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Outline

• Partonic collectivity
‣ Recent measurements from RHIC

• Effect of hadronic rescattering on v2

‣ Comparison of v2 for φ meson with protons

• First result of v2 in U+U collisions

• Summary
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Elliptic flow v2 - bulk probe

• Space-momentum correlation
‣ Interactions convert initial coordinate space anisotropy into 

the final momentum anisotropy

• Sensitive to properties of produced matter
‣ Equation of state, transport coefficients (η/s)
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Constituent quark model + coalescence

• Number of constituent quark (NCQ) scaling of v2

‣ assume quark degrees of freedom is dominant at hadronization
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S. A. Voloshin, NPA715, 379 (2003)
D. Molnar, S. A. Voloshin, PRL91, 092301 (2003)
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where the coefficients CM and CB are the probabilities for
q !qq ! meson and qqq ! baryon coalescence. We allow
for pT dependent coalescence factors because more care-
ful treatment of the coalescence problem [24] shows that
such a dependence may arise, e.g., due to kinematic (en-
ergy) factors or strong radial flow. This, however, does not
influence elliptic flow because it is a ratio from which the
coalescence factors drop out [see Eq. (3)].

These relations are valid only for rare processes. This is
not the case at high constituent phase space densities,
when most quarks recombine into hadrons, and hence the
number of hadrons is linearly proportional to that of
quarks, dNh!p?" / dNq!p?".

At lower constituent densities, coalescence processes
become relatively rare and therefore the usual coalescence
formalism works. On the other hand, most quarks had-
ronize via fragmentation into hadrons. Nevertheless, de-
pending on how quickly the parton phase space density
drops with increasing p?, there can be a region of hadron
transverse momenta that is populated dominantly via
coalescence. The reason for this is that hadrons from
coalescence have larger momenta than the average quark
momentum, dNcoal

h !p?" # Ch$dNq!p?=n"%n, !n # 2; 3",
whereas hadrons from fragmentation carry only a frac-
tion z < 1 of the initial quark momentum, dNfrag

h !p?" &
dNq!p?=z".

At very low parton densities, e.g., at very high trans-
verse momentum, the fragmentation process wins, in
accordance with the QCD factorization theorem. For ex-
ample, a power law parton spectrum dNq=p?dp? &
Ap'!

? implies dNcoal
h =dNfrag

h & ChAn'1p'!n'1"!
? ! 0 at

high p?.
Therefore, in heavy-ion collisions there can be three

qualitatively different phase space regions. At very large
transverse momenta particle production is dominated by
independent parton fragmentation. At lower transverse
momenta coalescence prevails, which region can itself be
subdivided into two parts: a very low p?(high phase
space density) region where Eq. (1) is not applicable,
and a moderate density (higher p?" region, where
Eq. (1) is valid. Because the density of produced particles
depends on the centrality of the collision, the ‘‘bounda-
ries’’ of these regions depend on centrality. Only detailed
quantitative studies [25,26] of the relative contributions
of the various hadronization processes, which are beyond
the scope of this Letter, could determine where the exact
bounds are. Alternatively, the limits can be deduced from
comparison with the experimental data.

Anisotropic flow.—For brevity we discuss only elliptic
flow as the most important and interesting case. However,

Eqs. (2), (4), and all conclusions below also apply (i) when
azimuthal anisotropies vk!p?" ( hcos!k""ip? of any or-
der are present and (ii) to any anisotropy coefficient vk
instead of v2, even in the former most general case.

In the coalescence region, meson and baryon elliptic
flow are given by that of partons via
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#
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3

$

;
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as follows from Eq. (1) and v2 * 1. For example,
if partons have only elliptical anisotropy, i.e.,
dNq=p?dp?d" # !1=2#"dNq=p?dp?$1+
2v2;q cos!2""%, then

v2;B!p?" #
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;
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Figure 1 illustrates the effect of quark coalescence on
baryon and meson elliptic flow compared to parton ellip-
tic flow. The latter is shown schematically by the solid
line. At small transverse momenta, parton v2!p?" / p2

?,
as follows from general analyticity considerations. This
region before v2 becomes approximately linear in p?
could be relatively small (depending on the effective
mass of partons). At higher transverse momenta p? >
1–2 GeV, parton elliptic flow saturates as predicted by
parton transport [4], and then, possibly already above
p? * 4 GeV, decreases according to perturbative QCD
parton energy loss calculations [3]. The curve for baryon
(meson) elliptic flow has been obtained by simply rescal-
ing the parton curve by a factor of 3 (2) both vertically
and horizontally. As discussed above, for very low and
very high p?, we boldly use Eq. (2) beyond its region of
applicability but doing so does not affect the discussion.

