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Multi-particle correlations

• Powerful tools to study the bulk properties of the system 
‣ Azimuthal anisotropy 
!

!

‣ Femtoscopy (identical bosons) 
!

‣ Conserved charge fluctuations 
!

!

• I’m going to review the recent correlation measurements from 
RHIC

!3

Initial geometry (+fluctuations), shear viscosity !
Local parity violation, chiral magnetic effect

Source size, geometrical anisotropy 
at freeze-out

Susceptibility, QCD critical point
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PHENIX

• Fast triggers 
‣ Hard probes by electrons & 

photons 

• TOF + EMC + Aerogel 
‣ hadrons 

• Forward beam counters 
(BBC, MPC, RXN) 

‣ support measurements of 
azimuthal anisotropy 

‣ large pseudorapidity gap 
reduces ‘non-flow’ effects 

• VTX, FVTX 
‣ heavy flavors

!4
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STAR

• Large acceptance - Time Projection Chamber (TPC) 

• PID capabilities have been (will be) significantly improved 
‣ TOF (2009-) - charged hadrons 
‣ MTD (2013-) - muons 
‣ HFT (from 2014) - heavy flavors
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Heavy Flavor Tracker

Muon Telescope Detector

Time Of Flight

Time Projection Chamber
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Azimuthal 
anisotropy
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Central-backward (Au-going side)
● When correlated with 

Au-going side, there is 
significant correlations 

at ∆φ ~0

● The nearside correlation 
decreases when moving 
to peripheral d+Au 
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FIG. 2: (color online) Sample comparison of Y (∆φ) and
∆Y (∆φ) for same and oppositely charged pairs for 1.25 <
paT < 1.5 GeV/c and 0.48 < |∆η| < 0.7. The symbols, curve,
and shaded band are as described in the Fig. 1 caption.

peak. To assess the systematic influence of any residual
unmodified jet correlations, we analyzed charge-selected
correlations. Charge-ordering is a known feature of jet
fragmentation which leads to enhancement of the jet cor-
relation in opposite-sign pairs, and suppression in like-
sign pairs, in the near side peak (e.g. Ref. [24]). A rep-
resentative pT selection of Y (∆φ) and ∆Y (∆φ) distribu-
tions are shown in Fig. 2, where all charge combinations
exhibit a significant cos 2∆φmodulation. The magnitude
of the modulation is larger in the opposite-sign case, indi-
cating some residual unmodified jet correlation contribu-
tion. We also varied the |∆η| window which changes the
residual jet contribution. Both of these cross-checks are
used to estimate the systematic uncertainty, as discussed
later.
In order to quantify the relative amplitude of the az-

imuthal modulation we define cn ≡ an/ (bcZYAM + a0)
where bcZYAM is bZYAM in central events. This quantity is
shown as a function of associated pT in Fig. 3 for central
(0–5%) collisions.
The centrality dependence will be analyzed in further

detail in a forthcoming publication, though we note that
we have observed a signal of similar magnitude for the
0–20% most central collisions. The ATLAS c2 results [9]
have a qualitatively similar paT dependence, but with a
significantly smaller magnitude. However, it must be
noted that the c2 values from PHENIX and ATLAS are
not directly comparable since c2 is a function of the pT
of both particles and the trigger particle pT range is not
identical in the two analyses. ATLAS has also used a
much larger ∆η separation between the particles.
The c3 values, shown in Fig. 3, are small relative to c2.

Fitting the c3 data to a constant yields (6±4)×10−4 with
a χ2/dof of 8.4/7 (statistical uncertainties only). The
current precision is inadequate to reveal the existence of
a significant c3 signal.
In p+Pb collisions the signal is seen in long range ∆η

FIG. 3: (color online) The nth-order pair anisotropy, cn, of
the central collision excess as a function of associated par-
ticle paT . PHENIX (filled [red] circles) c2 and (open [black]
circles) c3 are for 0.5 < ptT < 0.75 GeV/c, 0.48 < |∆η| < 0.7
and ATLAS (filled [green] squares) c2 [9] are for 0.5 < ptT <
4.0 GeV/c, 2 < |∆η| < 5.

