Experimental Study of the QCD Phase Diagram and Search for the Critical Point:
Selected Arguments for the Run-10 Beam Energy Scan at RHIC

The STAR Collaboration (B. I. Abelev et al.)

Introduction & Summary

We present an overview of the main ideas that have emerged from discussions within STAR for the Beam Energy
Scan (BES). The formulation of this concise and abridged document is facilitated by the existence of a much longer
and more comprehensive companion document entitled Experimental Exploration of the QCD Phase Diagram:
Search for the Critical Point [1]. The compelling arguments and motivations for the physics of our proposed Beam
Energy Scan program, which have a particular role in guiding the run plan (see p. 13) as set out in our discussion of
Tables 1 and 2, are (not in order of priority):

A. A search for turn-off of new phenomena already established at higher RHIC energies; QGP signatures are the
most obvious example, but we define this category more broadly. If our current understanding of RHIC
physics and these signatures is correct, a turn-off must be observed in several signatures, and such
corroboration is an essential part of the “unfinished business” of QGP discovery [2]. The particular
observables that STAR has identified as the essential drivers of our run plan are:

(A-1) Constituent-quark-number scaling of v, , indicating partonic degrees of freedom;

(A-2) Hadron suppression in central collisions as characterized by the ratio Rep;

(A-3) Untriggered pair correlations in the space of pair separation in azimuth and pseudorapidity, which
elucidate the ridge phenomenon;

(A-4) Local parity violation in strong interactions, an emerging and important RHIC discovery in its own right,
is generally believed to require deconfinement, and thus also is expected to turn-off at lower energies.

B. A search for signatures of a phase transition and a critical point. The particular observables that we have
identified as the essential drivers of our run plan are:

(B-1) Elliptic & directed flow for charged particles and for identified protons and pions, which have been
identified by many theorists as highly promising indicators of a “softest point” in the nuclear equation of
state;

(B-2) Azimuthally-sensitive femtoscopy, which adds to the standard HBT observables by allowing the tilt
angle of the ellipsoid-like particle source in coordinate space to be measured; these measurements hold
promise for identifying a softest point, and complements the momentum-space information revealed by
flow measurements, and

(B-3) Fluctuation measures, indicated by large jumps in the baryon, charge and strangeness susceptibilities,
as a function of system temperature — the most obvious expected manifestation of critical phenomena.

Approaching the proposed BES program with the realization that a lesson from the past history of relativistic
heavy-ion physics is to expect surprises, we offer a physics vision that is presented in Table 2 (page 14), in which
we emphasize the highly diverse analysis options made possible by the large acceptance and general-purpose
capabilities of the STAR detector, especially with the enhanced particle ID capabilities added by the full Time-of-
Flight barrel coming online in Run-10. Table 2 is a concise illustration that STAR is highly adaptable and flexible,
and we are ready to find and characterize the almost-inevitable surprises that will be in store as we explore the
new frontier of the BES.

Recent analyses of a few thousand Au + Au events at 1/Syy = 9.2 GeV, recorded during a short beam
development test in spring 2008, provide ample evidence that the STAR detector is fully ready and capable of
successful operation at sub-injection energies.

Many factors constrain our planning for BES running at STAR. These include the upcoming Heavy Flavor
Tracker and Forward GEM Tracker subsystems, which will impact the future availability of one or both Forward
Time Projection Chambers (FTPC) — proven existing subsystems that provide information about the reaction plane
needed for measuring the v; component of flow and considerably extend pseudorapidity coverage. New 4-cm-
diameter beam pipes are also coming to both PHENIX and STAR in Run-11. The implication for BES of these new
pipes is still under study, but there is a danger of very serious degradation of RHIC performance at low beam
energies. Therefore, we view Run-10 as a unique opportunity for an exploratory Energy Scan.



The QCD Phase Diagram
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Fig. 1: A schematic representation of the QCD Phase Diagram. The location of the
critical point, the separation between the 1*-order transition and chemical freeze-out,
and the focusing of the event trajectories towards the critical point, are not based on
specific quantitative predictions, but are all chosen to illustrate plausible possibilities.

The QCD phase diagram, schematically sketched in Fig. 1, lies at the heart of what the RHIC Physics Program is all
about. It contains information about the location of phase boundaries (the phase transition is indicated by the
orange band) and the physics of the phases, hadronic gas (HG, light blue) and quark-gluon plasma (QGP, navy),
that are separated by this boundary.

So far, our understanding of this diagram is limited to the “edges” [7]: Lattice QCD calculations at vanishing
chemical potential w5 indicate a rapid, but smooth cross-over transition at a large temperature T [3], while various
models representing matter at vanishing T predict a strong first-order phase transition at a large y [4]. If both
classes of models are correct, then a critical point (marked by the red circle in Fig.1) must be located where the
transition changes from a smooth cross-over to first-order [5]. Exploring the rest of the QCD phase diagram (7= 0
and 3 # 0) presents a formidable challenge. Several methods have been applied to lattice QCD to overcome
existing numerical problems at non-vanishing 1, but there is no agreement in the predictions of the location, or
even the existence, of the critical point so far. An additional complication comes from the fact that the systematic
errors of lattice calculations are neither understood nor constrained.