There are three qualitatively different regimes in Fig. 1:
(i) In the small p? region where v2!p?" increases

faster than linearly, v2;B < v2;M < v2;q. It is not clear to

FIG. 1. Qualitative behavior of baryon and meson elliptic
flow as a function of p? from quark coalescence.

P H Y S I C A L R E V I E W L E T T E R S week ending
29 AUGUST 2003VOLUME 91, NUMBER 9
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from D. Molnar, S. A. Voloshin, PRL91, 092301 (2003)
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Multi-strange hadrons

• Probe to early partonic stage
‣ Freeze-out earlier than other hadrons within Blast-wave model
➡ less sensitive to hadronic rescattering
‣ Good probe to study partonic collectivity
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STAR Collaboration / Nuclear Physics A 757 (2005) 102–183 131

Fig. 14. The !2 contours, extracted from thermal+ radial flow fits (without allowance for resonance feed-down),
for copiously produced hadrons " , K and p and multi-strange hadrons # and $ . On the top of the plot, the
numerical labels indicate the centrality selection. For " , K and p, 9 centrality bins (from top 5% to 70–80%)
were used for !sNN = 200 GeV Au+Au collisions [87]. The results from p + p collisions are also shown. For
# and $ , only the most central results [86] are presented. Dashed and solid lines are the 1-% and 2-% contours,
respectively.

expect RCP = 1. This condition is nearly achieved for baryons near pT " 2.5 GeV/c, but
is never reached for mesons. The initial results for #-mesons and $-baryons included in
Fig. 15 suggest that the difference is not very sensitive to the mass of the hadron, but rather
depends primarily on the number of valence quarks contained within it. The meson and
baryon values appear to merge by pT " 5 GeV/c, by which point RCP " 0.3.
The origin of this significant shortfall in central high-pT hadron production will be

discussed at length in Section 4. Here, we want simply to note that the clear difference seen
in the centrality dependence of baryon vs. meson production is one of the defining features
of the intermediate pT range from # 1.5 to # 6 GeV/c in RHIC heavy-ion collisions, and
it cannot be understood from p + p collision results [97]. Another defining feature of this
medium pT range, to be discussed further below, is a similar meson–baryon difference in
elliptic flow. Both facets of the meson–baryon differences can be explained naturally in
quark recombination models for hadron formation [69].

3.3. Hadron yields versus the reaction plane

In non-central heavy-ion collisions, the beam direction and the impact parameter define
a reaction plane for each event, and hence a preferred azimuthal orientation. The orien-
tation of this plane can be estimated experimentally by various methods, e.g., using 2-
or 4-particle correlations [98,99], with different sensitivities to azimuthal anisotropies not
associated with collective flow. The observed particle yield versus azimuthal angle with
respect to the event-by-event reaction plane promises information on the early collision

STAR, NPA757, 102 (2005)
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Deviation from NCQ scaling - PHENIX

• Scaling holds at 0-10%

• Deviation in non-central 
collisions
‣ KET/nq > 0.7 GeV/c

• Different particle 
production mechanisms 
(e.g. jet fragmentation) 
may dominate over 
coalescence
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A. ADARE et al. PHYSICAL REVIEW C 85, 064914 (2012)

statistical and systematic uncertainties. Since the changes in
v2 are relatively small at higher pT , shifting the x axis from
KET /nq to pT /nq does not change the shape of the curves
significantly. For noncentral collisions [Fig. 8(f)], the proton
data are systematically below the pion data at all pT /nq ,
although they are at the edge of the systematic uncertainties
for pT /nq ! 1.3 GeV/c, which corresponds to KET /nq !
1 GeV/c. We note that despite this systematic offset, the
nq scaling makes the shape of the pion and proton curves
very similar below the breaking point. Above that point, quark
recombination is clearly violated.