FIG. 4: (color online) Charged hadron second-order
anisotropy, v2, as a function transverse momentum for (filled
[blue] circles) PHENIX and (open [black] circles) ATLAS [9].
Also shown are a hydrodynamic calculation [14, 25] for (up-
per [blue] curve) d+Au collisions at

√
s
NN

= 200 GeV
and (lower [black] curve) 0–4% central p+Pb collisions at√
s
NN

= 4.4 TeV.

correlations. Here, signal is measured at midrapidity,
but it is natural to ask if previous PHENIX rapidity sep-
arated correlation measurements [18] would have been
sensitive to a signal of this magnitude, if it is present.
The maximum c2 observed here is approximately a 1%
modulation about the background level. Overlaying a
modulation of this size on the conditional yields shown in
Fig. 1 of Ref. [18] shows that the modulation on the near

Flow in d+Au ?

• Large v2 in 0-5% d+Au collisions at √sNN = 200 GeV 

• Near side correlation in 0-5% on Au-going side 
‣ No near side peak on d-going side 
‣ Need to understand away side jet contributions to extract vn 

• Interesting to see the centrality dependence 
‣ (Two-particle) non-flow scales like 1/N

!7

|Δη|=0.48-0.7 Δη>3
PHENIX, arXiv:1303.1794v1 [nucl-ex]
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Geometry control

• Test the relation between initial geometry and final 
momentum anisotropy 

‣ Achieve higher density in deformed collisions with the same energy 
‣ Path length dependence 
‣ Finite odd harmonics from geometry overlap 
‣ Control magnetic field (test chiral magnetic effect)

!8

Collisions with deformed nuclei; U+ U Asymmetric collisions; Cu + Au

body-body collision

tip-tip collision
* Average deformation of Uranium ~ 28% 
  Cu ~ 16%, Au ~ -13%
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Use of normalized multiplicity cancels out multiplicity independent efficiency 

Can!we!see!a!difference!between!Au+Au!and!U+U?!

•  The!U+U!v2!shows!a!stronger!mulBplicity!dependence.!
•  A linear fit for v2, the slope parameter!
•  The!differences!in!the!slope!parameters!between!Au+Au!

and!U+U!increase!in!more!central!collisions!
•  Compare!with!eccentricity!calculated!from!glauber!

simulaBons(!scaled!down!0.2!for!UU!and!0.25!for!AuAu!
!!!!!!to!match!the!experimental!v2!)!
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Results

• v2 slope shows clear difference between Au+Au and U+U 
‣ super central U+U could enhance tip-tip collisions 

• Large v1 @ mid-rapidity in Cu+Au (not observed in Au+Au) 
‣ also for pions. Need more statistics for protons

!9

Slope of v2 for multiplicity dependence

Centrality percentile by ZDC
0.1% most central

√sNN = 193 GeV

STAR Preliminary

STAR, APS2013

PHENIX, RHIC&AGS users meeting
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Break down of NCQ scaling

• Number of Constituent Quark scaling of v2 
‣ Indication of deconfinement at early stage of heavy ion collisions 

• Meson-baryon splitting at 62.4 GeV - NCQ scaling of v2 
‣ No difference between particles and anti-particles 

• Meson-baryon splitting is gone at 11.5 GeV 

• NCQ scaling is broken between particles and anti-particles

!10

While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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FIG. 2 (color online). The difference in v2 between particles
(X) and their corresponding antiparticles ( !X) (see legend) as a
function of

ffiffiffiffiffiffiffiffi
sNN

p
for 0%–80% central Auþ Au collisions. The

dashed lines in the plot are fits with a power-law function. The
error bars depict the combined statistical and systematic errors.