Given the very significant theoretical difficulties, it falls to the experiments to resolve the questions. The BES
experimental program at RHIC with heavy ion collisions at energies in the range \/syy = 5 to 39 GeV is designed to
provide observational evidence for the existence of the critical point and to explore the unknown “territories” of
the QCD phase diagram. Heavy ion collisions provide a unique experimental opportunity for such exploration; by
varying the center-of-mass energy of the colliding nuclei, one can access different values of 4 (collisions with
higher energies probe lower 5 values). The yellow lines in Fig. 1 represent reaction trajectories at energies
proposed for the first run of the BES program (from right to left: /syy =5, 7.7, 11.5, 17.3, 27 and 39 GeV).
While stepping in 1, one needs to pay close attention to many observables, in particular the signatures predicted
for phase transition and the critical point. A non-monotonic dependence of variables on +/syy and an increase of
long-wavelength fluctuations should become apparent only near the critical point. The rise and then fall of this
signal as g increases should allow us to ascertain the (7, i) coordinates of the critical point. The onset of the



non-equilibrium “lumpy” final state is expected after cooling through a first-order phase transition. Those
fluctuations will have non-Gaussian character.

Note that the magnitude of these non-monotonic excursions, as well as the probability that they will survive the
final state interactions, is difficult to predict. Fortunately for the experiments, there may not be a need for a
trajectory to “pass” precisely through the critical point in the (T, 1) plane to see the signatures, as some
hydrodynamic calculations show that the critical point “attracts” trajectories [6]. In such a case, if the trajectory
misses the critical point by a few tens of MeV along the z4 axis, the signature will be just as strong as if it were to
pass directly through it. Note, however, that this “attraction” is not generic, and relies on specific features of the
EOS near the critical point [6]. The exact position of the critical point in Fig.1, as well as the associated attraction of
trajectories, was chosen for illustration purposes only [6]. Although subsequent running can use smaller steps in
1 to verify and trace the possible effect of focusing and to pin down the critical point, the first exploration of
unknown territories of (T, 1) space will be done with a few steps in y/syy to narrow down an area of interest for
further study (see Table 1 on p.13).

Establishing the existence of the critical point, or the existence of both a cross-over and a first/second order
transition, would surely place RHIC results into textbooks around the world.

A. Turn-off of QGP Signatures and Other New Phenomena

(A-1) Constituent-quark-number scaling
When elliptic flow v, is plotted versus transverse kinetic
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An observation of this n, scaling behavior turning off below some threshold beam energy would be a very powerful
confirmation of our current understanding of the deconfined phase. The (mr- mq )/n, reach of the NA49 data at
the top SPS energy is only 0.9 GeV/c” [8]. Data in this range does not test quark number scaling and is therefore
not sufficient to answer the question of whether a similar v,/n,-scaling extends to lower beam energies. Extending
the ny scaling studies to BES energies, with a reach to 2.0 GeV/c2 should provide a definitive answer to this
question.
The solid and dashed curves in Fig. 2 near v, = 0 show the simulated magnitude of v,/n, error bars in the scenario
of running Au + Au at 4/syy = 11.5 GeV with the full ToF barrel in operation. With 5 million events, error bars are
very small on protons, and even smaller on pions. The dotted line illustrate that even with just a half-million
events, we would still have a reduced but probably adequate ability to compare pions and protons, and thereby
test if the scaling still holds. Table 2 (page 14) includes additional information about the energy dependence of
STAR’s simulated performance for this hallmark observable, including our capabilities for heavier mesons and
baryons. Elliptic flow measurements for ¢ and Q, particles that have relatively low hadronic interaction cross



sections and are more promising probes of the early stages of the collision, open the door to testing partonic
collectivity with improved confidence [52]. For testing mt, K, p and A up to (my=mq)/ng~ 2 GeV/c” with strong
statistical significance, we need on the order of 5 million events at each BES energy point, whereas for ¢ and Q, the
statistical requirement become prohibitive below injection energy. In summary, we are confident that STAR has
some capability to search for the crucial turn-off of n, scaling at all BES energies where on the order of a million
events are collected, as illustrated by Fig. 2.

(A-2) High & Intermediate py Spectra: QGP Opacity and the Baryon Anomaly

Hadron suppression through jet quenching has been a key observable for estimating the density of the matter
created in heavy-ion collisions. In 200 GeV Au+Au collisions, high pr hadron yields are suppressed by a factor of five
relative to Npinary-scaled p+p collisions. In 22.4 GeV Cu+Cu collisions, however, neutral pion yields at pr = 4 GeV/c
are enhanced by a factor of 2. Such a behavior is characteristic of lighter systems (the number of participants is
about a factor 3 lower in Cu+Cu than in Au+Au). This conclusion is not yet firm, however, because the pr-reach of
the 22.4 GeV Cu+Cu measurements extends only to 4 GeV/c. In this momentum range, the baryon to meson ratio
is enhanced. In 62.4 GeV Au+Au collisions, the suppression is similar to that at 200 GeV, indicating that the strong
jet quenching seen at top RHIC energies may set in somewhere below 62.4 GeV. A similar degree of suppression is
observed also in Pb+Pb collisions at 17.3 GeV. The two CERN experiments NA49 [47] and WA98 [48] report Raa< 1
up to prof 3.5 GeV/c, which indicates that suppression may set in at even lower energies, below 17.3 GeV. The
particle type dependence of the nuclear modification factor R shows a dependence on constituent quark number
rather than mass, indicating that baryon yields increase faster with the matter density than meson yields. This
dependence, coupled with the quark number scaling observed in v,, suggests that fragmentation does not
dominate hadron production here, but rather some multi-quark or gluon process and/or flow.

