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A dramatic rise in the heat capacity s/T’ of high-temperature nuclear/QGP matter 
has been a long-standing prediction in high-energy heavyion physics, but is difi? 
cult to verify directly. Initial-state energy densities, measured through calcrime 
tery, and limits on initial-state temperature, inferred through mewxement of 
high-& direct photons, can be combined to provide a nearly model-independent 
lower limit on the beat capacity of initial-state matter in A+A collisions at the 
CERN-SPS. This is the most direct evidence to date for the rise in the heat capac- 
ity, and the implied new degrees of freedon, in high-temperature nuclear matter. 

1 The Heat Capacity of High-Temperature .Nuclear Matter 

Since the mid-1980’s, the study of high-energy heavy-ion collisions has been 
motivated by the possibility of creating high-temperature, high-density states 
of nuclear matter which might exhibit novel behavior. In particular, lattice 
QCD simulations have described a phase transition, at a temperature on 
the order of 150-200 MeV, into a “quark-gluon plasma” (or QGP), a high- 
temperature stat0 of nuclear matter with several interesting properties. 

One of the ;,jAg-standing predictions of these lattice results is that the 
high-temperature QGP phase will exhibit a much higher heat capacity E(T) 
than a gas of hadrons at the same temperature. This is understandable, at a 
simple level, as a consequence of two properties of the QGP: (1) Restontion 
of chiral symmetry reduces the quark’s constituent masses, which makes them 
easier to create thermally, and (2) C 1 o of d econfinement opens more degrees of 
freedom by allowing particle states to exist outside color singlets. 

Figure 1 illustrates the transition in the scaled energy density E/T*. Since, 
for a relativistic gas 

c(T) 0: (Number of particle species) T4 (1) 

the ratio c/T’ directly expresses the number of particle degrees of freedom 
available to the system. This ratio is also sometimes referred to, more loosely, 
as the “heat capacity” of the system. The uppermost curve ixi Fig. 1 is the 
result of a modern lattice calculation’; the jump at the transition is apparent. 
Originally, the high energy density of the QGP phase, with three colors of each 
light quark and antiquark, plus eight colors of gluons, was contrasted with the 
density for a simple gas of three spinless pions (lowest curve), for a dramatic 
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increase of more than x10 in e/T* for the QGP. Later, it was realized that a 
gas of hadrons at these temperatures would populate a significant number of 
degrees of freedom in meson and baryon resonances, as well as strange particles; 
a typical calculation for a fully equlibrated hadron gas’ shows an intermediate 
value for c/T4, higher than the naive pion gas but still lower than the lattice 
QGP. 

So, which is the better description of high-temperature nuclear matter, 
the hadron gas or the QGP?. Can we prove that this rise in the heat capacity 
exists? Information about the initial state’s temperature and energy density 
would clearly be of great interest in answering these questions. 

2 Calorimetery and Energy Density 

In a thorough investigation of calorimetery in SPS A+.4 collisions, the WA80 
collaboration reported ’ initial energy densities of 2.0 GeV/f& for central 
S+4u collisions at SPS energies of 200 A GeV/c, using the traditional Bjorken 
hydrodynamical picture3. How much can an energy density estimate tell us? 

In Fig. 1 the hyperbola corresponding to r=2.0 &V/f& ha been drawn. 
We can see that this energy density would correspond to a point just over 
the phase transition if the matter were in a QGP state, indicating that the 
energy density in a S+Au collision is sufficient to drive the matter through 
the transition. But if we fix only the energy density, then we must allow the 
possibility that the initial state matter is driven to a very high temperature 
state with very few degrees of freedom accessible, as in the area of the graph 
marked by the question mark; not even the naive 3-pion gas can be ruled out 
unless some temperature information is also available. 

3 The Promise and Perils of Direct Photons 

Generally it is not easy to garner any direct information about the initial 
state of matter in a heavy-ion collision, as the subsequent expansion to a 
thermalized “freezeout” sta,te threatens to wash out, any memory of earlier 
states. Photon radiation is a notable exception: a thermalhed initial state 
cannot help radiating photons, at a, rate that can be reasonably calculated; 
and those photons will have a very good chance of escaping the nuclear matter 
unchanged into the final state. The rate of photon radiation from a thermalized 
QGP has been calculated by Kapusta, Liciwd and Siebert 6: 

&TE = 5 aa:, p- 2.912 E - 
BP 9 2xJ 

E’Tlog(--7-) 
2 T 
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where E is the photon energy, T is the temperature and R has dimensions 
of l/(timevolume). The rate for radiation from a thermalized hadron gas 
has been found to be very similar 6,7. It is clear that at high photon energies 
E > T, this expression is dominated by the exponentialexp (-E/T). So, even 
though the collision system will radiate photons throughout its expansion and 
de-excitation, it is clear that the spectrum of thermal photons at high E will 
be dominated by the earliest phase at the highest T, even if that phase is 
very short-lived. Thus, a measurement of the differential spectrum of direct 
photons at high energy, or high PT in the lab, holds the promise of %eeing” 
the collision initial state directly. 