PRL 110, 142301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

142301-5

STAR PRL110, 143201 (2013), 
PRC88, 014902 (2013)
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Femtoscopy
!11

A charge-coupled device camera images the
gas from a direction perpendicular to the axial
direction (z) of the trap and parallel to the
applied magnetic field direction (y). The small
repulsive potential induced by the high-field
magnet is along the camera observation axis
and does not affect the images. The remaining
attractive potential has cylindrical symmetry
and corresponds to a harmonic potential with an
oscillation frequency for 6Li of 20 Hz at 910 G.
Resonant absorption imaging is performed on a
cycling transition at a fixed high magnetic field
by using a weak (I/Isat ! 0.05), 20-"s probe
laser pulse that is #– polarized with respect to
the y axis. Any residual #$ component is re-
jected by an analyzer. At 910 G, the transitions
originating from the two occupied spin states
are split by 70 MHz and are well resolved
relative to the half-linewidth of 3 MHz, permit-
ting precise determination of the column den-
sity and hence the number of atoms per state.
The magnification is found to be 4.9 % 0.15 by
moving the axial position of the trap through
0.5 mm with a micrometer. The net systematic
error in the number measurement is estimated
to be –6%

$10% (26). The spatial resolution is esti-
mated to be &4 "m by quadratically combining
the effective pixel size, 13.0 "m/4.9, with the
aperture-limited spatial resolution of &3 "m.

Figure 1 shows images of the anisotropic
expansion of the degenerate gas at various
times t after release from full trap depth. The
gas rapidly expands in the transverse direction
(Fig. 2A) while remaining nearly stationary in
the axial direction (Fig. 2B) over a time period
of 2.0 ms. In contrast to ballistic expansion,
where the column density is ' 1/t2, the column
density decreases only as 1/t for anisotropic
expansion. Consequently, the signals are quite
large even for long expansion times.

One possible explanation of the observed
anisotropy is provided by a recent theory of
collisionless superfluid hydrodynamics (18).
After release from the trap, the gas expands
hydrodynamically as a result of the force from
an effective potential Ueff ( εF $ UMF, where
εF(x) is the local Fermi energy and UMF(x) is
the mean field contribution. In general, UMF '
aeff n, where n is the spatial density and aeff is
an effective scattering length. However, this
theory is not rigorously applicable to our exper-
iment, as it was derived for the dilute limit
assuming a momentum-independent scattering
length aeff ( aS. This assumption is only valid
when kFaS ) 1, where kF is the Fermi wave
vector. By contrast, our experiments are per-
formed in the intermediate density regime (7),
where kFaS ** 1, and the interactions are
unitarity-limited. We have therefore attempted
to extend the theory in the context of a simple
model. We make the assumption that unitarity
limits aeff to &1/kF. As n ' kF

3 and εF(x) (
+2kF

2/(2M), where + is Planck’s constant divid-
ed by 2,, we obtain UMF ( -εF(x), where - is
a constant. This simple assumption is further

justified by more detailed calculations (7)
showing that - is an important universal many-
body parameter. With this assumption,
Ueff(x) ( (1 $ -)εF(x). Because εF ' n2/3, it
then follows that Ueff ' n2/3.

For release from a harmonic trap and Ueff

' n., the hydrodynamic equations admit an
exact solution (18, 27),

n (x, t) ( [n0(x/bx, y/by, z/bz)]/bxbybz (1)

where n0(x) is the initial spatial distribution
in the trap, and bi(t) are time-dependent scal-
ing parameters that satisfy simple coupled
differential equations with the initial condi-
tions bi(0) ( 1, ḃi(0) ( 0, where i ( x, y, z.
Because the shape of the initial distribution
(even with the mean field included) is deter-
mined by the trap potential, n0 is a function
only of r/ where 0̄2r/2 ( 0!

2 (x2 $ y2) $ 0z
2z2

and 0̄ ( (0!
2 0z)

1/3. Hence, the initial radii of
the density distribution n0 are in the propor-
tion #x(0)/#z(0) ( 1 2 0z/0!. For our trap,
1 ( 0.035. Then, during hydrodynamic ex-
pansion, the radii of the density distribution
evolve according to

#x(t) ( #x(0)bx(t)

#z(t) ( #z(0)bz(t) (2)

We determine bx(t) ( by(t) and bz(t) from their
evolution equations (18). For . ( 2/3, b̈x (
0!