Measurements of the baryon to meson ratios and identified particle R¢p for pr up to and above 4.5 GeV/c in the
v/Snn range between 17.3 and 62.4 GeV will allow STAR to disentangle effects that appear to dominate the
intermediate py region. This is required to infer whether there is an onset of QGP opacity between 17.3 GeV and
62.4 GeV. At beam energies above 28 GeV, the Rcp and baryon-to-meson ratio studies can be bolstered with
studies of the jet cone through triggered di-hadron correlations.
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Fig. 3: The left panel shows STAR measurements of charged pion Raa in Au+Au collisions at 62.4 and 200 GeV, and
PHENIX measurements of neutral pion Raain Au+Au at 200 GeV, and in Cu+Cu at 22.4 GeV. The 22.4 GeV data are based on
6 million collisions. The right panel shows STAR measurements of identified particle Rcp in 200 GeV Au+Au collisions.
Baryons are less suppressed than mesons. At intermediate pr, all baryons lie in one group above the mesons.

The number of events required for high-p; di-hadron studies was estimated based on PYTHIA. The estimates
depend strongly on the pr of the trigger and associated particle. For the high pr spectra studies at 17.3 GeV, we
base our estimates on existing measurements from NA49 and PHENIX. PHENIX measured neutral pion Ras up to pr
=4 GeV/c with 6 million 22.4 GeV Cu+Cu collisions. NA49 measured identified particle spectra up to p; = 4.5 GeV/c
with 800 thousand central 17.3 GeV Pb+Pb collisions. The acceptance of the STAR detector is roughly a factor of
1.8 larger than NA49 (-0.3<y<0.7 vs. 0.9<y<0.9) and a factor of 5 larger than PHENIX. We are confident therefore



that 15 million minimum bias Au+Au collisions at 17.3 GeV will allow STAR to measure R¢p up to pr = 4.5 GeV/c,
where it is believed that fragmentation begins to dominate particle yields. Samples of 33 and 24 million events at
28 and 39 GeV will provide enough statistics to reach p; values of 5 and 5.5 GeV/c, respectively, and will also
provide the statistics needed to resolve the jet cone using triggered di-hadron correlations. These data sets will
therefore allow STAR to perform definitive tests for an onset of QGP opacity and to test models for multi-quark
and gluon hadron production, such as the recombination and coalescence models. The energy dependence of the
baryon to meson ratio will be a particularly stringent test of models that rely on the interplay between a falling p;
spectrum and recombination or flow to describe the baryon enhancement.

(A-3) Pair Correlations in the Space of Pair Separation in Azimuth and Pseudorapidity

Same-side peak, 28-38% centrality STAR’s broad and uniform acceptance in both azimuth and
pseudorapidity make it the ideal detector to reveal the full
structure of many classes of correlation. The quantity Ap /Vp,
plotted in Fig. 4 is constructed from the number of particle pairs
separated by ¢, in azimuth and 74 in pseudorapidity. o is a
mixed-event reference, and Ap is the number of real pairs
minus o [15]. This type of observable is sensitive to the
familiar cos 2¢ modulation arising from elliptic flow, but this
flow has already been subtracted in Fig. 4. A spike at (0, 0) due
to photon conversions and HBT has also been subtracted; what
remains is a correlation strongly elongated in 77,4 at small

@4 known as the “ridge”. This structure is fit quite well with a
2D Gaussian, and Fig. 5 provides further details about the
parameters of this Gaussian as a function of the centrality
measure v. The most striking feature of the ridge is its steep

Fig. 4: Pair correlations for 200 GeV Au+Au as a increase in both amplitude and pseudorapidity width as
function of pair separation in azimuth and collision centrality increases. Over the same centrality range,
pseudorapidity, after subtracting elliptic flow ) ] . o
and an unrelated enhancement in the region the width along the ¢ axis decreases slightly, and the behavior is
where both differences are very small. qualitatively similar in Cu+Cu collisions at 62 and 200 GeV.
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Fig. 5: Amplitude (left panel) and pseudorapidity width (right panel) of 2-D Gaussian fits to the ridge for Au+Au
at 200 GeV (black / solid circles) and 62 GeV (red / open circles), as a function of the centrality parameter v [15]
(larger corresponds to smaller impact parameter). The broken lines on the left and the shaded band on the right
correspond to Glauber Linear Superposition scaling.

The large extent of the ridge in pseudorapidity can be understood only if the underlying correlation is imparted
early in the collision process. Calculations featuring Glasma flux tubes coupled with a flowing sQGP [9] make



rather specific predictions related to the onset of the ridge, with a testable dependence on both beam energy and
centrality. Ref. [9] implies that the beam energy region of greatest interest should lie between /syy = 13 GeV and
35 GeV. Studying the energy dependence of the ridge will allow us to test the conjectured relationship between
the ridge, Glasma flux tubes, and the formation of strongly interacting quark gluon plasma. The ridge has featured
prominently in overviews of the most important RHIC developments and we regard it as a promising analysis topic
for an energy scan.

As before, Table 2 provides quantitative details about statistics requirements for the signals discussed in this
section. We expect to have ample statistics to pursue all of the above ridge-related studies down to /syy ~ 17.3
GeV.

