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Phase-I related to “turn-off” of strongly interacting quark—gluon plasma (sQGP) signatures and
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1. Introduction

At sufficiently high temperature T or baryon chemical potential ug QCD predicts a phase
transition from hadrons to the plasma of its fundamental constituents — quarks and gluons [1].
Search for and understanding of the nature of this transition has been a long-standing challenge
to high-energy nuclear and particle physics community. In 2005, just five years after start up of
RHIC, the first convincing arguments on the existence of de-confined strongly interacting partonic
matter with unexpected properties of perfect quark-gluon liquid, constituent number scaling, jet
quenching and heavy-quark suppression were revealed [2]. A central goal now is to map out as
much of the QCD phase diagram in 7', tp plane as possible, trying to understand various ways in
which the hadron-to-sQGP transition may occur. The first STAR proposal for the BES program
was published in 2008 [3]. The goal is to search for the “turn-off”” of sQGP signatures, signals of
QCD phase boundary and existence of a critical point in the QCD phase diagram.

After few small-statistic Au+Au exploration runs at /syy =22 GeV in 2005 and at /syy =
9.2 GeV in 2008 [5], STAR collected large-statistics data sets at /syy = 7.7, 11.5 and 39 GeV in
2010, and 19.6 and 27 GeV in 2011 [7]. The almost uniform acceptance for different identified
particles and collision energies at midrapidity is an important advantage of the STAR detector for
the BES program. The main tracking device — the Time Projection Chamber (TPC) — covering
27 in azimuth (¢) and —1 to 1 in pseudorapidity (1) provides momentum measurements as well
as particle identification (PID) of charged particles. For the higher transverse momentum (p7)
region, the Time Of Flight (TOF) detector is quite effective in distinguishing between different
particle types. Particles are identified using the ionization energy loss in TPC and time-of-flight
information from TOF [4]. The centrality selection in STAR is done using the uncorrected charge
particle multiplicity measured in the TPC within 1| < 0.5 [5].

2. Suppression of high-pr hadrons

Study of energy-dependence of high-p7 hadron suppression [2, 6] provides a promising avenue
for “turn-off” of sQGP measurement. The ratio of transverse momentum differentiated spectra
from central over peripheral collisions and scaled by the mean number of binary p+p-like collisions
in each event is called the nuclear modification factor and is denoted by Rcp. In the presence of
sQGP, high-pr particles are quenched, transferring energy to lower momentum particles, causing
Rcp to be less than unity at high pt [2, 6]. Quenching competes with radial flow or the Cronin
Effect or any other effects that would cause enhancement. Later has been observed by STAR in
asymmetric d+Au collisions at /s =200 GeV [8].

Trigger efficiency, tracking efficiency, and acceptance but not feed-down corrected charged-
hadron spectra from mid-rapidity Au+Au collisions at /sy = 7.7, 11.5, 19.6, 27, 39, and 62.4
GeV were produced for 0-5% central and 60-80% peripheral collisions in the STAR detector. The
spectra were scaled by binary collisions with the scale factors obtained from a Monte Carlo Glauber
model [10]. Taking the ratio of these scaled spectra for each energy gives the Rcp(/Syy, 1) shown
in Fig. 1 (left) along with STAR’s published 200 GeV result [6]. The global systematic uncertainty
is dominated by the uncertainty in the centrality selection for the peripheral bins, which is used
in the Glauber calculation and presents as an uncertainty on the binary collision scale factor. The



STAR Beam Energy Scan Program Michal Sumbera

A o e e A e e e e e A e e e SN Ay =
~ STAR Preliminary

*  7.7GeV T ﬁ* o T7.7GeV T

Stat. errors only = 11.5GeV 7 0 11.5GeV 1

10 Not feed-down corrected 19.6GeV 1 %%—t} 19.6GeV N

B 27GeV T 0 27GeV g

B 39GeV + & wﬁf i 39GeV ]

. F 62.4GeV 1 : 7:‘%7 | 0 62.4GeV ]
S STAR(2003) 200GeV _| = At *iﬁ* o 200GeV

"

