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I) Isobar collisions and magnetic field effect
Ø Chiral Magnetic Effect (CME)

D.E. Kharzeev et al.
Prog.Part.Nucl.Phys. 88 (2016) 1-28

D.E. Kharzeev
Prog.Part.Nucl.Phys. 75 (2014) 133-151

Ø In non-central collisions, a 
strong magnetic field is 

created ⊥ to Ψ!"

Ø The magnetic field acts on the chiral fermions 
with 𝜇# ≠ 0 leading to an electric current 
along the magnetic field which results in a 

charge separation
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Can we identify & characterize this dipole moment?
The CME correlators have been used extensively for experimental measurements.

CME-driven charge separation leads to a 
dipole term in the azimuthal distribution 

of the produced charged hadrons:

𝑑𝑁$%

𝑑𝜙
∝ 1 ± 2 𝑎&$% sin 𝜙 +⋯ 𝑎!"# ∝ 𝜇$ 𝐵
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I) Isobar collisions and magnetic field effect
Ø Correlators to measure dipole charge separation

A well-known approach is to use 
the 𝛾 correlator to measure the 

dipole charge separation

The 𝑅'( ∆𝑆 correlation function 
method  is used to measure the 

dipole charge separation

The signed balance function 
method is recently used to measure 

the dipole charge separation
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Ø The correlators’ responses are similar for signal and background
Ø Background can account for a part, or all of the observed charge separation signal?
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I) Isobar collisions and magnetic field effect
Ø Separating the signal from background is the main subject of the isobar collisions MAGDY, SHI, LIAO, LIU, AND LACEY PHYSICAL REVIEW C 98, 061902(R) (2018)

FIG. 1. (a) Comparison of the centrality dependence of the peak
magnetic fields B0 (perpendicular to the respective participant planes
!PP

B which fluctuate about !RP ) for Au+Au, Ru+Ru, and Zr+Zr
collisions at

√
sNN = 200 GeV. Panels (b) and (c) show the centrality

dependence of the ratio of these peak magnetic fields [24].

The second-order event plane, !2, determined by the maximal
particle density in the elliptic azimuthal anisotropy and the
beam axis, serves as a proxy for !RP in experimental mea-
surements.

In addition to the B0 difference indicated for the isobars,
it is noteworthy that Fig. 1 also suggest a specific hierarchy
as well as patterns in the relative magnitudes for CME-driven
charge separation for the systems indicated. The observation
of such magnitudes and trends in future charge separation
measurements could also serve as an important constraint.

A caveat on the proposed measurement for the isobars
is that the initial axial charge and the time evolution of the
magnetic field [cf. Eq. (1)] are unconstrained theoretically.
Thus, it is not certain whether the expected "B-driven charge-
separation difference would remain detectable after possible
signal losses associated with the dynamics of the evolution
from the QGP phase to particle freeze-out. It is also uncer-
tain whether a charge separation difference that survives the
reaction dynamics would still be discernible in the presence
of the well-known background correlations which contribute
and complicate the measurement of CME-driven charge sep-
aration [3–8].
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FIG. 2. Comparison of the differential elliptic flow v2(pT ), ex-
tracted from AVFD events for 30–60% central 96

44Ru + 96
44Ru and

96
40Zr + 96

40Zr collisions at
√

sNN = 200 GeV. The extractions were
carried out for charged hadrons with |η| ! 1.5 with the event planes
constructed in the range 2.5 ! |η| ! 4.0.

In recent work [26], we have developed and tested a
new correlator designed to give discernible responses for
background- and CME-driven charge separation relative to the
!3 and !2 event planes respectively. An initial rudimentary
comparison of the correlators for preliminary data [27] and
theory indicated results compatible with a CME-driven charge
separation in 40–50% central Au+Au collisions at

√
sNN =

200 GeV. Here, we use this correlator in concert with state-
of-the-art anomalous viscous fluid dynamics (AVFD) model
calculations to test its efficacy to detect and characterize the
expected charge-separation difference induced by the chi-
ral magnetic effect (CME), in 96

44Ru + 96
44Ru and 96

40Zr + 96
40Zr

collisions. The tests are performed under “realistic” AVFD
model conditions, which mimic the complications that could
result from the influence of both the reaction dynamics and
background correlations.

The AVFD model [19,28] uses Monte Carlo Glauber initial
conditions to simulate the evolution of fermion currents in the
QGP, on top of the bulk fluid evolution implemented in the
VISHNU hydrodynamic code [29], supplemented with a Ultra-
relativistic Quantum Molecular Dynamics (URQMD) hadron
cascade “afterburner” stage. The code gives a good repre-
sentation of the experimentally measured bulk properties—
particle yields, spectra, flow, etc. Therefore, it gives a realistic
estimate of the magnitude and trends of the background cor-
relations expected in the isobaric data samples to be obtained
at RHIC. Figure 2 shows that the AVFD values for elliptic
flow [v2(pT ), a major driver of background correlations, is
similar for the two isobars and is in line with expectation that
the background correlations for 96

44Ru + 96
44Ru and 96

40Zr + 96
40Zr

should be similar for the indicated centrality range [2,30]. The
two isobars have a small deformation difference which leads
to eccentricity (ε2) differences and consequently, a v2 differ-
ences for centralities !30% [30]. However, such a difference
would not have a strong impact on our analysis as discussed
below.