Some model calculations [30] have shown that the breaking
of nq scaling occurs at the transition between purely thermal
and thermal+shower recombination. In the 50–60% centrality
class this can happen for values of KET as low as KET /nq !
0.5 GeV, while in the 0–5% centrality class this occurs at
values as high as KET /nq ! 1.5 GeV. Similar features have
been observed in the data presented in this paper. On the
other hand, for pions and protons, the nuclear modification
factors (RAA), which are used to quantify the amount of
partonic energy loss in the medium, have been found to be
consistent with each other for pT > 5 GeV/c [47,50–52].
This indicates that a simple interplay between recombination
and jet energy loss is not enough to explain the v2 and
RAA of pions and protons in Au + Au collisions in this
pT region. Additional considerations may include the non-
Abelian nature of jet energy loss [53], the quark versus gluon
fragmentation production of pions and protons [54–56], and
jet chemistry effects such as enhanced parton splitting [57]
and jet conversion [58]. Detailed model calculations that take
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FIG. 9. (Color online) The quark-number-scaled v2 (v2/nq ) of
identified hadrons are shown as a function of the kinetic energy per
quark, KET /nq in 0–10% centrality [panel (a)], 10–20% [panel (b)],
20–40% [panel (c)], and 40–60% centrality [panel (d)] in Au + Au
collisions at

"
sNN = 200 GeV. The error bars (shaded boxes)

represent the statistical (systematic) uncertainties. The systematic
uncertainties shown are type A and B only.
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FIG. 10. (Color online) The quark-number-scaled v2 (v2/nq ) of
identified hadrons are shown as a function of the kinetic energy per
quark, KET /nq in 0–10% centrality [panel (a)] and 10–40% centrality
[panel (b)] in Au + Au collisions at

"
sNN = 200 GeV. The v2 of !

and K0
S are measured by STAR collaboration [21]. The error bars

(open boxes) represent the statistical (systematic) uncertainties. The
systematic uncertainties shown on the results from this study are type
A and B only.

all of these effects into account are not yet available, and
it is an open question whether doing so is enough for an
adequate interpretation of the pT v2 and RAA of pions and
protons.

To further investigate the centrality dependence of the nq

scaling breaking, results with finer centrality bins are shown
in Fig. 9. The quark number scaled v2 (v2/nq) of pions, kaons,
and protons are shown as a function of the kinetic energy
per quark KET /nq in 0–10% [Fig. 9(a)], 10–20% [Fig. 9(b)],
20–40% [Fig. 9(c)], and 40–60% centrality [Fig. 9(d)]. The
error bars (shaded boxes) represent the statistical (systematic)
uncertainties. The systematic uncertainties shown are type A
and B only. Not shown are the type C systematic uncertainties,
which are from the event-plane resolution, geometrical ac-
ceptance, and run-by-run dependence, and are around 10.5%
(3.5%) for 0–10% (40–60%). These results with finer centrality
bins show that the breaking of nq scaling has a clear centrality
dependence.

We also compare our results with the existing v2 results for
K0

S and ! as measured by the STAR collaboration using the
event-plane method [21] in the 0–10% and 10–40% centrality
classes, which are shown in Figs. 10(a) and 10(b), respectively.
Since the event plane and particles are measured in the same
rapidity gap by the STAR detector in their event-plane method,
the v2 values from STAR measurements are expected to be
systematically larger than those measured by PHENIX [21,48]
due to nonflow effects. In the 0–10% centrality class, the v2
of pions and protons in this study are systematically lower
than the v2 of K0

S and ! by 17% independent of pT , but
they are within the systematic uncertainties. The nq scaling
appears to hold in this centrality class for each particle species.
In the 10–40% centrality class, the v2 of pions and protons
are consistent with that of K0

S and ! in the overlapping
KET region. While the presence of the scaling breaking is
not clear in the K0

S and ! results, the improved precision
and extended KET reach of the present study unambiguously
demonstrates the breaking of nq scaling in this centrality
class.