2 bx
37/3bz

32/3 and b̈z ( 0z
2bx

34/3bz
35/3.

From the expansion data, the widths #x(t)
and #z(t) are determined by fitting one-dimen-
sional distributions (28) with normalized, zero-
temperature Thomas-Fermi (T-F) distributions,
n(x)/N ( [16/(5,#x)](1 – x2/#x

2)5/2. As shown
in Fig. 2A, the zero-temperature T-F fits to the
transverse spatial profiles are quite good. This
shape is not unreasonable despite a potentially
large mean field interaction. As noted above,
UMF(x) ' εF(x). Hence, the mean field simply
rescales the Fermi energy in the equation of
state (18). In this case, it is easy to show that the
initial shape of the cloud is expected to be that
of a T-F distribution. This shape is then main-
tained by the hydrodynamic scaling of Eq. 2.

Figure 3A shows the measured values of
#x(t) and #z(t) as a function of time t after
release. To compare these results with the pre-
dictions of Eq. 2, we take the initial dimensions
of the cloud, #x(0) and #z(0), to be the zero-
temperature Fermi radii. For our measured
number N ( 7.5–0.5

$0.8 4 104 atoms per state, and
0̄ ( 2, 4 (2160 % 65 Hz), the Fermi temper-
ature is TF ( +0̄(6N)1/3/kB ( 7.9–0.2

$0.3 "K at full
trap depth. One then obtains #x(0) ( (2kBTF/
M0x

2)1/2 ( 3.6 % 0.1 "m in the transverse
direction, and #z(0) ( 103 % 3 "m in the axial
direction. For these initial dimensions, we ob-
tain very good agreement with our measure-
ments using no free parameters, as shown by
the solid curves in Fig. 3A.

Figure 3B shows the measured aspect ratios
#x(t)/#z(t) and the theoretical predictions based

on hydrodynamic, ballistic, and attractive (- (
–0.4) or repulsive (- ( 0.4) collisionless mean
field scaling (18). The observed expansion ap-
pears to be nearly hydrodynamic. For compar-
ison, we also show the measured aspect ratios
obtained for release at 530 G, where the scat-
tering length has been measured to be nearly
zero (19, 21). In this case, there is excellent

Fig. 1. False-color absorption images of a
strongly interacting, degenerate Fermi gas as a
function of time t after release from full trap
depth for t ( 0.1 to 2.0 ms, top to bottom. The
axial width of the gas remains nearly stationary
as the transverse width expands rapidly.
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FIG. 13 The homogeneity lengths can be measured in three independent
directions. By convention and convenience, these are chosen along the
beam axis (“long”), along the transverse motion of the pions (“out”)
and perpendicular to these two directions (“side”). See text for details.

FIG. 14 Hydrodynamic predictions (4) of the
ratio of homogeneity lengths Rout/Rside as a
function of energy. Thick lines are for tran-
sition into QGP during the collision, while
thin lines are for no transition. The various
linestyles and the two panels represent various
assumptions within the model.

about collective dynamics of the system.
Looking further at the Figure, we also notice that the homogeneity region has a distinct “tilt”– the long axis of its

ellipse makes an angle with respect to the reaction plane. By measuring these “tilts,” we gain geometrical information
about the overall shape of the source when it begins to emit particles. The relevance of this shape information to
understanding the collision evolution was discussed in Section IV.C.2.

Finally, we know that collective dynamical effects (“flow”) represent a crucial feature which we’d like to study. As
discussed in Section IV.C.2, we can do this by measuring homogeneity lengths as a function of particle momentum. In
fact, by measuring the ways in which the size and shape of the homogeneity region vary with momentum, we extract
details on the magnitude and microscopic nature of the collective flow which dominates the collision evolution.