Anomalous transport from the CME, is also implemented
in the AVFD model. This is accomplished via a time-
dependent magnetic field B(τ ) = B0

1+(τ/τB )2 , which acts in

061902-2

Niseem Magdy, et al. PRC 98 (2018) 6, 061902

Ø Isobar Analysis: A large, collective effort
5-Isobar Blind Analyses

Ø Δ𝛾, Δ𝛿 and 𝜅
Ø Δ𝛾, Δ𝛿 and Δ𝛾(Δ𝜂)
Ø Δ𝛾 in PP/SP and Δ𝛾(M!"#)
Ø Δ𝛾 in PP/SP 
Ø 𝑅(Δ𝑆) Correlator.

Case for CME:

Ø Δ𝛾 and its derivatives
Δ𝛾/v!(Ru/Zr)  > 1
Δ𝛾""!/v!(Ru/Zr) > Δ𝛾"!#/v#(Ru/Zr)
κ(Ru/Zr)  > 1

Ø 𝑓$%&'( > 𝑓$%&)* > 0

Ø 𝜎'+!
," '(

)* > 1

N. Magdy, et al. PRC 98 (2018) 6, 061902

A. Tang, CPC 44 054101 (2020)

S. Voloshin, PRC 98, 054911 (2018)

H-J. Xu, et al, CPC 42, 084103 (2018)

J. Zhao , et al, EPJC 79 (2019) 168

BNL, CCNU, Fudan, Huzhou, Purdue, SINAP, Stony Brook, 
Tsukuba, UCLA, UIC, and Wayne State

Isobar Blind
Analysis

God Parent
Committee A Blinding

Committee

Analyzers
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I) Isobar collisions and magnetic field effect
Ø Isobar Analysis: Expected CME background in isobar

Helen Caines - 6th CVMF in HIC meeting - Nov 2021 

CME background appears different

16

Observed differences in both multiplicity and v2 imply that CME background 
different for the two isobars at matching centralities

21
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p
sNN = 200 GeV as a

function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.

detailed implementations di↵er among the groups with regards to estimation of harmonic flow vectors, re-weighting,
the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
Moreover, the final conclusion on the observability of the CME is consistent among all five analysis groups.

In addition to the centrality dependence results reported in the following subsections, in order to have the best
statistics, we also quote the final results for the Ru+Ru over Zr+Zr ratio observables for the centrality range of 20–50%.
The choice of this centrality range is determined by two considerations. One is that the mid-central collisions present
the best EP reconstruction resolution as well as the most significant magnetic field strengths (hence the possibly
largest CME signal di↵erence between the isobar species). The other consideration is that the online trigger e�ciency
starts to deteriorate from the 50% centrality mark towards more-peripheral collisions (see Sec. III). A compilation of
results from di↵erent groups is presented in the summary subsection V I.

A. �� measurements with TPC event plane (Group-1)

The flow plane for a specific pseudorapidity range is unknown for each event. In practice, we estimate an nth-

harmonic flow plane with the azimuthal angle ( n) of the flow vector
�!
Qn =

�PN
i wi cos(n�i),

PN
i wi sin(n�i)

�
, where

�i represents the azimuthal angle of a detected particle, and wi is a weight (often set to pT ) to optimize the EP
resolution. For example, the vn measurement with respect to the full TPC EP is denoted by

vn{TPC EP} = hcos(n�� n TPC

n )i . (43)

14

is not compatible with transition measurements and calculations [123, 124]. Based on the above considerations, the
Case-3 WS density parameterization is chosen for our centrality calculations. The fit corresponds to values of MC
Glauber parameters npp = 2.386, k = 3.889, and x = 0.123.

TABLE III. Centrality definition by No✏ine

trk ranges (e�ciency-uncorrected multiplicity in the TPC within |⌘| < 0.5) in Ru+Ru
and Zr+Zr collisions at

p
sNN =200 GeV. The first column is the centrality range labels we use throughout the paper. The

two centrality columns are the actual centrality ranges which are slightly di↵erent because of integer edge cuts used for the
centrality determination. The mean hNo✏ine

trk i values, the mean number of participants (hNparti), and the mean number of
binary collisions (hNcolli) are also listed. The statistical uncertainties on hNo✏ine

trk i are all significantly smaller than 0.01. The
uncertainties on hNparti and hNcolli are systematic.

Centrality Ru+Ru Zr+Zr
label (%) Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli Centrality(%) No✏ine