064914-12

PHENIX, PRC85, 064914 (2012)
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Deviation from NCQ scaling - STAR

• Scaling holds better in central
‣ similar to what PHENIX observed

• Multi-strange hadrons show smaller v2 than other 
strange hadrons
‣ Ω ~ Ξ < Λ, φ < K0S

7
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Predictions

• Different assumptions on relative quark momentum
‣ Lin & Co: No constraints,  hadron v2 ~ quark v2 at high pT

‣ Molnar & Voloshin: strict momentum conservation

• Main difference between two predictions
‣ π vs p
‣ φ vs Ω

8

D. Molnar, S. A. Voloshin, PRL91, 092301 (2003)

Z. W. Lin, C. M. Ko, PRL89, 202302 (2002)

if vs2 < vu,d2

(v⇡2 = vp2) > (v⇤2 = v⌃2 ) > vK2 > v⌅2 > (v�2 = v⌦2 )

vp2 > v⇤2 ⇡ v⌃2 > v⇡2 > vK2 > v�2 , v⇤,⌃
2 > v⌅2 > v⌦2 ⇡ 3v�2 /2
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Flavor ordering ?

• π vs p: π < p in pT > 2 GeV/c

• φ vs Ω
‣ they are consistent within error, except for two high pT data 

points in 30-80%
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Turn-off partonic collectivity !?

• Important to validate the assumption - small hadronic 
cross section for multi-strange hadrons

• φ meson v2 show hint for “turn-off” partonic collectivity !
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Effect of hadronic rescattering

• Prediction from ideal hydro. model + hadron cascade
‣ Glauber initial condition, 1st order phase transition

• Hadrons show similar v2 at chemical freeze-out

• Violation of mass ordering with hadronic rescattering
‣ v2(φ) > v2(p) below pT=1 GeV/c
‣ due to small hadronic cross section of φ in hadron cascade JAM
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MASS ORDERING OF DIFFERENTIAL ELLIPTIC FLOW . . . PHYSICAL REVIEW C 77, 044909 (2008)
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FIG. 9. (Color online) Transverse-momentum dependence of the elliptic flow parameters for pions (dotted blue), protons (dashed green),
and ! mesons (solid red), for Au+Au collisions at b = 7.2 fm. (a) Before hadronic rescattering. (b) After hadronic rescattering. (c) Ideal
hydrodynamics with Tth = 100 MeV. The results for pions and protons are the same as shown in Fig. 5.

to ideal hydrodynamics with Tth = 169 MeV) and for the ideal
hydrodynamic model with Tth = 100 MeV, that (i) the ratio
increases with pT or KET due to radial flow effects and that
(ii) the rate of increase drops when the freeze-out temperature
Tth is decreased, due to buildup of additional radial flow.
Surprisingly, the ratio increases even in pp collisions, but
for entirely different reasons, unrelated to collective flow: the
! spectrum from pp collisions shown in Fig. 10 below is
considerably flatter than the proton spectrum, leading to the
prominent rise of the !/p ratio with pT . The most interesting
feature of Fig. 8 is that the !/p ratio from the hybrid model
does not at all increase with pT or KET (except at very
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FIG. 10. (Color online) Invariant cross sections as a function of
pT in nonsingly diffractive pp collisions for pions, protons, [72] and
! mesons. Dotted, dashed, and solid lines are results from PYTHIA
for pions, protons, and ! mesons, respectively.

low pT < 500 MeV/c). Instead, it decreases over almost
the entire range of transverse kinetic energy shown in the
figure. This decrease is due to the flattening of the proton
spectrum by hadronically generated radial flow in which the
weakly coupled ! mesons do not participate. The comparison
with pp collisions and hydrodynamic model simulations in
Fig. 8 shows that the observation of such a decreasing !/p
ratio would be an unambiguous signature for early decoupling
of ! mesons from the hadronic rescattering dynamics.

We now proceed to the discussion of dissipative effects
during the hadronic rescattering stage on the differential
elliptic flow v2(pT ). Figure 9 shows v2(pT ) from the hybrid
model for ", p, and !. We consider semicentral collisions
(20–30% centrality), choosing impact parameter b = 7.2 fm.
In the absence of hadronic rescattering we observe the hy-
drodynamically expected mass ordering v"

2 (pT ) > v
p
2 (pT ) >

v
!
2 (pT ) [Fig. 9(a)], but just as in Fig. 5 (dashed lines) the

mass splitting is small. Figure 9(b) shows the effects of
hadronic rescattering: whereas the v2(pT ) curves for pions
and protons separate as discussed before (at low pT the pion
curve moves up while the proton curve moves down), v2(pT )
for the ! meson remains almost unchanged [66]. As a result
of rescattering the proton elliptic flow ends up being smaller
than that of the ! meson, v

p
2 (pT ) < v

!
2 (pT ) for 0 < pT <

1.2 GeV/c, even though m! > mp. Hadronic dissipative effects
are seen to be particle specific, depending on their scattering
cross sections that couple them to the medium. The large
cross section difference between the protons and ! mesons
in the hadronic rescattering phase leads to a violation of the
hydrodynamic mass ordering at low pT in the final state.

