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Abstract. The nuclear phase diagram is mapped using beam energy scans of relativistic
heavy-ion collisions. This mapping is possible because different collision energies develop along
different trajectories through the phase diagram. High energy collisions will evolve though a
crossover phase transition according to lattice QCD, but lower collision energies may traverse
a first order phase transition. There are hints for this first order phase transition and its
critical endpoint, but further measurements and theoretical guidance is needed. In addition to
mapping the phase transition, beam energy scans allow us to see if we can turn off the signatures
of deconfinement. If an observable is a real signature for the formation of the deconfined state
called quark-gluon plasma, then it should turn off at sufficiently low collision energies. In this
summary talk I will show the current state of the field using beam energy scan results from
RHIC and SPS, I will show where precise theoretical guidance is needed for understanding
recent measurements, and I will motivate the need for more data and new measurements from
FAIR, NICA, RHIC, and the SPS.

1. Introduction
When the SPS began operations it reached collision energies where many theorists expected
the onset of deconfinement [1]. Early observables for deconfinement were compelling, but
many in the field thought that they could also be explained by other phenomena. Taking
the “horn” in K+/π+ produced in heavy-ion collisions as a function of

√
sNN as an example,

several models that did not include a deconfined partonic phase were able to explain the data [2].
It was not until RHIC observed jet energy-loss signatures at higher energies as well as strong
azimuthal anisotropy in particle distributions that the majority of the heavy-ion community
became convinced that a strongly interacting QGP phase had been produced [3, 4, 5, 6]. The
SPS, RHIC, and the LHC have gone on to provide many additional measurements that constrain
the properties of, and the evolution of, the produced medium.

Central collisions at the LHC and at the highest RHIC energies form regions with very high
initial energy and entropy densities. These overlap regions evolve hydrodynamically to follow
different trajectories through the QCD phase diagram depending on their initial conditions
[7, 8], where lower energy collisions follow a trajectory with a higher baryon chemical potential
[9]. While lattice simulations of the QCD equation of state predict a crossover phase transition
from a hadronic gas to partonic degrees of freedom for small values of baryon chemical potential
as the temperature is increased above a critical value, at higher values of the baryon chemical
potential their may be a first order phase transition [10]. One of the purposes of beam energy
scans (BESs) in heavy ion collisions is to identify the order of the phase transition and locate
its corresponding critical point if it exists. The other purpose is to test that signatures of



Figure 1. A cartoon of the QCD phase diagram [7].

deconfinement ‘turn off’ as the collision energy is decreased and to constrain the conditions
required to form QGP.

2. Turning off signatures of QGP formation
There are many proposed signatures for the formation of QGP, but they generally fall into three
classes: probes produced early in the collision that go on to interact with the medium, radiation
from the medium, and final state particles that are formed from constituents of the medium. For
the first class we consider as early probes high transverse momentum (pT) partons that interact
strongly with QGP losing energy in a process called jet-quenching.

The nuclear modification factor, RAA, is the number of particles measured at a particular pT
in a heavy ion collision divided by what we would expect from independent nucleonic scatterings.
To model these independent nucleonic scatterings we estimate how many of them there were
by using a Glauber Monte Carlo [12] and then scale the number of particles measured at the
same pT in proton-proton collisions up by this number. If RAA = 1 then either there are no
modifications from colliding heavy nuclei relative to colliding protons, or there is a balancing
of enhancement and suppression effects. However, if RAA � 1 at high-pT then this may be
explained by high momentum particles losing momentum in QGP. Figure 2 shows RAA for
several collision energies from the SPS, RHIC, and the LHC [11]. While RHIC and the LHC
measured large suppression at high-pT, the SPS found RAA = 1 for pions at mid-rapidity. Here
we want to separate the idea of turning off QGP formation from the idea of turning off a signature
for QGP formation. Depending on the measurement’s sensitivity to QGP the signature may
‘’turn off’ even though QGP is still being formed. The relative time spent in a partonic phase as
well as the spacial extent of the partonic phase at hadronization can be expected to be reduced
as collision energies are reduced. The best signatures for QGP formation will be those that
are maximally sensitive to the partonic phase and minimally effected by other phenomena. In
the case of RAA, measurements of strong enhancement at

√
sNN = 7.7 GeV demonstrate that



Figure 2. World data for RAA [11].