Here, I have simply sketched out how our technique of measuring geometry can be extended to obtain this more
detailed information, without going through all the math to prove it to you. For those who want more details, please
see (12).

VI. GEOMETRICAL OBSERVATIONS AT RHIC

Now that we have discussed the ways in which we measure geometry and some of the physics information we can
extract from it, I will only very briefly discuss a few of the geometrical results we have obtained at RHIC.

A. Elliptic flow

As discussed in Section IV.C, this is an important diagnostic tool to determine (a) whether we have indeed created
a system in the collision, and (b) the magnitude of the pressure generated in this system (this gives insight into the
Equation of State discussed in Section IV.A).

Thus, when one of the very first analyses of RHIC data showed clear evidence of very strong elliptic flow (13),
it generated huge community interest. Elliptic flow at RHIC continues to be studied in ever-increasing detail, both
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Figure 1.3: The evolution of energy density in the transverse plane from a simulated event, at time
⌧ as indicated. Red indicates high and grey indicates low energy density. The QGP is assumed
to convert to hadrons at e

hadron

= 0.508GeV/fm3 (indicated by the thin purple line at the edge of
the grey region).

The VISH2+1 code simulates the evolution of the energy density distribution, and outputs
information like flow velocity, energy density, etc. along a constant temperature (isothermal)
freeze-out surface, whose functionality depends on the type of simulations:

1. In a purely hydrodynamic simulation, both the quark-gluon plasma and the re-scattering of
the emitted hadrons are simulated using hydrodynamics. In such an approach, the freeze-
out surface is defined as the surface outside which hadrons cease to interact and reach the
detectors by streaming freely.

2. In a hybrid hydrodynamic simulation, only the quark-gluon plasma is simulated hydrody-
namically, and the scattering of the hadrons, after they materialize from the quark-gluon
plasma, is simulated using a hadron re-scattering simulator based on a transport approach.
In such an approach, the freeze-out surface (or better “switching surface”) is the surface
that separates the quark-gluon plasma phase from the hadronic phase.

In both types of simulation, the temperature of the freeze-out surface is a tunable parameter,
although for the hybrid simulations people choose it according to the results from lattice QCD
calculations [16, 17].

The next stage of the simulation is to generate the momentum distributions of particles from
the freeze-out surface. The Cooper-Frye formula (see Sec. 7.3 for details) is used to calculate the
momentum distribution of the emitted particles from the surface.

For purely hydrodynamic simulations, knowing these distributions as continuous functions
enables one to calculate many observables. However, in real experiments, each collision only emits
a limited number of particles and calculations done using the continuous distribution function
do not allow one to study the fluctuations caused by finite statistics. To study finite-statistics
fluctuations, one can also simulate a finite number of particles emitted from the freeze-out surface
by Monte-Carlo sampling the continuous Cooper-Frye distribution.

For hybrid simulations one must in any case simulate the emission of finite numbers of particles,
which is required by the hadron re-scattering simulator.

There is one more subtlety: even for purely hydrodynamic simulations, although the emitted
particles are assumed to stop interacting, unstable particles continue to decay into lighter ones
before they reach the detectors, and this process changes the momentum distributions of the light
particles. This process is called resonance decay and it needs to be additionally computed. For
hybrid simulations, the decay of unstable particles is usually included in the hadronic re-scattering
simulator and it does not need to be computed separately.

Our group uses the iS code to calculate the continuous distributions of emitted particles and
their resonance decays, and the iSS code to simulate the emission of a finite discrete number of
particles. The methodology used for sampling in the iSS code will be explained in chapter Chap. 7.

For purely hydrodynamic simulations, this is the end of the simulation process. All of my
publications are based on purely hydrodynamic simulations, but since part of the work I have
contributed is a package for hybrid calculations, I will explain it briefly.