This is the most important new result of our work. Current
experimental data [67,68] neither confirm nor contradict this
predicted behavior, due to the difficulty of reconstructing
low-pT ! mesons from their decay products. If it turns
out that high-precision !-meson v2 data at low pT show
violation of mass ordering, it will be evidence for strong
momentum anisotropy having developed already during the
QGP stage, with the contribution carried by ! mesons not
being redistributed in pT by late hadronic rescattering. At
intermediate pT , recent data [67,68] confirm the prediction
from the quark coalescence model [69,70] that there the elliptic

044909-9

T. Hirano et al, PRC77, 044909 (2008)

at chemical freeze-out with hadronic rescattering no hadronic rescattering
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v2(φ) vs v2(p)

• v2(φ) is slightly higher than v2(p)
‣ Effect is stronger in central than peripheral

• Consistent with the scenario with hadronic rescattering 
effect

12

STAR, QM2012
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• v2(φ) < v2(p) for low energies ?
‣ Need precise measurements & comparison with hydro. models
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Deformed nuclei collisions

• Can achieve higher density & longer life time of QGP
✓ For body-body U+U at b=0 fm, increase energy density ~20% 

and ~×2 volume with similar eccentricity in Pb+Pb at b=7fm*
➡ Longer partonic phase
➡ Clear hydrodynamical behavior of elliptic flow (v2)

14

High energy collisions of strongly deformed nuclei: An old idea with a new twist

E. V. Shuryak
Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794

!Received 14 July 1999; published 22 February 2000"

Collisions of deformed nuclei such as U may provide 40% more hard processes and about 30% larger energy
densities, compared to central PbPb collisions. They also produce excited systems which are strongly deformed
in the transverse plane, which are much larger than possible in peripheral PbPb collisions. We discuss how,
even without a polarized target, one can study these phenomena by selecting particular events. Collisions are
studied by a simple Monte Carlo model, and it is shown what can be achieved by making cuts in two control
parameters—the number of participants and ellipticity. We also discuss how UU collisions may resolve a
number of outstanding issues, from corrections to hard processes to elliptic flow !the existence of a quark-
gluon plasma", to the mechanism of J/# suppression.

PACS number!s": 25.75.Ld, 12.38.Mh, 24.85.!p

I. QUALITATIVE ESTIMATES

In general, collisions of deformed nuclei provide a variety
of geometries, some of which can lead to stronger stopping,
larger energy density, and a significantly enhanced amount
of hard processes. The ‘‘old idea’’ mentioned in the title is to
use collisions in which the longer axes of both deformed
nuclei are parallel to the beam direction z !referred to below
as ‘‘UzUz’’ collisions". Although part of the folklore of the
field, the only written material I could find is a memo $1% by
Braun-Munzinger. His estimates show that due to the larger
atomic number A and deformation, the gain in energy density
for UU over AuAu1 can reach a factor of 1.8. He also em-
phasized that one can simply trigger on such events, avoid-
ing the use of polarized targets.
A goal of this work is to study semiquantitatively these

issues with some simple Monte Carlo program. We have
found smaller enhancements in the energy density. However,
the main goal of the paper is to suggest new applications of
UU collisions related to !i" hard processes and also to !ii"
transverse deformation of the excited system produced. An
optimal example of the latter type is a central collision ge-
ometry in which the longer directions of both U nuclei are
parallel and transverse to the beam !referred to as ‘‘UyUy’’
collisions". Although ‘‘UyUy’’ collisions lead to about the
same energy density as available in central PbPb collisions,
the initial deformation in transverse plane is as large as the
deformation of U itself.
More generally, the purpose of this work was to study