trk hNo✏ine

trk i hNparti hNcolli
0–5 0–5.01 258.–500. 289.32 166.8±0.1 389±10 0–5.00 256.–500. 287.36 165.9±0.1 386±10
5–10 5.01–9.94 216.–258. 236.30 147.5±1.0 323±5 5.00–9.99 213.–256. 233.79 146.5±1.0 317±5
10–20 9.94–19.96 151.–216. 181.76 116.5±0.8 232±3 9.99–20.08 147.–213. 178.19 115.0±0.8 225±3
20–30 19.96–30.08 103.–151. 125.84 83.3±0.5 146±2 20.08–29.95 100.–147. 122.35 81.8±0.4 139±2
30–40 30.08–39.89 69.–103. 85.22 58.8±0.3 89.4±0.9 29.95–40.16 65.–100. 81.62 56.7±0.3 83.3±0.8
40–50 39.89–49.86 44.–69. 55.91 40.0±0.1 53.0±0.5 40.16–50.07 41.–65. 52.41 38.0±0.1 48.0±0.4
50–60 49.86–60.29 26.–44. 34.58 25.8±0.1 29.4±0.2 50.07–59.72 25.–41. 32.66 24.6±0.1 26.9±0.2
60–70 60.29–70.04 15.–26. 20.34 15.83±0.03 15.6±0.1 59.72–70.00 14.–25. 19.34 15.10±0.03 14.3±0.1
70–80 70.04–79.93 8.–15. 11.47 9.34±0.02 8.03±0.04 70.00–80.88 7.–14. 10.48 8.58±0.02 7.12±0.04
20–50 19.96–49.86 44.–151. 89.50 60.9±0.3 96.7±1.0 20.08–50.07 41.–147. 85.68 58.9±0.3 90.3±0.9
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FIG. 3. (Upper) The e�ciency-uncorrected mean multiplicity
⌦
No✏ine

trk

↵
from the TPC within |⌘| < 0.5 as a function of

centrality in Ru+Ru and Zr+Zr collisions. The centrality bins are shifted horizontally for clarity. (Lower) The ratio of
the mean multiplicity in Ru+Ru collisions to that in Zr+Zr collisions in matching centrality. The points include statistical
uncertainties that are within the marker size.

The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining
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FIG. 4. (Left) Elliptic anisotropy v2 measurements using di↵erent methods in isobar collisions at
p
sNN = 200 GeV as a

function of centrality using TPC and EPD detectors. In the upper panels, the solid and open symbols represent measurements
for Ru+Ru and Zr+Zr collisions, respectively. The data points are shifted along the x axis for clarity. The lower panels show
the v2 ratios in Ru+Ru over Zr+Zr collisions. The statistical uncertainties are represented by lines and systematic uncertainties
by boxes. (Right) The same showing measurements for four particle correlations using TPC and EP determined from ZDC.
The data points are shifted horizontally for clarity.
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the pseudorapidity gap to reduce non-flow, and correction of non-uniform acceptance. While focusing on various
aspects, four of the five groups have analyzed the ��/v2 observable. Figure 5 compares the ��/v2 measurements
with both the full-event and sub-event methods. The statistical uncertainties are largely correlated among the
groups because the same initial data sample is analyzed; the results are not identical because of the analysis-specific
event selection criteria (see Table.I) and the slightly di↵erent methods. Using the Barlow approach [106], we have
verified that the results from di↵erent groups are consistent within the statistical fluctuations due to those di↵erences.
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The centrality of an event is defined by the percentile of the total cross section. The integer edge cuts are made
so that the integrals of the No✏ine

trk
distributions would be closest to the 5% or 10% mark. For the 0–20% centrality

interval the experimental data are used for integration, while the MC Glauber distributions are used for the remaining

Ø Observed differences in multiplicity and v2 for the same centrality
ü Background differences between the two isobars are more complicated than previously thought 
ü The predefined CME signature could be invalid 

STAR Collaboration
PRC 105, 014901 (2022)

7



8

I) Isobar collisions and magnetic field effect
Ø Isobar Analysis: Results
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FIG. 26. Compilation of results from the blind analysis. Only results contrasting between the two isobar systems are shown.
Results are shown in terms of the ratio of measures in Ru+Ru collisions over Zr+Zr collisions. Solid dark symbols show CME-
sensitive measures whereas open light symbols show counterpart measures that are supposed to be insensitive to CME. The
vertical lines indicate statistical uncertainties whereas boxes indicate systematic uncertainties. The colors in the background
are intended to separate di↵erent types of measures. The fact that CME-sensitive observable ratios lie below unity leads to the
conclusion that no predefined CME signatures are observed in this blind analysis.

ratio of the value of each observable in Ru+Ru to its value in Zr+Zr collisions is shown; the statistical and systematic
uncertainties are shown by lines and boxes, respectively. Included are results for the CME-sensitive observables
��/v2, , k and 1/�R 2

using di↵erent detector combinations as well as from independent analysis groups. The
ratio values of ��/v2, 112, k2, and 1/�R 2

are all less than or consistent with unity, indicating that the predefined
CME signature is not observed in the isobar blind analysis for any of these observables. This observation is further
corroborated by the observation that the CME-insensitive quantities ��123/v3 and k3 have ratios (as shown in the
figure) consistent with their second-harmonic CME-sensitive counterparts.

In addition to the integrated quantities shown in Fig. 26, we have performed di↵erential measurements of �� with
�⌘ and of �� for pion pairs in invariant mass minv for both isobar species. No di↵erence in the shape is observed
between the two species in these di↵erential studies. The mean value of the variable r that measures the relative
excess of opposite-sign relative to same-sign pion pairs at di↵erent values of minv is di↵erent for the two isobar species,
being smaller in Ru+Ru collisions; this is qualitatively consistent with the charged hadron multiplicity di↵erence in
bins of matching centrality between the two isobars.