Once the emissions of hadrons has been successfully simulated, they can then be passed to the
hadronic re-scattering simulator, from which the final-state momenta of the particles are produced,
which can be analyzed to generate simulated observables. Our group uses the UrQMD code [18]
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data. (iv) For both R2
s and R2

o, the oscillations for the ge-
ometrically deformed source and for the source with only
a deformed flow profile are out of phase by π/3. Only for
the flow-anisotropy-dominated case (thick red lines) do
the HBT radii oscillate in phase with the experimental
observations.
Fig. 4 illustrates that, in a coordinate system whose

x axis points along the triangular flow vector such that
Ψ3 =0, the sources for these two scenarios appear ro-
tated by 60◦ relative to each other. The left sketch shows
the 50% contour of the emission function for pions with
K⊥=0 for the source with ϵ̄3 =0.25, v̄3 =0 while the
source corresponding to the right sketch has ϵ̄=0 and
v̄3 =0.25.

!3

!a"

!3

!b"

FIG. 4: Half-maximum contour plots for the emission func-
tions for K⊥ =0 pions, for two sources with ϵ̄=0.25, v̄3 =0
(“geometry dominated”, left) and with ϵ̄=0, v̄3 =0.25 (“flow
anisotropy dominated”, right). In both cases the sources are
oriented such that the triangular flow angle Ψ3 points in x
direction.

Of course, in general the source will exhibit flow and
geometric anisotropies concurrently. Figure 5 shows
the triangular oscillations of R2

o,s for a sequence of
sources that all have the same triangular flow anisotropy
v̄3 =0.25 but feature varying degrees of spatial triangu-
larity ϵ̄3. The oscillation amplitudes, as well as the mean
values, of both R2

s and R2
o increase monotonically with

triangularity ϵ̄3. As Fig. 1 shows, just after ϵ̄3 reaches the
value 0.26, the flow angle Ψ3 flips from 0 to π/3. This
is reflected in Fig. 5 by a sudden 60◦ phase shift rela-
tive to Ψ3 of both R2

s and R2
o oscillations. For the given

flow anisotropy v̄3 =0.25, as long as ϵ̄3 < 0.26, R2
o has a

minimum for emission along the triangular flow plane,
as observed in experiment; only for spatial deformation
ϵ̄3 > 0.26 the outward radius becomes maximal for emis-
sion in Ψ3 direction. The observed phase of the sideward
and outward HBT thus tells us only that the measured
HBT oscillations correspond to a source in which triangu-
lar flow anisotropies dominate over geometric triangular
deformation effects that are boosted by superimposed ra-
dial flow. Thus, while a direct measurement of ϵ̄3 is not
possible, the observed oscillation phase can perhaps be
used to put limits on the ratio ϵ̄3/v̄3 in theoretical mod-
els. It is, however, likely that such limits depend on the
details of the model emission function.
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FIG. 5: (Color online) Triangular oscillations of R2
s (a) and

R2
o (b) for pion pairs with momentum K⊥ =0.5GeV, as a

function of emission angle Φ relative to the triangular flow
direction Ψ3. Shown are results for a source with fixed tri-
angular flow anisotropy v̄3 =0.25, for a range of triangular
spatial deformations ϵ̄3. One sees that the phase of the HBT
oscillations relative to the flow angle Ψ3 flips by π/3 between
ϵ̄3 = 0.25 and 0.3, as a result Ψ3 itself flipping by π/3 (see
Fig. 1).

To explore this last question a bit further, we
return to the completely “geometry dominated”
(ϵ̄=0.25, v̄3 =0) and completely “flow anisotropy dom-
inated” (ϵ̄=0, v̄3 =0.25) sources studied in Figs. 3 and
4. In Fig. 6 we show for these extreme models the K⊥-
dependence of their third-order oscillation amplitudes
R2

s,3 and R2
o,3. At low K⊥, the opposite signs of the os-
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2
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FIG. 6: (Color online) K⊥-dependence of the third-order os-
cillation amplitudes of R2

s and R2
o, for the “geometry domi-

nated” (a) and “flow anisotropy dominated” (b) sources stud-
ied in Figures 3 and 4.