whether UU collisions can clarify several open issues of the
SPS heavy ion program. !UU collisions can certainly be of
interest to the RHIC program as well, but it is probably pre-
mature to discuss the U beam there now." One option at the
SPS is to make a target with aligned U: as a result of large
uranium’s quadrupole moment, it was shown before in some
low energy nuclear experiments that such aligned targets can

be made. The practicality of aligned targets should be defi-
nitely explored, for individual experiments. However, in this
work we assume that it is not done, and the selection of the
different geometries mentioned is only made with the event
selection.
We start with simple estimates for UzUz collisions. Since

we are not interested in peripheral collisions, we ignore the
diffuse nuclear surface and model the deformed nuclei as
homogeneous ellipsoids, with one long semiaxis (Rl) and
two short (Rs) semiaxes. One can relate their ratio to a stan-
dard deformation parameter & used in nuclear physics !see,
e.g., $2%":

Rl

Rs
"! 1!4&/3

1#2&/3" 1/2. !1"

For uranium 238, &U'0.27, and this ratio is 1.29, which is
the basic deformation ratio to be used below. The absolute
radii of ellipsoids to be used are Rl"8.4, Rs"6.5 for U, and
RPb"6.78 fm for Pb.
Let us start with hard processes: predictions of the parton

model scale very simply, and they are insensitive to compli-
cated final-state interactions. The basic quantity we need to
estimate is the number of potential NN collisions, NNN . For
two identical spherical nuclei NNN scales as NNN'A4/3. The
generalization to deformed nuclei is obvious:

NNN(RxRyRz1Rz2 , !2"

where Rx ,Ry are transverse radii of the overlap region !as-
sumed to be always an ellipse" and Rz1 ,Rz2 are both z radii
of the overlap.
For head-on (UzUz) collisions, the gain over central PbPb

can be viewed as due to a longer target for each nucleon:

UzUz

PbPb #hard"
A!U "

A!Pb "

Rl!U "

R!Pb "
"1.14$1.236"1.41. !3"

1Below we use PbPb instead.
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Predictions for v2 in U + U collisions

• Expect larger v2 for a given centrality in most central 
collisions
‣ due to large deformation of uranium

15

which are still not very well known. InU!U collisions the
elliptic flow variation is mostly due to variation in orienta-
tion of the nuclei at the moment of collision. The corre-
sponding estimates have much smaller uncertainty.

While selection of the events based on the number of
spectators is very useful, it seems to be also possible to
disentangle CME and background correlations based only
on the dependence of the signal on charged multiplicity.
Figure 4 presents the dependence of the elliptic flow and
magnetic field on charged multiplicity. The elliptic flow
dependence is different for two systems, with U!U
collisions exhibiting a characteristic kink (cusp) at multi-
plicity "1000 [25], reflecting the fact that high(er) multi-
plicity events have predominantly tip-tip orientation; the
latter also leads to a decrease in elliptic flow. Being mostly
determined by correlation of the multiplicity with the
number if participants, the magnetic field has similar de-
pendence on multiplicity for both collision systems. The
difference in the dependencies of the magnetic field and
elliptic flow on charged multiplicity can be used a as a test
for the nature of correlations contributing to the signal.

The charge separation dependence on the strength of the
magnetic field can be further studied with the collision of
isobaric nuclei, such as 96

44Ru and
4096Zr. These nuclei have

the same mass number, but differ by the charge. The multi-
particle production in the midrapidity region would be
affected very little in the collision of such nuclei, and
one would expect very similar elliptic flow. At the same
time the magnetic field would be proportional to the nuclei
charge and can vary by more than 10%, which can result in
20% variation in the signal. Such variations should be
readily measurable. The collisions of 96

44Ru and 96
40Zr iso-

topes have been successfully used at GSI [26] in a study of
baryon stopping. Collisions of isobaric nuclei at RHIC will
be also extremely valuable for understanding the initial
conditions, and, in particular, the initial velocity fields, the
origin of directed flow, etc.