(A-4) Local Parity Violation in Strong Interactions

There are still many open questions related to the non-trivial structure of the QCD vacuum. The generation of
mass from spontaneous chiral symmetry breaking, and topological solutions (instantons, sphalerons) are relevant
to this discussion. Event-by-event local strong parity violation would be highly important new evidence that would
lend support to current theoretical understanding, and would have an immediate impact, not just on relativistic
%1073 heavy ion physics, but on all spheres of physics touched
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by forming a correlation between pairs of emitted particles (azimuths ¢, and @) relative to the reaction plane
(azimuth %), as plotted on the vertical axis of Fig. 6. The observed results [10] are consistent with the expected
signal for parity violation, especially the centrality dependence, as seen in Fig. 6. There are caveats attached to
this observation — the expected parity violation is parity-odd, whereas the only accessible observable to measure it
is parity-even, which means that effects not related to parity violation (e.g., jets and resonances) can contribute to
the measured signal [10]. So far, there is no known background, or effect predicted by existing event-generating
models, that could account for the observed signals. The shaded regions in Fig. 6 illustrate the limited extent to
which background effects could contribute.
There are two separate ways in which the Beam Energy Scan is highly relevant in discussion of local strong parity
violation. First, the violation is generally accepted as needing deconfinement to happen. So apart from its very
high intrinsic importance, with implications well beyond heavy ion physics, parity violation is a deconfinement
signal that we expect to turn-off at some point if we go down low enough in energy. Second is the aspect of how
the parity-violating signal and background effects might behave as we scan down in beam energy. Simulations of



backgrounds suggest that if the signal survives after the analysis has been repeated over a range of beam energies,
the argument that background effects cannot explain it will be even more compelling.

As documented in Table 2, this study of local strong parity violation needs about 5 million events at each BES
energy, and thus our run plan will allow this study to be pursued at all energies down to 7.7 GeV. These
measurements illustrate a unique capability offered by STAR's large acceptance: multi-dimensional imaging of
correlations and fluctuations give better insight into the source and nature of observed signals.

B. Search for Phase Transition and a Critical Point

(B-1) Elliptic and Directed Flow

For collision energies that result in trajectories that cross the 1*-order phase transition region, there is expected to
be a significant softening of the equation of state. Thus signatures of the 1*-order phase transition will be found in
the hydrodynamic evolution of the phase-space distribution.

Elliptic flow (v,) has been studied at RHIC, SPS, AGS, and lower energies. The most extensive energy systematic is pr
integrated and for unidentified particles, as shown in Fig. 7. At energies below +/syy = 3.8 GeV, the elliptic flow is
negative (out-of-plane). This is interpreted as a squeeze-out due to the interaction between the spectators and the
participant zone [11]. Ideal hydrodynamics had predicted a non-montonic dependence of v, with collision energy
due to the softening near T, [12], however, this has not been seen in this general study; above 3.8 GeV, the elliptic
flow becomes positive and increases with collision energy. In order to remove the effects of the initial conditions,
v,/¢ (where ¢ is the initial state eccentricity) has been studied as a function of centrality for RHIC energies and
compared to hydrodynamic predictions [13]. It is only at the highest particle densities that the systems seem to
approach the ideal hydro limits [14].

Measuring v, with a selection on transverse momentum is important for at least two reasons. Firstly, comparison
with any model should only be done within the range of validity of that model. Hydrodynamics is typically assumed
to be valid below 1.5 GeV/c [12], and the shape of the p;-dependence of v, is a good indication of when viscous
effects dominate. Secondly, it has recently been stressed [51] that focus on some specific range in p; can generate
apparently-exciting but actually-trivial artifacts in the excitation function of v,. In addition to pr selection, it is
crucial to have good particle identification, for two important reasons. Firstly, several authors [53,54] have
pointed out the much stronger sensitivity on the EQS for particles much heavier than the pions, which dominate
inclusive charged particle measurements. For example, a potential sighature of the phase transition is the collapse
of proton elliptic flow [46]. NA49 had made an initial report of an observation of this effect in \/syy = 8.77 GeV
data [17], however, more precise results and more detailed comparisons to the theoretical models are needed in
order to draw firm conclusions. Secondly, the defining characteristic of collectivity in hydrodynamical scenarios is
the interplay of the velocity field with thermal motion; this gives rise to an unavoidable and characteristic mass
scaling of spectra and v,. The observation of this scaling signals that hydro concepts may be applied, whereas its
breakdown suggests strong viscous corrections, or particle-dependent mechanisms such as quark coalescence or
particles escaping early from the collision (e.g. phi meson).

The directed flow (v;) is generated during the nuclear passage time, Ty, and therefore it can probe the onset of
the bulk collective dynamics as long as this passage time is greater than the time required to achieve
thermalization, 7. The nuclear passage time can be estimated as T,.s=2R/y, which varies from ~ 5.6 fm/c for /syn
=5 GeV to ~ 0.35 fm/c for /sy = 39 GeV; the timescale for thermalization is expected to be proportional to

(dN /dy)™?and varies from ~ 1.2 fm/c for \/Syy = 5 GeV to ~ 0.7 fm/c for \/Syy = 39 GeV (Tpuss > % for all collision

energies proposed in Table 1 except 39 GeV). The shape of v; vs. rapidity is of special interest because it has been
identified as a key phase transition signature [18]. At low energies, the v; is almost directly proportional to the
rapidity. In the energy range proposed in Table 1, the directed flow is predicted to be near zero and to even exhibit
a characteristic “wiggle”. In Fig. 8, we show suggestive preliminary results of a v; analysis of 9.2 GeV test run data.
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(B-2) Azimuthally Sensitive HBT

Momentum-space correlations tell only half of the story of the hydrodynamic evolution. HBT radii measured
relative to the event plane are the coordinate-space analogs of directed and elliptic flow [19, 20], and are expected
to be sensitive to a softening in the EOS related to a 1™-order phase transition [21].