The comparison of �� measured with respect to the spectator (measured by the ZDC) and participant (measured
by the TPC) planes is used to extract the CME fraction fcme in each individual species. Two analysis groups used this
method. Group-3 analyzed both the full-event and sub-event correlations, while Group-4 analyzed only the latter.
Using the sub-events allows the suppression of non-flow correlations. The sub-event results from the two groups are
consistent with each other. The statistical uncertainties on fcme from Group-3 are larger than those from Group-4,
due to a smaller di↵erence in v2{ZDC} and v2{TPC} resulting from di↵erent approaches of correlating particles at
midrapidity with signals from two ZDCs (see sections IVD and IVE). All these results give a CME signal fraction
that is consistent with zero with large statistical uncertainties of approximately 10% (absolute) dominated by the
ZDC measurements.

The most recent Au+Au results measured by the spectator and participant plane method from STAR indicate a
possible CME signal fraction of the order of 10% with a significance of 1–3� [70]. If the CME signal fraction is also
10% in isobar collisions, then a 3� e↵ect would be expected with the current isobar data sample of approximately 2
billion MB events each, according to estimations in Ref. [82, 83]. However, it has been pointed out and supported by
AVFD simulations that the CME signal fraction may be substantially smaller in isobar collisions compared to Au+Au
collisions [138]. This would imply a substantially smaller significance in this isobar data sample.

Predefined CME signature:
ü Δ𝛾 and its derivatives

Δ𝛾/v+(Ru/Zr)  > 1
Δ𝛾,,+/v+(Ru/Zr) > Δ𝛾,+-/v-(Ru/Zr)
κ(Ru/Zr)  > 1

ü 𝜎%&!
'! %(

)*
> 1

STAR Collaboration
PRC 105, 014901 (2022)

The predefined CME signature is not observed
ü Not an indication for the absence of the CME in the individual signal 

• Ongoing work to characterize the effects of backgrounds  
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II) New insights into the collective effects

A non-trivial correlation pattern 
driven by elementary processes 

  Correlations in proton-proton collision

9

Fig. 1.5: Example of a standard non-central heavy-ion collision in which the
eccentric shape of initial collision geometry is transposed into the elliptic flow
anisotropy in the final state momentum space. The figure adapted from [27].

In the last decade, the v2 coefficient which is dominated by asymmetries
related to the initial elliptic shape of the collision zone, has recieved a lot of
experimental and theoretical attention [28, 29]. More recently it was realized
that higher odd and even anisotropic flow coefficients are also important,
and are more sensitive to the transport coefficients. In this dissertation, a
comprehensive set of new measurements of both odd an even harmonics will
be presented and studied.

1.4 Scope and Organization of this thesis

In this thesis, I will present and discuss new measurements of anisotropic
flow and its fluctuations, for Au+Au collisions at all BES energies, as well
as d+Au, Cu+Cu and Cu+Au at

√
sNN = 200 GeV, and U+U at

√
sNN

= 193 GeV. The beam energy dependent measurements provide important
constraints for the extraction of the specific viscosity η/s (the ratio of shear
viscosity to entropy density) as well as its T and µB dependence. In turn the
measurements for different collision systems provide stringent constraints for
initial-state models.

The organization of this thesis is as follows:
Chapter 2 gives a brief outline of the RHIC accelerator facility and the de-
tector setup employed for the measurements. In Chapters 3 and 4 the data
analysis method is presented with emphasis on the two- and multi-particle
correlation techniques [30–34] employed for the anisotropic flow measure-

11
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II) New insights into the collective effects
Ø Higher order flow harmonics are sensitive probes for 2

-
(𝑇) due to their enhanced viscous response 

- Beam energy dependence for a given collision system:

ü Initial-state spatial anisotropy is 
approximately beam energy independent.

ü Viscous attenuation (∝ 2
-
(𝑇)) is beam 

energy dependent.

Iu. A. Karpenko, et al.
PRC 91, 064901 (2015)
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include side-side events that give rise to large values of ε2 (see
Fig. 5). For the highest multiplicity, this difference amounts to a
factor of approximately 1.5. The multiplicity and the centrality
dependence of ε2 is flatter for random U + U collisions than
tip-tip U + U collisions above Nch ! 700. The shape of the
tip-tip U + U curve is very similar to that of the Au + Au
curve except for an overall shift because of the larger number
of nucleons in the uranium nucleus. The values of ε2 merge
for Au + Au and U + U collisions towards peripheral bins.

ε2 shows a significant difference in terms of both magnitude
and the trend with Nch in case of Cu + Au collisions. At low
Nch the value of ε2 in Cu + Au is comparable to other systems.
However, it falls off much faster with Nch.

In Fig. 7 we compare the ellipticity in random U + U
collisions from different models. The MC-Glauber result
is obtained using the model described in Sec. II B. Here,
the ellipticity is computed by averaging over all participant
nucleon positions defined by the nucleon centers. The MC-
KLN model calculation is taken from Ref. [17]. The MC-KLN
model produces the largest ε2 over a wide range of Npart. The
MC-Glauber ε2 increases rapidly at low Npart to reach the
limiting value of ε2 = 1 at Npart = 2.