In summary, the estimates presented in this Letter show
that a detailed analysis of central Au! Au and U!U

collisions should be able to disentangle CME and back-
ground correlations contributing to the signal observed by
STAR.
Discussions with J. Dunlop and P. Filip are gratefully

acknowledged. This work was supported in part by the US
Department of Energy, Grant No. DE-FG02-92ER40713.
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FIG. 4 (color online). Elliptic flow and the magnetic field
(arbitrary units) in Au! Au and U!U collisions as a function
of multiplicity. The arrows indicate the multiplicities corre-
sponding to the top 2% of the collision cross section.
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Fig. 3. (Color online.) (a) Four-particle cumulant v2{4}/!!RP" as a function of
1/!SRP"dN/dy for unidentified charged hadrons in Au + Au collisions at

#
sNN =

200 GeV. (b) The same plot as (a) for the standard event plane v2{EP}/!PP{2} as a
function of 1/!SPP"dN/dy. Both the values of v2{4} and v2{EP} are taken from [31].
Only statistical errors on the v2 are shown and are smaller than symbols. Open
boxes are systematic errors from the Monte Carlo Glauber simulation. Solid lines
are fitting results by Eq. (11). See more details about fitting in the texts.

non-Gaussian. The v2 from two particle methods are expressed as
(v"

2 )1/" where v2 is the true v2 value and " varies from 1 to
2 depending on the event plane resolution [33,34]. In this study,

!part{2} =
!

!!2
part" was used by assuming " = 2. We confirmed

that the resulting v2 values unchanged by using !part (i.e. " = 1).
Because the v2 values were extrapolated from (v2/!) multiplied
by !, most of the difference between !part{2} and !part is canceled
out and thus the resulting v2 is the same regardless of the choice
of eccentricity.

Fig. 4 shows the extracted v2 in U + U collisions compared to
those in Au + Au collisions as a function of centrality at

#
sN N =

200 GeV. The vRP
2 (vPP

2 ) denotes the v2 measured with respect to
the reaction (participant) plane. The vRP

2 and vPP
2 have been calcu-

lated by multiplying the !!RP" and !PP{2} to the fitting results of
v2/! shown in Fig. 3 for each centrality bin. Since we have cal-
culated the dNch/d# in the Monte Carlo Glauber simulation, it is
necessary to convert the dNch/d# to dN/dy for calculating the v2
for each centrality bin. We assume that dNch/dy $ 1.15 dNch/d#
to extrapolate the v2/! for each centrality [35]. The vRP

2 in U + U
collisions is consistent with that in Au + Au collisions for central-
ity 0–80%. The vPP

2 is also consistent with each other in U + U and
Au + Au collisions for centrality 20–80%, whereas the v2 in U + U
collisions at top 0–10% centrality is 30–60% larger than that in
Au + Au collisions. The larger v2 is attributed to the larger partici-
pant eccentricity due to the ground-state deformation in top 0–10%
centrality in U + U collisions compared to that in Au + Au colli-
sions. The extracted v2 in Au + Au collisions are slightly smaller
than the data at peripheral collisions. Since the dNch/d# has been
tuned to reproduce the PHOBOS results and is smaller than the
STAR dNch/dy at peripheral 60–80%, the resulting v2/! (and hence
the v2) become smaller than the STAR v2.

3.2. Nuclear modification factor R A A

The integrated R A A over a certain pT range in Au+Au collisions
at

#
sN N = 200 GeV has been described by R A A = (1% S0Na

part)
n%2,

Fig. 4. (Color online.) (a) The vRP
2 as a function of centrality. Solid circles is the

v2{4}, open boxes and shaded band show the extracted v2 from the fitting of
v2/!!RP" and !!RP" in Monte Carlo Glauber simulation in Au + Au and U + U colli-
sions, respectively. (b) The same comparison of vPP

2 with !PP{2} as (a), where solid
stars are the v2{EP}. The errors on the v2 include systematic errors from Monte
Carlo Glauber simulation and errors from fitting of v2/!.