STAR has measured the azimuthal dependence of the © HBT radii with respect to the reaction plane [22]. In
addition to the overall size of the source, this analysis reveals the transverse shape (described by the eccentricity,
&= (0-3 -c?) /(03 +o?), where o’ is the in-plane axis, and o;,z is the out-of-plane axis). The shape is found to be

extended out-of-plane at freeze-out. Quantitatively, however, it has a lower eccentricity, reflecting dynamic

evolution of the system.
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This would be the direct analog of the non-monotonic excitation function of v, originally predicted by ideal hydro
models with a softening due to a phase transition [12, 23]. The signal in v, has not been observed. However, the
spatial anisotropy probed by HBT is weighted in the time evolution differently, so may retain sensitivity to the
softest point. In any event, Fig. 9 represents one of the very rare bulk-sector probes with an unexplained non-
monotonic excitation function, demanding further exploration.

The 3-dimensional shape of the spatial configuration approximates a tri-axial ellipsoid. One can extract the angle
between its major axis and the beam direction. This “tilt angle” [20] is the spatial analog of the “flow angle” [24]



formerly used to characterize directed flow. Simultaneous measurement of both the tilt angle and v; provides
unique insight into the nature and physics of directed flow at lower energies. As discussed above, crossing a
threshold to a phase transition will generate a “wiggle” in the directed flow at midrapidity. This same physical
scenario is predicted to generate a non-trivial fingerprint [25] of the coordinate-space configuration. The geometry
will probe the physics behind the “third component” of flow generating the v; wiggle.

(B-3) Fluctuations

The search for a critical point can follow two parallel strategies 1) is to find direct evidence of the divergence of
fluctuations expected at the critical point, 2) is to bracket the location of the critical point by finding evidence for a
first order phase transition at lower g. It is important to understand the characteristics of the fluctuations and
correlations expected in case the system passes through the region near the critical point, or in case it passes
through a first order phase transition. Those correlations and fluctuations must be disentangled from backgrounds
such as resonance decays, jet fragmentation, elliptic flow, and other sources of correlations not related to the
critical point or to clumping due to spinodal phase separation at the hadronization phase boundary [55].

Understanding the origin of the already observed non-statistical correlations and fluctuations [56] requires highly
differential information at a variety of centralities. Of particular experimental interest is the longitudinal and
azimuthal width of any anomalous correlations and the system size dependence of the associated fluctuations.
With particle identification and a large uniform acceptance in 47 and A¢, STAR provides unprecedented
capabilities for these studies. This will allow STAR to disentangle the various sources of correlations and identify
those related to a first order phase transition or a critical point. Since they are formed later in the system’s
evolution, these correlations should be narrow in longitudinal extent, while the azimuthal width will depend on the
strength of the radial flow and the temperature of the system. Once backgrounds have been accounted for, the
system-size dependence of the correlations can reveal information about the order of the phase transition [57]. In
particular, a first order phase transition will lead to a system-size dependence whereas a smooth cross-over will
not [58]. Performing these differential correlations and fluctuations analyses at a variety of centralities will require
approximately 5 million events per energy.

B
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values [9].

canceled.

The fluctuations of momentum of the charged pions are expected to be sensitive to critical fluctuations [29],
because pions couple strongly to the fluctuations of the sigma field (the magnitude of the chiral condensate) which
is the order parameter of the phase transition, and since the condensate magnitude is predicted to show increased
fluctuations in the vicinity of a critical point, these signatures should be imprinted on the pion [29].

Preliminary studies show [30] that they are all within the reach and capabilities of the STAR detector.

K/~ fluctuations: The changes in susceptibilities as a function of the temperature illustrated in Fig. 10 might be
observable as deviations of fluctuations from a monotonic dependence on incident energy in central collisions.



However, changes in the underlying physics can also induce changes in the fluctuations as a function of incident
energy. To gain insights into what might be expected from K/ fluctuations as a function of beam energy, the
experimental results were compared to predictions from the UrQMD [31] and the HSD [32] models, as illustrated
in Fig. 11. The UrQMD and HSD models reproduce results at RHIC energies, however at lower energies, UrQMD
under-predicts the fluctuations, while HSD reproduces the lowest and the highest energies, but over-predicts in
the range +/syy = 8-20 GeV. Detailed discussion and comparisons with the AMPT model [33] can be found in Ref.
[1]. The fact that all presently-available models have a serious problem with reproducing observed data, combined
with the lack of experimental data in the range of 1/syy = 20 - 60 GeV, means that the question of non-monotonic
behavior of K/xt fluctuations must be answered with additional measurements. Of particular interest is the
magnitude of K/ fluctuations at the lower end of the proposed energy scan range, as this may shed light on the
monotonic vs. non-monotonic behavior of the NA49 “horn”. With the proposed run scenario, the fluctuations at
7.7 GeV will be analyzed with adequate statistics, while the proposed number of events for 5 GeV K/x fluctuation
analysis may only indicate the trend.

STAR is perfectly suited to perform these measurements. Fig. 12 shows the estimated statistical error for STAR's
Gayn for the charge-integrated K/z ratio with, and without, ToF information. The measurements were assumed to
be based on only 100k central events. Also shown, for comparison, are the current NA49 and STAR measured data
points. With the ToF, STAR's relative error is ~ 5%, and without the ToF, this doubles to ~10%. To make these
measurements, one needs to attempt to measure all the kaon and pions. The K reconstruction efficiency as a
function of py is rather low, mainly due to kaon decays. STAR’s ToF will extend the clean PID range to higher pr and
thus gain essential coverage. As already mentioned, not only coverage, but clean PID is needed. The ToF plays an
essential role in eliminating electron contamination at low px.

