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1. Introduction

Recent lattice QCD calculations predict that there is a first order phase transition from hadronic
matter to a Quark-Gluon Plasma that ends in a critical point. There is a continuous phase transition
on the other side of the critical point. The Relativistic Heavy Ion Collider (RHIC) has conducted
a program to probe different regions of the QCD phase diagram in the vicinity of the possible
critical point with a beam energy scan. During 2010 and 2011, RHIC provided Au+Au collisions
to PHENIX at /syy = 200 GeV, 62.4 GeV, 39 GeV, 27 GeV, 19.6 GeV, and 7.7 GeV. The strategy
of the data analysis focuses on looking for signs of the onset of deconfinement by comparing to
results at the top RHIC energy, and searching for direct signatures of a critical point. Results
from PHENIX covering charged particle multiplicity and transverse energy production, multipicity
and net charge fluctuations, Hanbury-Brown Twiss correlations (HBT), charged hadron flow, and
energy loss will be discussed.

2. Multiplicity and Transverse Energy Production

PHENIX has measured charged particle multiplicity and transverse energy (E7) production
in Au+Au collisions at the following collision energies: 200, 62.4, 39, 19.6, and 7.7 GeV. These
observables are closely related to the geometry of the system and are fundamental measurements
necessary to understand the global properties of the collision. This work extends the previous
PHENIX measurements in 200, 130, and 19.6 GeV Au+Au collisions [1]. The charged particle
multiplicity expressed as dN, /dn normalized by the number of participant pairs is shown in Figure
1. Included are measurements from other experiments including ALICE and ATLAS. The red line
is a straight line fit to all of the points excluding the points at LHC energies. Charged particle
production at LHC energies exceeds the trend established at lower energies.

Total E7 production results are summarized in Figure 2, which shows the excitation function
of the estimated value of the Bjorken energy density [2] expressed as

&)= ———, 2.1

where 7 is the formation time and A, is the transverse overlap area of the nuclei. The Bjorken
energy density increases monotonically over the range of the RHIC beam energy scan. Also shown
is the estimate for 200 GeV U+U collisions taken during the 2012 running period.

Although N, and E7 production dramatically increases at LHC energies compared to RHIC
energies, the shape of the distributions as a function of the number of participants, N, is inde-
pendent of the collision energy. This is illustrated in Figures 3 and 4, which each show an overlay
of the distributions for 7.7 GeV, 200 GeV, and 2.76 TeV Au+Au collisions. The 200 GeV and
7.7 GeV distributions have been scaled up to match the 2.76 TeV distributions. The shape of the
distributions as a function of N, appears to be driven by the collision geometry.

3. Multiplicity and Net Charge Fluctuations

Near the QCD critical point, it is expected that fluctuations in the charged particle multiplicity
will increase [5]. PHENIX has extended the previous analysis of multiplicity fluctuations in 200
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Figure 1: The value of dN,;, /dn at mid-rapidity normalized by the number of participant pairs as a function
of /syn for Au+Au collisions. The red line is an exponential fit to all of the data points excluding the
ALICE and ATLAS points.
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Figure 2: The estimated value of the Bjorken energy density, gy, multiplied by the formation time in central
Au+Au collisions at mid-rapidity as a function of /syy. The open circle represents the estimate for 200 GeV
U+U collisions.
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Figure 3: dN,,/dn normalized by the number of participant pairs as a function Np,,;. Overlayed are the
distributions from 7.7 GeV, 200 GeV, and 2.76 TeV Au+Au collisions. The PHENIX data has been scaled
up to overlay the ATLAS data [3].

&
LIJ'_ -
~wo- R

L A 2.76 TeV Pb+Pb, ALICE
- W 200 GeV AutAu, PHENIX x 2.6
L ® 7.7 GeV Aut+Au, PHENIX x 9.7

O L 1 1 L ‘ 1 1 L I 1 1 1 ‘ L 1 1 J
0 100 200 300 00
I\r:)art

Figure 4: dE7 /dn normalized by the number of participant pairs as a function N,,,. Overlayed are the
distributions from 7.7 GeV, 200 GeV, and 2.76 TeV Au+Au collisions. The PHENIX data has been scaled
up to overlay the ALICE data [4].



PHENIX Beam Energy Scan Results J.T. Mitchell (for the PHENIX Collaboration)

and 62.4 GeV Au+Au collisions [6] to 39 and 7.7 GeV Au+Au collisions. Charged particle mul-
tiplicity fluctuations are measured using the scaled variance, @.;, = O/ Ucn, Which is the standard
deviation scaled by the mean of the distribution. The scaled variance is corrected for contributions
due to non-dynamic impact parameter fluctuations using the method described in [6]. Figure 5
shows the PHENIX results for central collisions as a function of /syy. There is no indication of
the presence of a critical point from the PHENIX results alone.
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Figure 5: Charged particle multiplicity fluctuations in central Au+Au collisions expressed in terms of the
scaled variance as a function of ,/syn.

The shapes of the distributions of the event-by-event net charge are expected to be sensitive to
the presence of the critical point [7]. PHENIX has measured the skewness (S = ((N — (N))?)/c?)
and the kurtosis (k = (N — (N))*)/6* — 3) of net charge distributions in Au+Au collisions at 200,
62.4, 39, and 7.7 GeV. These values are expressed in terms that can be associated with the quark
number susceptibilities, x: So ~ ¥ /x? and k62~ ¥ /x? [8]. The skewness and kurtosis for
central collisions are shown in Figure 6 as a function of /syy. The data are compared to URQMD
and HIJING simulation results processed through the PHENIX acceptance and detector response.
There is no excess above the simulation results observed in the data at these four collision energies.
More details on this analysis are available in these proceedings [9].