1 e e e D ' :8:282&:5:% ------------- -

F ¥y ; i q

F HIJING (jet quenching o B

NI:'art,E&§§®§&m®@O - 0, (] qu ’ ff) :

i - % (0-5%)/(60-80%) i

101 L Loy 1 | \ | | Ll

0 8 100 2 4 6 8 10

pT(GeVIc)

Figure 1: (Color online) Efficiency corrected charged hadron Rcp (left) for RHIC BES energies. pt depen-
dent errors are statistical only. The gray error band corresponds to the pr independent uncertainty in Ny
scaling. Charged Rcp from HIJING simulated events (right) with jet quenching turned off.

same methods that produced the lower beam energy results were used to produce a 200 GeV result
from 2010 data. This measurement disagreed with the feed-down corrected result from 2003 (Fig.1
left) by 20% and so this was folded into the overall systematic uncertainty of the other results (Fig.
1 gray box). The cause of this discrepancy is under investigation. For more details see [11].

Right panel of Fig. 1 shows Rcp(,/Syy,pr) obtained from simulations using HIJING 1.35
model [9] with jet quenching turned off. The motivation for this study is the expectation that at
sufficiently low beam energies, where medium-induced jet quenching has minimal effect, there
would be a quantitative agreement between the charged hadron Rcp from simulation and data.
Again, Rcp at lower beam energies is enhanced, although we do not see a quantitative agreement
with charged hadron Rcp from data. We do not see suppression at higher collision energies, as
expected since quenching was turned off. By running HIJING with jet quenching on and off and
comparing with other models we hope to disentangle the relative contributions of jet quenching,
cold nuclear matter effects, and possible contributions from radial flow or final state scattering. The
results in Fig. 1 (left) are consistent with suppression for /s > 39 GeV. This does not preclude
medium induced energy losses at lower energies since other effects could be overwhelming this
signature.

Particle yields were extracted from a simultaneous fit to dE /dx distributions measured in the
TPC and time of flight distributions measured in the TOF detector for each centrality and pr bin at
each beam energy. The result (Fig. 2, left panel) is qualitatively consistent with published data [12]
in that pions are less enhanced than protons, suggesting that pions may serve as a better gauge for
jet quenching within the pt range available through particle identification. Considering 2.5 GeV/c
< pt <4 GeV/c hadrons, the results from Fig. 2 show that protons are not suppressed at any beam
energy and pions go from being suppressed at higher beam energies to being enhanced at lower
beam energies with a transition near /s = 27 GeV. The result on anti-particles (Fig. 2, right
panel) is consisted with positively charged hadrons except of suppression of low momentum anti-
protons observed at lower energies. Later is likely to come from large annihilation cross section of
anti-protons in the hadronic medium.
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Figure 2: (Color online) Efficiency corrected Rcp of positive (left) and negative (right) identified hadrons
for RHIC BES energies.

3. Anisotropic Flow

Azimuthal anisotropies v and v, of particles with respect to event reaction plane offer insight
into the equation of state of the produced matter [2]. The first quantity v; measures directed flow
due to the sideward motion of the particles within the reaction plane. It is sensitive to baryon
transport, space-momentum correlations and sQGP formation. The second quantity v, results from
the interaction among produced particles and is directly related to transport coefficients of produced
matter. It brings information on the pressure and stiffness of the equation of state of matter created
during the earliest collision stages. The big surprise at RHIC was the finding that v, increases by
50% from the top SPS energy \/syy =17.2 GeV to the top RHIC energy /s =200 GeV [2]. The
large value of v, observed at RHIC and later on at LHC [13] is one of the cornerstones of the perfect
liquid bulk matter dynamics.

For nucleons v; reflects the hydrodynamic pressure that is created as the two projectile nuclei
compress the interaction zone. A reduction of v (y) slope dv; /dy in the vicinity of mid-rapidity has
long been proposed as evidence of the softening on the equation of state associated with a phase
transition. AGS data on protons show a monotonic decrease of v;(y) slope from /s =2.7 to 4.7
GeV [14]. STAR BES result (left panel of Fig. 3) shows that proton v; (y) slope changes sign from
positive to negative between 7.6 and 11.5 GeV and remains small but negative up to 200 GeV. In
contrast to that v; () slope for net-protons, which is a proxy for the directed flow contribution from
baryon number transported to mid-rapidity, shows a compelling non-monotonic behaviour through
the BES region. Observed double sign change can not be explained by the UrQMD transport
model but is qualitatively consistent with a prediction of hydrodynamic model with a first order
phase transition [16].