The triangularity ε3 for different collision systems is shown
as a function of Nch in Fig. 8. ε3 values for all systems coincide
over the entire range of Nch which is a striking reflection of the
fact that ε3 is sensitive only to fluctuations, not to the details
of the average geometries. A similar behavior of ε3 was also
seen in the AMPT model calculations of [25,37].

Higher order moments of eccentricities as functions of Nch
are shown in Fig. 9. ε4 for U + U and Au + Au nearly coincide
over the entire range of Nch. For Cu + Au ε4 is slightly lower.
The system size and shape dependence of ε4 in different
systems was also compared in Ref. [40]. As for ε3, the Nch
dependence of ε5 is very similar in all systems.

D. Event-by-event fluctuations of ellipticities

Event-by-event fluctuations of ellipticities are sensitive to
the details of initial-state fluctuations and provide a good
estimate of v2 fluctuations [41,42]. Our computations in
Refs. [43,44] demonstrated that the distributions of scaled
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eccentricities εn/〈εn〉 using the IP-Glasma model provide a
very good description of the experimental vn/〈vn〉 distributions
measured by the ATLAS collaboration [45]. In [41] we
extended the calculations to 10 centrality bins in the range
of 0%–50% and obtained good agreement with ATLAS data
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include side-side events that give rise to large values of ε2 (see
Fig. 5). For the highest multiplicity, this difference amounts to a
factor of approximately 1.5. The multiplicity and the centrality
dependence of ε2 is flatter for random U + U collisions than
tip-tip U + U collisions above Nch ! 700. The shape of the
tip-tip U + U curve is very similar to that of the Au + Au
curve except for an overall shift because of the larger number
of nucleons in the uranium nucleus. The values of ε2 merge
for Au + Au and U + U collisions towards peripheral bins.

ε2 shows a significant difference in terms of both magnitude
and the trend with Nch in case of Cu + Au collisions. At low
Nch the value of ε2 in Cu + Au is comparable to other systems.
However, it falls off much faster with Nch.

In Fig. 7 we compare the ellipticity in random U + U
collisions from different models. The MC-Glauber result
is obtained using the model described in Sec. II B. Here,
the ellipticity is computed by averaging over all participant
nucleon positions defined by the nucleon centers. The MC-
KLN model calculation is taken from Ref. [17]. The MC-KLN
model produces the largest ε2 over a wide range of Npart. The
MC-Glauber ε2 increases rapidly at low Npart to reach the
limiting value of ε2 = 1 at Npart = 2.

The triangularity ε3 for different collision systems is shown
as a function of Nch in Fig. 8. ε3 values for all systems coincide
over the entire range of Nch which is a striking reflection of the
fact that ε3 is sensitive only to fluctuations, not to the details
of the average geometries. A similar behavior of ε3 was also
seen in the AMPT model calculations of [25,37].

Higher order moments of eccentricities as functions of Nch
are shown in Fig. 9. ε4 for U + U and Au + Au nearly coincide
over the entire range of Nch. For Cu + Au ε4 is slightly lower.
The system size and shape dependence of ε4 in different
systems was also compared in Ref. [40]. As for ε3, the Nch
dependence of ε5 is very similar in all systems.

D. Event-by-event fluctuations of ellipticities

Event-by-event fluctuations of ellipticities are sensitive to
the details of initial-state fluctuations and provide a good
estimate of v2 fluctuations [41,42]. Our computations in
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What are the respective roles of 𝜖3 and its fluctuations and correlations, 
flow correlations and 2

-
(𝑇) as a function of beam energy? 10
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II) New insights into the collective effects
Ø Beam energy dependence for a given collision system: 6
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FIG. 3. Comparison of the centrality dependence of the charged hadrons v2{2} (a), v2{4} (b), v2{6} (c) and the ratio
v2{4}/v2{2} (d), in the pT range 0.2− 4.0 GeV/c for Au+Au collisions at

√
sNN = 11.5 – 200 GeV. The vertical lines and the

open boxes indicate the respective statistical and systematic uncertainties. The shaded band in (d) indicate the ratios obtained
from the LHC measurements for the pT range 0.2− 3.0 GeV/c for Pb+Pb collisions at

√
sNN = 2.76 TeV [79].
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200 GeV. The vertical lines and the open boxes indicate the respective statistical and systematic uncertainties.

give insight on possible contributions from other fluctua-
tion sources [47, 80]. Here, an essential point is that the
fluctuations generated during the hadronization of the
QGP could lead to a difference in the magnitude of the
fluctuations for different particle species. Figure 2 shows
a comparison of the measured centrality dependence of
v2{2} (a), v2{4} (b) and the ratio v2{4}/v2{2} (c), for
pions, kaons, and protons in Au+Au collisions at

√
sNN

= 200 GeV. The v2{2} and v2{4} measurements exhibit
the well known mass ordering for these particle species.

Figure 2 (c) compares the v2{4}/v2{2} ratios for pi-
ons, kaons and protons; they indicate that the magnitude
and trend of the flow-fluctuations are independent of the
particle-species. The effects of mass ordering, apparent
in Figs. 2 (a) and (b), are expected to cancel in these ra-
tios [44, 47]. Strikingly similar species independent pat-
terns can also be seen for the ratios obtained from the
Hydro-I calculations [73], shown by the hatched band
and the inset in Fig. 2 (c). A similar species independent
result is obtained for Hydro-II [44], albeit with differ-
ent magnitudes for the v2{4}/v2{2} ratios. A species
independent v2{4}/v2{2} ratio is expected if initial-state
fluctuations dominate over other sources of fluctuations.