RAA is strongly effected by enhancement phenomena that make this observable less sensitive to
QGP formation at SPS and RHIC BES energies [13]. Alternative observables for high-pT probes
suggest deconfinement may persist at least down to

√
sNN = 14.5 GeV [13, 14].

3. First Order Phase Transition
While the previous signatures give information about what phases the medium evolves through,
it is also interesting to determine the nature of the phase transition. While lattice calculations
tell us that the transition at small baryon chemical potential (µB) is a crossover, there have
been suggestions that there may be a first or second order phase transition at higher µB
[15, 16, 17, 18, 19]. It has been shown that the pressure and speed of sound in the medium would
have minima near a first order phase transition and that this would lead to a characteristic shape
in the directed flow measured in heavy-ion collisions [20, 21, 22, 23]. Measurements from STAR
are shown in Fig. 3 where we see trends that are consistent with the predicted trends [24].

PHENIX accessed the same underlying physical processes using a different observable with
Hanbury Brown and Twist (HBT) data that were collected by ALICE, PHENIX, and STAR
[25]. Here the (Rout)

2 − (Rside)
2 in Fig. 4(a) is related to emission duration while the quantity

in Fig. 4(b) is related to the speed of sound [24, 26].



Figure 3. The slope of v1 versus rapidity as a function of sqrtsNN for mid-central (10-40%)
collisions for antiprotons (a), protons (b), and net protons (c), and compared to UrQMD [24].

Figure 4. Two non-monotonic arangements of HBT data are shown for 0-5% centrality. The
left panel is related to emmision duration and has a maximum in the range of

√
sNN = 19.6 -

39 GeV. The right panel is related to the speed of sound and has a minimum in the range of√
sNN = 19.6 - 62.4 GeV [25].



Figure 5. Finite scaling of HBT data using critical exponents collapses the data for multiple
energies and centralities onto a single curve with the critical point estimated at T cep ≈ 165 MeV
and µcepB ≈ 95 MeV [26].

4. Critical End Point
Near a critical point there would be a divergence of susceptibilities and conserved quantities
would have increased fluctuations [27]. PHENIX and STAR have measured the energy
dependence of higher moments of net charge [28, 29]. While these results did not locate the
critical point, more data and larger acceptance will be available for RHIC BES II.

Figure 5 shows a measurement that does suggest both the existence and the location of the
critical point by doing a finite size scaling of HBT data using critical exponents [26]. This
analysis found critical exponents ν ≈ 0.66 and γ ≈ 1.2 and the location of the critical point to
be T cep ≈ 165 MeV and µcepB ≈ 95 MeV. The idea here is that with the proper description of
the data, the data will all point toward the critical point even if the trajectories of individual
collisions, such as those at the LHC, do not pass particularly close to the critical point. This is
similar to the method that was used earlier to determine the location of the liquid-vapor critical
point [30]. This work was carried further by showing that these same critical exponents can be
used to scale the moments of net proton distributions [31].

5. Summary
With a couple of possible exceptions [26, 31] these signatures do not characterize the order of the
phase transition or describe the location of a critical point but with more observables, data, and
detector upgrades the SPS, RHIC, FAIR and NICA are poised to gather the data over a broad
range of energies and collision systems. In order to coordinate the work of theorists who are
working to describe in quantitative detail the different stages of evolution in heavy-ion collisions
at low energies, and to provide direction to experimentalists, a new theory collaboration has
been formed called the Beam Energy Scan Theory (BEST) collaboration. The next few years
will see BES data being collected at four different experimental facilities and the coordination
of BES theorists in order to map the QCD phase diagram.
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