Triangular oscillation

• Rout shows clear oscillation with respect to Ψ3 

• Finite Rout, zero Rside 
‣ could suggest triangular flow is dominated at freeze-out 

- whereas triangular source shape is very small at freeze-out 

‣ Important to study kT dependence of asHBT

!12

PHENIX, QM2012

C. J. Plumberg, C. Shen, U. Heinz, 
arXiv:1306.1485 [nucl-th]
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Figure 3: Freeze out eccentricity, " f , as a function of
p

sNN for data and models [9] (color online).

4. Summary60

To summarize, ⇤-⇤ correlation function is presented. Fits to data with di↵erent potential61

models suggest that ⇤-⇤ interaction is attractive. A negative scattering length gives indication62

towards non-existence of bound H-dibaryon. A clear source asymmetry signal is observed in63

pion-kaon correlation function and the o↵set is roughly half of the source size. The azimuthal64

HBT measurement shows a monotonic decrease for freeze out eccentricity as a function of beam65

energy.66
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Freeze-out eccentricity @ BES

• Spatial anisotropy is sensitive to equation of state 
‣ might be signal for 1st order phase transition 

• Pion freeze-out eccentricity smoothly decreases as a function of beam energy 
‣ STAR data don’t show non-monotonic energy dependence
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FIG. 13 The homogeneity lengths can be measured in three independent
directions. By convention and convenience, these are chosen along the
beam axis (“long”), along the transverse motion of the pions (“out”)
and perpendicular to these two directions (“side”). See text for details.

FIG. 14 Hydrodynamic predictions (4) of the
ratio of homogeneity lengths Rout/Rside as a
function of energy. Thick lines are for tran-
sition into QGP during the collision, while
thin lines are for no transition. The various
linestyles and the two panels represent various
assumptions within the model.

about collective dynamics of the system.
Looking further at the Figure, we also notice that the homogeneity region has a distinct “tilt”– the long axis of its

ellipse makes an angle with respect to the reaction plane. By measuring these “tilts,” we gain geometrical information
about the overall shape of the source when it begins to emit particles. The relevance of this shape information to
understanding the collision evolution was discussed in Section IV.C.2.

Finally, we know that collective dynamical effects (“flow”) represent a crucial feature which we’d like to study. As
discussed in Section IV.C.2, we can do this by measuring homogeneity lengths as a function of particle momentum. In
fact, by measuring the ways in which the size and shape of the homogeneity region vary with momentum, we extract
details on the magnitude and microscopic nature of the collective flow which dominates the collision evolution.

Here, I have simply sketched out how our technique of measuring geometry can be extended to obtain this more
detailed information, without going through all the math to prove it to you. For those who want more details, please
see (12).

VI. GEOMETRICAL OBSERVATIONS AT RHIC

Now that we have discussed the ways in which we measure geometry and some of the physics information we can
extract from it, I will only very briefly discuss a few of the geometrical results we have obtained at RHIC.

A. Elliptic flow

As discussed in Section IV.C, this is an important diagnostic tool to determine (a) whether we have indeed created
a system in the collision, and (b) the magnitude of the pressure generated in this system (this gives insight into the
Equation of State discussed in Section IV.A).

Thus, when one of the very first analyses of RHIC data showed clear evidence of very strong elliptic flow (13),
it generated huge community interest. Elliptic flow at RHIC continues to be studied in ever-increasing detail, both
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Fluctuations
!14
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Higher (n>2) order moments

• At critical point (with infinite system) 
‣ susceptibilities and correlation length diverge 

- both quantities cannot be directly measured 

• Experimental observables 
‣ Moment (or cumulant) of conserved quantities: net-baryons, net-

charge, net-strangeness, ... 
‣ Moment product (cumulant ratio) ↔ ratio of susceptibility 
!

!
!