The beam-energy dependence of the flow fluctuations
can give insight into possible fluctuation sources associ-
ated with the expansion dynamics. Consequently, the
flow and flow-fluctuation measurements were performed
for Au+Au collisions spanning the range

√
sNN = 11.5−

200 GeV. Figure 3 provides a summary of the centrality
dependence of v2{2} (a), v2{4} (b), v2{6} (c) and the
ratio v2{4}/v2{2} (d) for the respective beam energies as

indicated. Figures 3 (a) - 3 (c) show an increase with
increasing beam energy for the values of v2{2}, v2{4},
and v2{6}, that reflects the change in the expansion dy-
namics. However, for a given beam energy, the ratio
v2{6}/v2{4} = 0.995 ± 0.002 with a weak dependence
on centrality. These patterns could be a further indica-
tion for the Gaussian-like nature of the flow fluctuations
across the presented beam energies.

The v2{4}/v2{2} ratios shown in Fig. 3 (d) suggest
that within the given uncertainties, the flow fluctuations
are weakly dependent on the beam energy, if at all, ir-
respective of the collision centrality. The magnitude and
trend of these ratios are also comparable to those for
the LHC measurements for Pb+Pb collisions at

√
sNN =

2.76 TeV [79] and to the ε2{4}/ε2{2} ratios, in central to
mid-central collisions, shown in Fig. 1 (b). These results
suggest that the flow fluctuations associated with the ex-
pansion dynamics do not change substantially over the
beam energy range

√
sNN = 11.5− 2760 GeV. The com-

parable magnitudes for v2{4}/v2{2} and ε2{4}/ε2{2}
also suggest that the initial-state eccentricity fluctua-
tions dominate the flow fluctuations encoded in the ratio
v2{4}/v2{2}.
Further knowledge on the fluctuation sources can be

obtained by comparing the measurements for collisions
of U+U, Au+Au and Cu+Au at similar collision en-
ergy. Here, it is noteworthy that the prolate deforma-
tion of uranium, the oblate deformation of Au, and the
asymmetry and system size for Cu+Au collisions, can
lead to different initial-state eccentricities for the same
centrality, especially in central collisions. Fig. 4 shows
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Ø The flow harmonics depend on beam energy.
ü Sensitive to the viscous effects (Nch, 𝑝+ , ,

-
, …)

Ø The dimensionless parameters show similar values 
and trends for different beam energies.
ü Sensitive to the 𝜖. and its fluctuations and correlations

STAR Collaboration, arXiv:2201.10365

11



12

II) New insights into the collective effects

• 𝐶4 decreases with beam-energy

• The Pearson correlation, 𝜌 𝑣//, 𝑝+ , shows no 
significant energy dependence within the 
systematic uncertainties
ü Sensitive to the 𝜖. and its fluctuations and 

correlations

• 𝑉𝑎𝑟 𝑣55 6)3 decreases  with beam-energy

• 𝑐𝑜𝑣 𝑣55, 𝑝7 decreases with beam-energy
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Ø Beam energy dependence for a given collision system:

ü Sensitive to the viscous effects (Nch, 𝑝+ , ,
-
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Ø 𝑣22, 𝑝𝑇 correlations 
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II) New insights into the collective effects
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• 𝐶4 decreases with beam-energy

• The Pearson correlation, 𝜌 𝑣0/, 𝑝+ , shows no 
significant energy dependence within the systematic 
uncertainties
ü Sensitive to the 𝜖. and its fluctuations and 

correlations

• 𝑉𝑎𝑟 𝑣:5 6)3 decreases  with beam-energy

• 𝑐𝑜𝑣 𝑣:5, 𝑝7 decreases with beam-energy

ü Sensitive to the viscous effects (Nch, 𝑝+ , ,
-
, …)

Ø Beam energy dependence for a given collision system:
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II) New insights into the collective effects
Ø Collision system dependence at a given beam energy:

6
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boxes indicate systematic uncertainties. The v2 data is the
same as in Fig. 3(c). The dotted line represents an exponen-
tial fit to the data with Eq. 4. The inset shows the respective
ratios of the slopes extracted for each system relative to the
slope extracted from a fit to the combined data sets (〈Slope〉
= 8.2 × 10−1 ± 0.02).

and 2(i). Here, the sizable uncertainties for the p+Au
and d+Au data points for 〈Nch〉 ∼ 21 reflect the system-
atic uncertainty estimates for residual non-flow contribu-
tions which are smaller for these pT-integrated measure-
ments. The striking system-dependent patterns shown in
Fig. 3(c) can be attributed to the strong dependence of
ε2 on system size for a fixed value of 〈Nch〉. This shape
dependence, which weakens for low 〈Nch〉, is confirmed
via the plot of v2/ε2 vs. 〈Nch〉−1/3 shown in Fig. 4. A
similar plot, reflecting the n2 dependence of viscous at-
tenuation [35, 36], was obtained for v3/ε3 vs. 〈Nch〉−1/3.
The inset in Fig. 4 indicates a marked similarity between
the slopes of the eccentricity-scaled v2 for U+U, Au+Au,
Cu+Au and Cu+Cu collisions. The eccentricity-scaled
results for d+Au and p+Au also follow the data trend
for these heavier collision species with larger systematic
uncertainty. Hydrodynamic simulations for Au+Au col-
lisions [60] exhibit similar scaling trends within the same
range of 〈Nch〉.
In summary, we have used the two-particle correlation

method to carry out a comprehensive set of measure-
ments of veven1 , v2, and v3 as a function of pT and 〈Nch〉 in