10 LYy
95_ 1 B Nasg o B nase
E N H STAR  STAR
8 ‘l : — UrQMD 8
£ e | [y
- " \\ 1 -
— 8F 9 & +
?_“.g sE- 5 '
°af NP T SEEEE + *
35— 3 *
E with TOF
2 2
1 !
oF i . S ) P S . cIF
2 10 1
10 S (GEV) 10 B {GeV)
Fig. 11: Comparison of the predictions of the HSD Fig. 12: Estimate of the error in oy, for charge-
and UrQMD models to the experimental data for integrated K/x fluctuations, based on 100K central
cayn for K/m. Lines are drawn to guide the eye. events analyzed in the STAR detector (with the newly

completed ToF). Shown for comparison are the
current measurements from NA49 and STAR.

p/= fluctuations: The study of p/= fluctuations may provide information about baryon fluctuations. The quadratic
baryon susceptibilities show a marked peak at temperatures near the critical temperature (see Fig. 10). p/n
fluctuations have been studied as a function \/syy by NA49 [34] and by STAR at the same energies as used to study
K/m fluctuations. Results were compared to UrQMD and AMPT models. Both models are reasonably close to the
experimental data. And again, like in the case of K/, there is a gap in experimental information at lower energies,
which needs to be remedied with new data.

<pr> fluctuations: Average transverse momentum fluctuations are discussed in the literature in the context of a
search for the QCD critical point [29], [35]. It is expected that close to the critical point, long-range correlations are
very strong, resulting in enhanced momentum fluctuations, especially for small momenta (small p; values are
important because correlation length r diverges at the Critical Point and Ar Ap ~ h/27). The signature in this case
would be a maximum in the excitation function of < pr>-fluctuations at the energy corresponding to the location of
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the critical point. In addition to the transverse momentum fluctuations for all charged particles, one can
investigate pr fluctuations of the negative and positive charges independently, as well as the cross-correlations
between them [36].

Measurements of <p> fluctuations are extremely challenging if the experiment does not have 2m acceptance,
because there are a number of effects that can compromise the strength of the signal and are not fully correctable
without 27t coverage (for instance elliptic flow can cause a non-statistical fluctuation of the <p;> if the experiment
does not have 27 acceptance). This is not a concern for the STAR detector, which has full azimuthal symmetry.
STAR analyzed successfully those fluctuations in Au+Au collisions at energies from 20 to 200 GeV. The <p;> was
measured for all events and also estimated for mixed events. The results were compared, and a difference
between the data and mixed events was interpreted as an indication of non-statistical fluctuations; see an example
in Fig. 13. Current results show significant non-statistical fluctuations at all energies measured by STAR [37]. < p>
fluctuations have been also investigated at the CERN SPS (CERES [38] and NA49 [39] experiments). Together these
measurements cover a wide range of beam energies. The compilation of all < pr>-fluctuation measurements is
shown in Fig. 14 (the variable 2p; represents the dynamical contribution to event-by-event <p;> fluctuations in
units of the overall average <p> [49,50]).The fluctuations are of the order of 1% of <p>in all cases, and show
virtually no beam-energy dependence.

Currently there are no measurements with full azimuthal coverage in collider geometry below +/syy = 20 GeV
where, most probably, the CP is located. This fact, together with a relatively large gap in the measurements
between 20 and 60 GeV, does not yet allow us to draw conclusions regarding non-statistical fluctuations, their
magnitude and nature, and possible relation to the critical point. The BES program, particularly the part of the scan
below injection energy, will allow us to clarify the situation. It is important to stress that all measurements will be
done with the same apparatus, and therefore, with the same systematics.
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Fig. 14: Normalized dynamical fluctuation observable 2pr
Fig. 13: The measured <pr>in Au+Au collisions at 200 GeV in central Pb+Au and Au+Au collisions for different center
(solid histogram), and from event mixing (green curve). of mass energies. The figure is from Ref. [38].

The fit to the data is shown as the blue curve.
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Higher Moments, Kurtosis: To date, most experimental fluctuation measures have concentrated on the second
moments (proportional to the square of the correlation length). However, estimates of the magnitude of
correlation length in heavy-ion collisions indicate it could be small around the critical point (of the order of 2-3 fm)
[40], making it challenging to be detected in experiments. It has been proposed that higher moments of event-by-
event pion and proton multiplicities are significantly more sensitive to the existence of the critical point compared
to measures based on second moments. The fourth

moment, the kurtosis, of these multiplicity 20
distributions is expected to be proportional to the
seventh power of the correlation length [40]. In
addition, it is expected that the evolution of
fluctuations from the critical point to the freeze-out HRG I