- directly related to the susceptibility ratios (Lattice QCD) 

- higher moments (cumulants) have higher sensitivity to correlation length 

• Signal = Non-monotonic behavior of moment products 
(cumulant ratios) vs beam energy

!15
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Non-gaussian fluctuations

• 3rd moment = Skewness S 
‣ Asymmetry 

• 4th moment = Kurtosis K 
‣ Peakedness 

• Both moments = 0 for gaussian distribution 

• Critical point induces non-gaussian fluctuations

!16
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Moment Products: Energy Dependence !

! Deviations below Poisson !
expectations are observed beyond 
statistical and systematic errors  in 
0-5% most central collisions for κσ2 
and Sσ above 7.7 GeV.  
!
!   For peripheral collisions, the !
deviations above Poission expectations 
are observed below 19.6 GeV.!
 !
! UrQMD model show monotonic !
behavior for the moment products, in!
 which non-CP physics, such as!
 baryon conservation, hadronic 
scattering effects, are implemented.!

Net-proton fluctuations

• Data 
‣ efficiency uncorrected* 

• Data compared to various 
expectations 

‣ Poisson 
‣ (Negative-) binomial* 

!

• No significant excess 
compared to Poisson & UrQMD 

‣ Need precision measurements at 
low energies 

!
* under investigation (not shown here)

!17
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Comparison&of&moments:Data&vs.&model&

March&13,2013&8th&Interna1onal&Workshop&on&Cri1cal&Point&and&Onset&of&Deconfinement&

18&

σ2 /Μ '
• !increase!with!increase!in!colliding!energies!
• !Follows!the!HRG!predic`ons!for!all!the!energies!

Sσ !
• !decreases!with!increasing!colliding!energy!
• !At!higher!energies!Comparable!with!the!model!
predic`ons!
• !At!lower!energies!experimental!values!are!
!!!lower!than!HRG!predic`ons.!

κσ2   '
•  No!energy!dependence!observed!in!data!!also!!!!!!
!!!!supported!by!HRG!predic`ons!!
• !!HRG!predic`ons!are!Consistently!higher!with!data!
• !!Comparable!with!HIJING!and!URQMD!except!for!200!!!
!!!!GeV!!

preliminary!

X. Dong Aug. 19th, 2013         Future Trends Workshop, Beijing 

Higher Moments of Net-charge 

18 

•  Net-charge fluctuation – related to 
freeze-out parameters 

Bazavov et al, PRL 109 (2012) 192302 

•  Data - efficiency uncorrected * 

•  Data compared to various expectations 
- Poisson  
- (Negative-)Binomial *  

•  Need precision measurements. 

* Currently under investigation 

Net-charge fluctuations

• No significant excess compared to Poisson, models 
‣ STAR ≠ PHENIX → acceptance ? efficiency correction ?

!18

STAR, QM2012
PHENIX, CPOD2013
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Summary

• Multi-particle correlations are powerful tool to understand the 
underlying collision dynamics in heavy ion collisions 
!

• Azimuthal anisotropy 
‣ Flow in d+Au ? Need centrality dependence 
‣ Possibility to enhance tip-tip collisions by using v2 
‣ Hint of turn-off signal by breakdown of NCQ scaling between particles 

and anti-particles 

• Femtoscopy 
‣ Triangular flow is dominated at freeze-out ? 
‣ Smooth energy dependence of final freeze-out eccentricity 

• Fluctuations 
‣ Need precision measurements for QCD critical point search

!19
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Back up
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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FIG. 2 (color online). The difference in v2 between particles
(X) and their corresponding antiparticles ( !X) (see legend) as a
function of

ffiffiffiffiffiffiffiffi
sNN

p
for 0%–80% central Auþ Au collisions. The

dashed lines in the plot are fits with a power-law function. The
error bars depict the combined statistical and systematic errors.

PRL 110, 142301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

142301-5

Large v2 difference for baryons

• Difference of v2 between particles and anti-particles increase 
in low energies 

• Baryons show larger difference than mesons

!21
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Disappearance of charge separation

• Charge separation (γos-γss) at 200 GeV 
‣ chiral magnetic effect ? 

• Separation decreases with decreasing beam energies, 
disappears at √sNN = 11.5 GeV or less
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