STAR BES results on v, of identified hadrons in the regime where the relative contribution
of baryon and mesons vary significantly are presented in [17]. Of particular interest is the energy
dependence of the v, difference between particles X (p, A, 2=, £, K*) and anti-particles X (p, A,
=, 7, K)[15,17] . This difference is denoted in the following as v2(X) —v2(X) and is shown
on middle panel of Figure 3 as a function of the beam energy /syn. At 62.4 GeV, the v, difference
for mesons is close to zero, whereas the baryons show positive difference. The difference increases
for all particle species as the energy decreases. The baryons show a steeper rise compared to the
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Figure 3: (Color online) Left panel: Slope of the directed flow v; (y) near mid-rapidity of protons (red stars)
and net-protons (blue crosses) for 10-40% central Au+Au collisions as a function of |/syy. Middle and
right panel: The difference in the v, values between a particle X and its corresponding anti-particle X (see
legend) as a function of /syy (middle, [15]) and g (right, [17]) for 0-80% central Au+Au collisions. The

dashed lines in middle plot are fits using fa,, (/Svy) = a- s;,,'\),/ 2, and lines through the origin are shown for
the right plot.

mesons. The pions and kaons show a similar trend, but opposite with respect to their charge. Also,
the protons and A are very similar at all energies. Compared to the protons and A, the & show
a slightly smaller difference at higher energies, but a larger difference at lower energies. In right
panel of Fig. 3, the v, difference is shown as a function of the baryonic chemical potential, ug [17].
A parametrization from [18] was used to determine the g values for each beam energy. A linear
increase of the v, difference with up is observed for all particle species from 62.4 GeV down to 7.7
GeV. This linear scaling behavior suggests that the baryon chemical potential is directly connected
to the difference in v, between particles and anti-particles.

4. The BES Phase-II and STAR in Fixed Target Mode

To strengthen the message from Phase-I, higher statistics at lower energies is needed, espe-
cially at 7.7 and 11.5 GeV. Statistics for several important observables, such as ¢-meson v, [17]
or higher moments of net-protons distributions [19], are not sufficient to draw quantitative conclu-
sions. In order to confirm the trends between 11.5 and 19.6 GeV, another energy point is needed
around 15 GeV in order to fill the 100 MeV gap in ug. This will be part of the BES Phase-II
program proposed by STAR. Simulation results indicate that with electron cooling, the luminosity
could be increased by a factor of about 3-5 at 7.7 GeV and about 10 around 20 GeV [20]. An
additional improvement in luminosity may be possible by operating with longer bunches at the
space-charge limit in the collider [21]. Altogether a factor or 10 improvement in luminosity is ex-
pected after these modifications. This will not only allow the precision measurements of the above
important observables but will also help in the measurements of rare probes such as dileptons [22]
and hypertritons [23].

To maximize the use of collisions provided by RHIC for the BES program, an option to run
STAR as a fixed-target experiment is under consideration. A fixed Au target is to be installed in
the beam pipe. This will allow the extension of the tp range from 400 MeV to about 800 MeV



STAR Beam Energy Scan Program Michal Sumbera

covering thus a substantial portion of the phase diagram. The data taking can be done concurrently
during the normal RHIC running. This proposal will not affect the normal RHIC operations.

5. Summary

Recent results from Phase-1 of the RHIC BES program have substantially extended our knowl-
edge of hot and dense de-confined QCD matter. Interesting but smooth patterns of energy depen-
dence are seen in most of the presented analyses. A linear increase of the v, difference with up
is observed for all particle species from 62.4 GeV down to 7.7 GeV. Energy dependence of v; of
net-protons shows a compelling non-monotonic behaviour through the BES region.
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