5, B
Tales

point may lead to a non-Gaussian shape in the Mosd e

event-by-event multiplicity distributions. Due to the 6 ——

above reasons, the kurtosis of multiplicity os b

distributions would then provide a more sensitive i_ N

observable for the search of the QCD critical point. s TiMev i, g SE
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Further in lattice calculations, which assume the

system to be in thermal equilibrium, the kurtosis of  Fig. 15: The ratio of the fourth and second order cumulants
event_by_event net_baryon numberl net_charge and of baryon number as a function of temperature. The value

t-st lated to th ti from the hadron gas model (HRG) is for the temperature
net-s ralng(.ar.wess are relate o. .fe.respec ive range from100 to 200 MeV
susceptibilities. These susceptibilities show large
values or diverge at the critical temperature in presence of a QCD critical point [26, 27, 40, 41]. The measurement
of higher moments of event-by-event identified particle multiplicity distributions will provide a direct connection
between experimental observables and Lattice Gauge Theory calculations [40]. Note that the ratio of the fourth
and second moments (Fig. 15) not only provides a strong signal but also is particularly convenient from the
experimental point of view, because all unknown volume terms cancel out.
Using STAR's large acceptance and excellent PID capabilities at mid-rapidity, protons and anti-protons can be
cleanly identified. One can therefore carry out both net-charge and net-proton kurtosis analyses, as motivated by
lattice QCD calculations.
Statistics of the order of 5M events at each energy point across the energy range from 7.7 GeV and up will allow a
net proton kurtosis analysis with an uncertainty of 0.1 [42].

Flexibility of STAR and Readiness for Unanticipated Observations

The energy range of the BES program at RHIC covers the span of most available Lattice QCD estimates of the
location of the critical point. It will span from the second-order cross-over regime, past the location of the critical
point in several estimates, and into the region dominated by the first-order transition (7, z5) ~ (170-100 MeV, 20-
500 MeV). The experiments must be capable of making comprehensive measurements of all the signals related to
critical phenomena and the evolution with beam energy of unusual medium properties attributed to the new state
of matter already studied at the upper RHIC energies (how they vary and, eventually, disappear). And, of course,
all experimenters must be open to new surprises in unexplored regions, and should have the most flexible tools for
investigating any unforeseen discoveries.

While the energy scan program at the CERN SPS (with beams from 20 to 158 GeV/c in fixed target mode,
equivalent to v/syy = 6.3 — 17.3 GeV) reported interesting phenomena with possible relevance to a phase
transition, the evidence remains inconclusive [43]. With the BES program at RHIC, we expect to greatly expand the
scope and range of relevant measurements, and thus bring much improved clarity to the situation. Using a collider
for energy scan studies brings two tremendous advantages over a fixed-target facility:

(1) The phase space covered by the detectors in collider experiments changes very little with beam energy. In fixed
target experiments, the detector acceptance changes significantly with energy and in order to understand how the
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underlying physics evolves with beam energy, extrapolation to a common phase space is necessary. This process is
based on assumptions and therefore introduces additional systematic uncertainties.

(2) Track density at mid-rapidity varies very slowly with energy for collider geometry, while it increases
dramatically with energy in fixed-target experiments. This results in increased technical difficulties in tracking (e.g.
changes in hit sharing and track merging, changes in dE/dx and momentum resolution). When going down to lower
beam energy from 200 GeV, due to the low multiplicity and luminosity, the STAR TPC will perform slightly better in
terms of efficiency and other performance parameters.

0.5r TV The STAR detector, due to its large and uniform acceptance and
N O-10% AueAL 8.2GeY  L0-10% AucAu 02 GaV excellent particle identification capabilities (enhanced by the
0.4~ @ RrHIC ) RHIC completed Time of Flight barrel in 2010), is uniquely positioned to
. M sPs L1sPs carry out this program in unprecedented depth and detail.
0.3 44%° £ AGS The STAR experiment already has a proven performance record and
E -*+ significant experience with low energy running. Low energy runs
0.2 A ] % were taken with 19.6 GeV Au+Au collisions in 2001 and 22.4 GeV
- A‘ S Q ® Cu+Cu in 2004. During a brief machine development test in 2008, the
0.1 a ﬁm =% STAR detector successfully took data (about three thousand good
i‘ &@A events) at v/syy = 9.2 GeV. All systems performed well, and as an
or example of physics results from this short test run, Fig. 16 shows a

34 10 20 - 160 200 comparison of 9.2 GeV data (marked with the red stars) with data
WSy (GeV) from other experiments at different energies. The K/= ratio vs v/syn
Fia. 16: The K/x rati funct b measurements are in very good agreement with the rest of the world
9. . e K/m ratio as a runction of beam
energy. The STAR 9.2 GeV test data are data.. All othgr STAR measurements at .9.2 GeV [44] are also
shown in comparison to world data. The error  consistent with those reported by earlier experiments. We are
bars for the 9.2 GeV result is dominated by confident that STAR’s capability over the proposed energy scan
statistical errors. L
region is fully understood, and we are ready for the proposed run.

STAR Run Plan for First Energy Scan

The BES program is planned in at least two stages. For the first BES run (RHIC Run-10) we propose to run a wide
range of energies, from /syy =7.7 to 39 GeV (see Tables 1 and 2) with an additional 200 k events at 5 GeV for
measurement of K/x fluctuations (nominally utilizing a machine development test at that energy). We have
selected lower \/syy Vvalues that give the greatest discovery potential for the critical point, as well as higher
energies to cover the current gap between RHIC and the SPS. We have chosen energy steps spaced uniformly
between top SPS energies and RHIC's 62.4 GeV.

It is highly preferable for the first run to take place in 2010 prior to the beam pipe change in STAR and PHENIX, and
prior to removal of FTPCs in STAR. The new 4-cm diameter beam pipe may seriously complicate successful running
at sub-injection energies due to increased transverse size of the beams below injection energy [45]. The STAR
FTPCs play an important role in providing information about the 1%-order event plane as well as extending
pseudorapidity coverage out to 4 units on each side.

