet particles are observed at 
∆Φ = π opposite a trigger particle at ∆Φ = 0 in p + p and d + Au collisions but are completely absent 
in Au + Au collisions. SOURCE: Adapted from DOE/NSF, Nuclear Science Advisory Committee, 2007, 
The Frontiers of Nuclear Science: A Long Range Plan.



Figure	  2.23	  from	  page	  88	  of	  Exploring	  the	  Heart	  of	  Ma2er	  

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Physics:  Exploring the Heart of Matter

88 N U C L E A R  P H Y S I C S

is basically a measure of how good the QGP is at slowing the most energetic quarks 
or gluons shooting through it. Determining the value of this parameter from RHIC 
data is intrinsically uncertain because the jets studied at RHIC may not be energetic 
enough to validate the assumptions behind present calculations. It is nevertheless 
interesting that the jet quenching parameter seems to be larger than it would be 
in weakly coupled QGP and is comparable to that in the strongly coupled QGP 
found in QCD-like theories obtained via gauge/gravity duality.

QGP Shining Brightly

Experimenters at RHIC have recently achieved the long-standing goal of see-
ing the light (ordinary photons) emitted by the hot, glowing droplets of quark-
gluon plasma produced in heavy-ion collisions, as shown in Figure 2.23. What 
made this a challenge is that there are many more photons produced by the decay 
of pions (which are formed well after the QGP explodes) than there are photons 
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FIGURE 2.23 The measured photon radiation spectrum in Au + Au collisions at RHIC is compared 
to the spectra expected from photons created by hard collisions in the initial stages of the collision 
(black curve), from thermal photons radiated by a QGP with an initial temperature (0.33 fm/c after 
the collision) of 370 MeV (red curve) and from the sum of these processes (blue curve). SOURCE: 
Courtesy of the PHENIX Collaboration.
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that are not seen in more elementary collisions. Species that contain three “valence” 
quarks (like protons, neutrons, and other baryons) are significantly overabundant 
at intermediate transverse momenta (2-5 GeV) relative to their abundances in 
proton-proton collisions. This observation is well described by models in which 
both baryons and mesons (particles containing one valence quark and one valence 
antiquark) are produced as a large rapidly expanding droplet of a liquid contain-
ing deconfined quarks falls apart (cavitates) into a mist of fine droplets—the 
baryons and mesons. The baryons and mesons coalesce from quarks drawn from 
the expanding QGP liquid, a process that is quite different qualitatively and quan-
titatively from the standard mechanisms by which baryons and mesons form in 
elementary collisions. Furthermore, the elliptic flow patterns of all baryons of vary-
ing masses are the same, and those of all mesons of varying masses are the same, 
a sign that the elliptic flow was generated during the expansion of the primordial 
QGP fluid, since then the only thing that matters to the elliptic flow of the observed 
particles is how many valence quarks each of them took from the primordial fluid. 
This hypothesis has been beautifully confirmed by scaling the baryon and meson 
elliptic flow by factors of three and two respectively, as in Figure 2.24, obtaining 
a universal curve that establishes that the dominant features of the flow pattern 
are developed at the quark level. It remains an open question how a fluid with no 
apparent particulate description falls apart in a way that “knows” the number of 
valence quarks in a baryon or meson.
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FIGURE 2.24 The strength of the elliptic flow (v2) is plotted as a function of the transverse kinetic 
energy KET for various particle species including mesons (pions and kaons) and baryons (protons, 
Lambdas, and Xi’s) produced in heavy-ion collisions at RHIC (left-hand panel). The right-hand panel 
shows that the differences between mesons and baryons are eliminated when these quantities are 
computed on a per-quark basis, strongly suggesting that the flow pattern is determined in the QGP 
phase. SOURCE: DOE/NSF Nuclear Science Advisory Committee, 2007, The Frontiers of Nuclear Sci-
ence: A Long Range Plan.