U+U (
√
s
NN

= 193 GeV) and Au+Au, Cu+Au, Cu+Cu,
d+Au, and p+Au collisions at

√
s
NN

= 200 GeV. The
detailed comparisons of the measurements highlight the
sensitivity of vn to the magnitude of the initial-state ec-
centricity, system size and the final-state interactions in
the expanding matter. The wealth of the A+A measure-
ments lead to data collapse of ln(vn/εn) vs. 〈Nch〉−1/3

onto a single curve. Similarly scaled results for d+Au and
p+Au (for 〈Nch〉 ∼ 21) are also observed with larger un-
certainty. The combined measurements and their scaling
properties provide a new set of constraints which could
prove invaluable for the interpretation of collectivity in
small systems and for detailed theoretical extraction of
the temperature-dependent η

s .
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Method three assumes that c1 is dominated by the away-side jet. This leads to the estimate that the ratio
of the non-flow between p + p and p/d/3He+Au is proportional to the ratio of the c1 values for p + p and
p/d/3He+Au respectively. Thus, csub

n can be obtained as: csub
n = cn � cpp

n ⇥
c1
cpp

1
, and used to extract vsub

n as
described for method two. It is noteworthy that closure tests were performed with simulated events from the
AMPT model to aid validation of the e�cacy of the respective methods for non-flow mitigation.

3. Results

The v2(pT ) and v3(pT ) values for p/d/3He+Au before and after non-flow subtraction, are compared for all
three methods in the left panel of Fig. 2. They indicate non-flow contributions that are system-dependent, but
the non-flow mitigated v2(pT ) (top panels) and v3(pT ) (bottom panels) are method-independent within the
indicated uncertainties. Here, it is noteworthy that the un-subtracted v3(pT ) is a lower limit since non-flow
subtraction leads to higher v3(pT ) values. The uncertainties for v2(pT ) and v3(pT ) reflect statistical, as well
as systematic uncertainties linked to (i) track related backgrounds, (ii) pileup e↵ects and (iii) the methods of
non-flow subtraction. The right panel of Fig. 2 indicates magnitudes and trends for the pT -integrated v2{2}
and v2{4} for d+Au and 3He+Au, that are consistent with an important influence from both subnucleonic
eccentricity fluctuations and size-driven (Nch) viscous attenuation. Note that the statistics available for the
p+Au data precluded a statistically significant measurement of c2{4} and hence, v2{4}.

The v2(pT ) and v3(pT ) measurements for p/d/3He+Au are compared to published PHENIX measure-
ments [9] in Fig. 3. The comparisons for v2(pT ) (left panel) show that, within the indicated uncertainties,
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Method three assumes that c1 is dominated by the away-side jet. This leads to the estimate that the ratio
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The v2(pT ) and v3(pT ) values for p/d/3He+Au before and after non-flow subtraction, are compared for all
three methods in the left panel of Fig. 2. They indicate non-flow contributions that are system-dependent, but
the non-flow mitigated v2(pT ) (top panels) and v3(pT ) (bottom panels) are method-independent within the
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and v2{4} for d+Au and 3He+Au, that are consistent with an important influence from both subnucleonic
eccentricity fluctuations and size-driven (Nch) viscous attenuation. Note that the statistics available for the
p+Au data precluded a statistically significant measurement of c2{4} and hence, v2{4}.
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II) New insights into the collective effects
Ø Collision system dependence at a given beam energy:
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FIG. 3. Comparison of the centrality dependence of the charged hadrons v2{2} (a), v2{4} (b), v2{6} (c) and the ratio
v2{4}/v2{2} (d), in the pT range 0.2− 4.0 GeV/c for Au+Au collisions at

√
sNN = 11.5 – 200 GeV. The vertical lines and the

open boxes indicate the respective statistical and systematic uncertainties. The shaded band in (d) indicate the ratios obtained
from the LHC measurements for the pT range 0.2− 3.0 GeV/c for Pb+Pb collisions at

√
sNN = 2.76 TeV [79].
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200 GeV. The vertical lines and the open boxes indicate the respective statistical and systematic uncertainties.

give insight on possible contributions from other fluctua-
tion sources [47, 80]. Here, an essential point is that the
fluctuations generated during the hadronization of the
QGP could lead to a difference in the magnitude of the
fluctuations for different particle species. Figure 2 shows
a comparison of the measured centrality dependence of
v2{2} (a), v2{4} (b) and the ratio v2{4}/v2{2} (c), for
pions, kaons, and protons in Au+Au collisions at

√
sNN

= 200 GeV. The v2{2} and v2{4} measurements exhibit
the well known mass ordering for these particle species.