Data from the 9.2 GeV Au+Au test run allowed us to estimate the actual rate of triggered events within a useable
range of vertex positions. The test run was very short with emphasis on demonstrating capability rather than
tuning for the highest possible event rate. BNL Collider Accelerator Division (C-AD) staff have indicated a high
degree of confidence that these rates can be increased by a factor of about 6 via improvements in injection
efficiency and by increasing the number of bunches in the machine. Additional tuning is likely to provide further
incremental rate improvements. Another option being explored is continuous injection to fill the bunches and
extend the beam lifetime. This is expected to increase the integrated rate by a factor of about 2. To be very
conservative, none of these further possible enhancements are included in the event rate estimates presented
Table 1 and 2. Based on consultation with C-AD, it is estimated that the rates will scale according to y3 up to
injection energy and by roughly yz above that. These estimates were cross-checked against actual data rates taken
by STAR during the early injection-energy run and also against measurements of the injection energy luminosity
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Table 1: The proposed run duration at each energy is determined by the number of Minimum Bias events needed to
perform the detailed measurements discussed in the previous sections; see Table 2.

Beam Event  8-hr Days/ Events 8-hr days
Energy Rate 1M Events  proposed proposed
5 0.8 45 100 k 5
7.7 3 11 5M 56
11.5 10 3.7 5M 19
17.3 33 1.1 15M 16
27 92 0.4 33Mm 12
39 190 0.2 24M 5

Collision Energies (GeV) 5 7.7 11.5 17.3 27 39
Section Observables Millions of Events Needed

Al ng scaling n/K/p/A (Mt-mg)/n<2GeV 8.5 6 5 5 45 45

Al ¢/Q up to pr/ng=2 GeV/c 56 25 18 13 12
A2 Rcp up to pt—4.5 GeV/c (at 17.3)

5.5 (at 27) & 6 GeV/c (at 39) 15 33 24

A3 untriggered ridge correlations 27 13 8 6 6

A4 parity violation 5 5 5 5 5

B1 Vv, (up to ~1.5 GeV/c) 0.3 0.2 0.1 0.1 0.1 0.1

Bl V1 0.5 0.5 0.5 0.5 05 0.5

B2 Azimuthally sensitive HBT 3.5 3.5 3 3

See[1]:

charge-photon fluctuations (DCC)
kink/step/horn

v, fluctuations

HBT (R, Ro/Rs)

Jet/ridge 2<trig<4, 1l1<assoc<trig
Jet/ridge 3<trig<6, 1.5<assoc<trig
Baryon-Strangeness cor (hypernuc)
Forward =~ yield (rapidity scaling)
Forw. y(n°) yield (rapidity scaling)
Long-range forward-backward corr.
Other PID fluctuations (esp. K/p)
Particle ratios (many examples)

pr spectra

Prod. of light nuclei & antinuclei
Yields of species & stat model fits

1 1
0.1 0.1
0.5 0.5
0.8 0.8

0.1
0.5
0.5

0.1
0.5
0.5
30

0.1
0.5
0.5
8.8

53

0.1
0.5
0.5
4.5
24
50

Table 2: Observables and statistics needed for the first BES run. The observables in the yellow-shaded area relate to the
search for turn-off of new phenomena already established at higher RHIC energies (see section A), while observables in
the blue-shaded area search for a phase transition or critical point (see section B). The numbers listed in boldface above
are all within reach (nominally require no more than 1.5 times the proposed statistics) in the first BES run plan as set out in
Table 1. The remaining numbers (not boldface) will need to wait for higher statistics in a subsequent run. The white part
above is briefly introduced in this document, and is explained in detail in Ref. [1].
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under current operating conditions. Results are found to be consistent [1]. From these estimated event rates, and
assuming that we take data for an average of 8 hours per day of beam, we determine the number of days
necessary to acquire one million events at each of the proposed energies, as shown in Table 1. Note that all
estimates in Tables 1 and 2 already allow for detector acceptance and vertex position cuts.

The observables listed in the white part of Table 2 are not considered at the present moment to be highest priority
analyses that determine the structure of our overall run plan for RHIC Run-10, but nonetheless are priorities for
individual groups within the STAR collaboration and will definitely be carried out as per the details discussed in Ref.
[1]. If the past history of heavy-ion physics is any guide, the most striking and unexpected discoveries of the BES
program may well emerge from the analyses listed in this white area of Table 2, and we consider STAR’s greatest
strength to be its ability, through flexibility and broad acceptance, to make serendipitous discoveries.

The lower beam energies are specifically chosen to map out a region around the "horn" in the K/ ratio observed
by SPS experiments [40]. All the selected energies allow collisions at both STAR and PHENIX. After analysis of the
first BES run, we propose that a second scan be performed, probably focused more specifically on a few collision
energies. These energies and physics topics will be chosen to explore in more depth the most interesting regions
found via the first scan. We argue that the most important energy region for the physics of the BES program is the
lower end of the proposed energy span, and therefore we propose to start the energy scan at 7.7 GeV. After about
two weeks of data taking, we will be able to evaluate the correctness of the estimates provided in Tables 1 and 2
of this document, and possibly adjust the duration of the run, if needed. At the time of writing, to the best of our
knowledge, we will require 5 M events at 7.7 GeV. We expect that the second run, with more data at fewer
energies, will take advantage of further luminosity upgrades proposed by BNL C-AD.
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