The measurement of thermal direct photons is experimentally challenging. 
Thermally radiated photons cannot be distinguished from photon products 
of hadronic decays, such as r” + yy. Accordingly, direct photons can only 
be measured through an “accounting” procedure: (1) Measure the spectrum 
of all inclusive photons, (2) Measure the spectra of all particles which could 
produce photons through decays, particularly x0, ~,1)1 and w, (3) Predict the 
spectrum of decay product photons and subtract from the inclusive spectrum; 
the difference is the spectrum of direct photons, also referred to as “prompt” 
photons, “single” photons and %xcess” photons. 

The simplicity of this description belies the many complications involved 
in such a measurement. Typically, direct photons will constitute only a small 
fraction (<lo percent) of inclusive photons; and any experiment&t will appre- 
ciate the difficulty in trying to detect a few percent difference in two spectra 
which are controlled by different systematics and whose intensities vary by 
many orders of magnitude over the F’T range of interest. Recently, the WA80 
collaboration published 5 the results of a search for direct photon production 
in S+Au collisions at the CER.N-SPS. No significant direct photon signal was 
seen, and limits on the differential production cross section at exh PT in the 
range 0.5 5 PT 5 2.5 GeV/c were presented. This analysis featured an-situ 
measurement of TO and 7 mesons in the same experiment and remains the 
leading result, to date, on direct photon production in high-energy heavy-ion 
collisions. 

4 Directly Diagnosing the Initial State 

The limit on t,he direct photon cross section at high PT can diagnose the initial 
state directly. To quote from S&frank, et al’, “The constraint that can be 
drawn from the single photon data is that the initial temperature cannot be 
too high. The present data [ie WA801 rules out temperatures above 250 MeV.” 
This limit is plotted on Fig. 1 along with the energy density estimate (here 
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Figure I: The scaled heat capacity of high-temperature nuclear matter, a.3 predicted for a 
Lattice QGP (upper curve), a naive 3-pion gas (lowest curve) and a fully equilibrated hadron 
gas. Shown also are the lower limit on the SfAu intial state energy density at the SPS 
as determined through calorimetery; and the upper limit on the initial state temperature 
as determined through limits on direct photon production. The combination demonstrates 
that the collkion initial state system mu4 have opened up a significant number of degrees 
of freedom, as would be expected in a QGP. 

drawn as a lower limit; most detailed microscopic models predict higher values). 
The conclusion is clear: an upper limit on the temperature, combined with 

an energy density estimate, provides a Eower limit on the number of degrees 
of freedom that must have opened up in the initial thermalized state. Though 
rhe hadron gas description here cannot be ruled out per se, the higher heat 
capacity of the QGP is clearly favored. 

5 A Robust Conclusion 

Given the boldness of this conclusion -- that these measurements can diagnose 
t,he collision initial state, and a QGP description is favored over a hadron gas 
description it is worth pointing out some ways in which the reasoning is 
actually somewhat conservative. 
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l The upper limit on direct photons is conservative as an upper limit on 
thenal photons, especially at higher PT, since there are other sources of direct 
photons, particularly hard “pre-equilibrium” pa&n-p&on interactions. 

l The heat capacity of the hadron gas shown awxnes full kinetic and flavor 
equilibrium, with a significant energy content in strange particles (If and K’); 
within a purely hadronic model, it is unlikely that full flavor equilibrium would 
be approached by the time of initial thermalization. 

l There could be “hot spots” in the initial thermalized system 9, ie that 
the energy is distributed unevenly in space. But because photon production is 
a steeply non-linear function of T, an uneven distribuion in T(fl will produce 
mwe photons than a smooth distribution with the same total energy. 

The larger point is that the limits on direct photon production offer the 
most direct diagnosis available of the initial thermalized state; and so provide 
the most direct evidence that a large number of degrees of freedom are opened 
up early in the collision. Generally, then, these limits will provide an important 
and useful constraint for any model of the initial state of high-energy A+.4 
collisions, and any serious model should be compared to them. 

Acknowledgments 

The Oak Ridge National Laboratory is managed by Lockheed-Martin Energy 
Research carp. under contract DE-AC05-960R22464 with the United States 
Department of Energy. 

References 

1. Blum, Ktikktinen, Toussaint, Phys. Rev. D 51, 5153 (1995) 
2. Bebie, et.& Nucl. Phys. B 378, 95 (1992) 
3. J.D. Bjorken, Phys. Rev. D 27, 140 (1983) 
4. Albrecht, et al, Phys. Rev. C 44: 2736 (1991) 
5. Albrecht, et al, Phys. Rev. Lett. 76, 3506 (1996) 
6. Kapusta, Lichard, Seibert, Phys. Rev. D 44, 2774 (1991) 
7. Xiong, Shuryak, Brown, Phys. Rev. D 46, 3798 (1992) 
8. SoIlfrank, et al, Phys. Rev. C 55, 392 (1997) 
9. Gyulassy, Rischke, Zhang, Nucl. Phys. A 613, 397 (1997) 

5 