Fig. 5. (Color online.) Integrated R A A above pT > 5 GeV/c [15] as a function of !L" in
Au + Au collisions at

#
sNN = 200 GeV. Most central bin denote 0–10% rather than

0–5%. Statistical and pT-uncorrelated errors are smaller than symbols. Open boxes
are the errors on !L" in x axis and pT-correlated systematic errors on the R A A in y
axis. The dashed lines and the single box on right at unity show the errors on Ncoll
and normalization of the p + p reference, respectively [15]. Solid line is the fitting
result by Eq. (12).

where n = 8.1 is the power-law exponent of pT distribution, and
S0 = (9.0 ± 6.1) & 10%3 and a = 0.57 ± 0.14 for Npart > 20 and
pT > 5 GeV/c [15]. We have assumed that the path length !L" de-
termines the R A A in both Au + Au and U + U collisions. The R A A
in U + U collisions has been extrapolated by fitting the R A A(L) in
Au + Au collisions with an ansatz from above equation

R A A(L) =
"
1 % S '

0!L"b#n%2
, (12)

where n = 8.1, S '
0 and b are free parameters that have been eval-

uated by fitting the data.
Fig. 5 shows integrated R A A for pT > 5 GeV/c from [15] as a

function of !L" in Au + Au collisions at
#

sN N = 200 GeV. We have

H. M., B. Mohanty, N. Xu, PLB679, 440 (2009)
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v2 vs multiplicity

• v2 in U+U > v2 in Au+Au in central collisions

• Expected ‘cusp’ structure not observed
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which are still not very well known. InU!U collisions the
elliptic flow variation is mostly due to variation in orienta-
tion of the nuclei at the moment of collision. The corre-
sponding estimates have much smaller uncertainty.

While selection of the events based on the number of
spectators is very useful, it seems to be also possible to
disentangle CME and background correlations based only
on the dependence of the signal on charged multiplicity.
Figure 4 presents the dependence of the elliptic flow and
magnetic field on charged multiplicity. The elliptic flow
dependence is different for two systems, with U!U
collisions exhibiting a characteristic kink (cusp) at multi-
plicity "1000 [25], reflecting the fact that high(er) multi-
plicity events have predominantly tip-tip orientation; the
latter also leads to a decrease in elliptic flow. Being mostly
determined by correlation of the multiplicity with the
number if participants, the magnetic field has similar de-
pendence on multiplicity for both collision systems. The
difference in the dependencies of the magnetic field and
elliptic flow on charged multiplicity can be used a as a test
for the nature of correlations contributing to the signal.

The charge separation dependence on the strength of the
magnetic field can be further studied with the collision of
isobaric nuclei, such as 96

44Ru and
4096Zr. These nuclei have

the same mass number, but differ by the charge. The multi-
particle production in the midrapidity region would be
affected very little in the collision of such nuclei, and
one would expect very similar elliptic flow. At the same
time the magnetic field would be proportional to the nuclei
charge and can vary by more than 10%, which can result in
20% variation in the signal. Such variations should be
readily measurable. The collisions of 96

44Ru and 96
40Zr iso-

topes have been successfully used at GSI [26] in a study of
baryon stopping. Collisions of isobaric nuclei at RHIC will
be also extremely valuable for understanding the initial
conditions, and, in particular, the initial velocity fields, the
origin of directed flow, etc.

In summary, the estimates presented in this Letter show
that a detailed analysis of central Au! Au and U!U

collisions should be able to disentangle CME and back-
ground correlations contributing to the signal observed by
STAR.
Discussions with J. Dunlop and P. Filip are gratefully

acknowledged. This work was supported in part by the US
Department of Energy, Grant No. DE-FG02-92ER40713.
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FIG. 4 (color online). Elliptic flow and the magnetic field
(arbitrary units) in Au! Au and U!U collisions as a function
of multiplicity. The arrows indicate the multiplicities corre-
sponding to the top 2% of the collision cross section.

PRL 105, 172301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

22 OCTOBER 2010

172301-4



H. Masui / LBNL /18

Eccentricity scaling of v2

• Splitting of v2/ε between Au+Au and U+U
‣ Break down of eccentricity scaling ?
‣ Artifact of glauber simulation ?
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Summary

• Deviation of NCQ scaling of v2

‣ in mid-central, peripheral collisions
‣ Flavor ordering ?
‣ φ meson seems to deviate at low energies (need more statistics)

• Mass ordering of φ and p is qualitatively consistent 
with prediction
‣ Hadronic rescattering seems to play important role on v2 even at 

top RHIC energy

• v2 measurements in U+U
‣ qualitatively consistent with predictions. Quantitative comparison 

needs to be done with dynamical models
‣ Need more study to understand the eccentricity scaling of v2
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