4. Hanbury-Brown Twiss Correlations

HBT measurements provide information about the space-time evolution of the particle emit-
ting source in the collision. An emitting system which undergoes a strong first order phase tran-
sition is expected to demonstrate a much larger space-time extent than would be expected if the
system had remained in the hadronic phase throughout the collision process [10]. The shape of the
emission source function can also provide signals for a second order phase transition or proximity
to the QCD critical point [11].



PHENIX Beam Energy Scan Results J.T. Mitchell (for the PHENIX Collaboration)

06— =
E Netcharge Au+Au (0-5)% PHENIX acceptance 3
°'5§ [e]Data <0353 <kl<% 7
04E- A UrQMD 03" p(GeVic)"1.0
E % HIJING i E
p 035 =
(93] = 3
02 +4 E
0.1= =
E o e %'f E
QU0 wrremranrmr e r s e o =
0.1 =
E ‘ ‘ 3
6 E
E —~— E
5 PH-“ENIX ’L 3
E preliminary 7
I ‘% E
b E B
v E E
2= Nl E
Lo S S S -
O | L =

1 10

VSNN (GeV)

Figure 6: The skewness multiplied by the standard deviation and the kurtosis multiplied by the variance
from net charge distributions from central Au+Au collisions. The circles represent the data. The grey error
bars represent the systematic errors. Also shown are URQMD and HIJING simulation results processed
through the PHENIX acceptance. The increase in the kurtosis from URQMD and HIJING may be due to an
increase in resonance production at 200 GeV.

PHENIX has measured the 3-dimensional source radii (Rjige, Rour» and Ry, ) for charged pions
in 200 GeV, 62.4 GeV, and 39 GeV Au+Au collisions. The measurements have been made for
0.2 < kr < 2.0 GeV/c. The results are summarized in Figure 7, which shows the excitation function
for the radii for central collisions at < kr > = 0.3 GeV/c. There is no significant variation in the
radii R,,; and R4, over this energy range while R;,,, follows an increasing trend as collision
energy increases. The freeze-out volume of the system can be estimated as follows: V; = R,,; X
Ryige X Riong. The excitation function of the freeze-out volume is shown in Figure 8 as a function
of dN.,/dn. From the lowest to the highest energies measured, the freeze-out volume increases
linearly with the charged particle multiplicity.

5. Charged Hadron Flow

Measurements of the anisotropy parameter v, for identified particles exhibit strong evidence of
quark-like degrees of freedom at the top RHIC energies. A goal of the RHIC beam energy scan is to
determine where the constituent quark scaling of v, no longer holds. PHENIX has measured v;,v3,
and v4 for identified pions, kaons, and protons in 62.4 and 39 GeV Au+Au collisions. Shown in
Figure 9 and Figure 10 are v, measurements scaled as v,/ ng/ % on the vertical axis and KE7/ 1ng on
the horizontal axis, where n, represents the number of quarks in the particle species being plotted,
and KE7 represents the transverse kinetic energy. At both of these collision energies, the scaling
of v, observed at 200 GeV holds down to 39 GeV.
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Figure 7: HBT radii as a function of /syy for central collisions at < kr >=0.3 GeV/c. The red points are
the PHENIX measurements. The data from other experiments can be found elsewhere [14, 15, 16, 17, 18,
19, 20, 21].

6. Energy Loss

At the top RHIC energies, a very large suppression of hadron production at high transverse
momentum is observed when compared to baseline p+p collisions [12]. This suppression has been
attributed to the dominance of parton energy loss in the medium. Previous studies of Cu+Cu
collisions at /syy = 200 GeV, 62.4 GeV, and 22.4 GeV [13] show that suppression is observed
(suppression factor Rqq < 1) at 200 and 62.4 GeV, but enhancement (R44 > 1) dominates at all
centralities at 22.4 GeV. PHENIX has measured Ry4 for neutral pions in 200, 62.4, and 39 GeV
Au+Au collisions [22]. The value of Rs4 for neutral pions with pr > 6 GeV/c is shown in Figure
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Figure 8: The HBT freeze-out volume, Vy as a function of dN,;,/dn for central collisions at < k7 >=0.3
GeV/c. The red points are the PHENIX measurements. The data from other experiments can be found
elsewhere [14, 15, 16, 17, 18, 19, 20, 21].
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Figure 9: The scaling of v, for 62.4 GeV Au+Au collisions. Shown are the measurements for identified
pions, kaons, and protons.

11 for all 3 energies. There is still significant suppression observed in 39 GeV Au+Au collisions,
but the suppression at the lower energy has decreased compared to the suppression seen in 62.4 and
200 GeV Au+Au collisions. PHENIX has also measured the suppression of J/y particles in 200,
62.4, and 39 GeV Au+Au collisions at forward rapidity [23]. Again, significant suppression is still
observed in 39 GeV collisions, but the amount of suppression is decreased compared to that in 200
and 62.4 GeV collisions.

7. Summary

Presented here are some of the PHENIX results from the RHIC beam energy scan program.
From the analyses completed to date, there is no significant indication of the presence of the QCD
critical point. Measurements of the suppression of neutral pions and J/y particles suggest that the
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Figure 10: The scaling of v, for 39 GeV Au+Au collisions. Shown are the measurements for identified
pions, kaons, and protons.
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Figure 11: The suppression factor, R44, for neutral pions with pr > 6 GeV/c for 200, 62.4, and 39 GeV
Au+Au collisions.
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Figure 12: The suppression factor, R4, for J/y particles at forward rapidity for 200, 62.4, and 39 GeV
Au+Au collisions.
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point at which the onset of deconfinement is seen may lie below collision energies of 39 GeV. Many
analyses from PHENIX, particularly at \/syy = 27 GeV and 19.6 GeV, will be available soon.
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