Figure 2 (c) compares the v2{4}/v2{2} ratios for pi-
ons, kaons and protons; they indicate that the magnitude
and trend of the flow-fluctuations are independent of the
particle-species. The effects of mass ordering, apparent
in Figs. 2 (a) and (b), are expected to cancel in these ra-
tios [44, 47]. Strikingly similar species independent pat-
terns can also be seen for the ratios obtained from the
Hydro-I calculations [73], shown by the hatched band
and the inset in Fig. 2 (c). A similar species independent
result is obtained for Hydro-II [44], albeit with differ-
ent magnitudes for the v2{4}/v2{2} ratios. A species
independent v2{4}/v2{2} ratio is expected if initial-state
fluctuations dominate over other sources of fluctuations.

The beam-energy dependence of the flow fluctuations
can give insight into possible fluctuation sources associ-
ated with the expansion dynamics. Consequently, the
flow and flow-fluctuation measurements were performed
for Au+Au collisions spanning the range

√
sNN = 11.5−

200 GeV. Figure 3 provides a summary of the centrality
dependence of v2{2} (a), v2{4} (b), v2{6} (c) and the
ratio v2{4}/v2{2} (d) for the respective beam energies as

indicated. Figures 3 (a) - 3 (c) show an increase with
increasing beam energy for the values of v2{2}, v2{4},
and v2{6}, that reflects the change in the expansion dy-
namics. However, for a given beam energy, the ratio
v2{6}/v2{4} = 0.995 ± 0.002 with a weak dependence
on centrality. These patterns could be a further indica-
tion for the Gaussian-like nature of the flow fluctuations
across the presented beam energies.

The v2{4}/v2{2} ratios shown in Fig. 3 (d) suggest
that within the given uncertainties, the flow fluctuations
are weakly dependent on the beam energy, if at all, ir-
respective of the collision centrality. The magnitude and
trend of these ratios are also comparable to those for
the LHC measurements for Pb+Pb collisions at

√
sNN =

2.76 TeV [79] and to the ε2{4}/ε2{2} ratios, in central to
mid-central collisions, shown in Fig. 1 (b). These results
suggest that the flow fluctuations associated with the ex-
pansion dynamics do not change substantially over the
beam energy range

√
sNN = 11.5− 2760 GeV. The com-

parable magnitudes for v2{4}/v2{2} and ε2{4}/ε2{2}
also suggest that the initial-state eccentricity fluctua-
tions dominate the flow fluctuations encoded in the ratio
v2{4}/v2{2}.
Further knowledge on the fluctuation sources can be

obtained by comparing the measurements for collisions
of U+U, Au+Au and Cu+Au at similar collision en-
ergy. Here, it is noteworthy that the prolate deforma-
tion of uranium, the oblate deformation of Au, and the
asymmetry and system size for Cu+Au collisions, can
lead to different initial-state eccentricities for the same
centrality, especially in central collisions. Fig. 4 shows
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Ø The flow harmonics depend on beam energy.
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-
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Ø The dimensionless parameters show similar values 
and trends for different beam energies.
ü Sensitive to the 𝜖. and its fluctuations and correlations
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III) New insights into the nuclear shape and structure
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III) New insights into the nuclear shape and structure
Ø The rich structure of atomic nuclei
• Collective phenomena can reflect:

ü Clustering, halo, skin, bubble…
ü Quadrupole/octupole/hexdecopole deformations
ü Nontrivial evaluation with N and Z.

ε2

ε3
ε4

Initial condition Final stateNucleus

?
hydro

High energy: 
Linear response in each event? n=2,3
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III) New insights into the nuclear shape and structure
Ø Probing nuclear deformation in heavy-ion collisions 

Haojie Xu

Pearson correlation coefficient in U+U and  Au+Au 12

IPGlasma+Hydro: private calculation provided by Bjoern Schenke (PRC102, 044905 (2020))  

sign change

ρ(v2
n , [pT]) = cov(v2

n , [pT])
Var((v2n)dyn⟨δpTδpT⟩

Sign change of  confirms that U is prolate and   (IPGlasma  + Hydro)ρ(v2
2 , [pT]) β2,U = 0.28 ± 0.03Haojie Xu

Pearson correlation coefficient in U+U and  Au+Au 12

IPGlasma+Hydro: private calculation provided by Bjoern Schenke (PRC102, 044905 (2020))  

sign change

ρ(v2
n , [pT]) = cov(v2

n , [pT])
Var((v2n)dyn⟨δpTδpT⟩

Sign change of  confirms that U is prolate and   (IPGlasma  + Hydro)ρ(v2
2 , [pT]) β2,U = 0.28 ± 0.03

Sign change of ρ(v2, [ pT]) confirms that U is prolate and β2,U = 0.28 ± 0.03 (IPGlasma + Hydro) 
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III) New insights into the nuclear shape and structure
Ø Probing nuclear deformation in heavy-ion collisions 

Haojie Xu
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C. Zhang, J. Jia,  PRL128, 022301 (2022) 
J.Jia and C. Zhang, arXiv:2111.15559  

B. Pritychenko, et.al. At.Data Nucl.Data Tables 107, 1 (2016)  
T. Kebedi, et.al. At.Data Nucl.Data Tables 80, 35 (2002) 

Isobar ratios as new probe to nuclear deformation 
Estimate based on AMPT
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III) New insights into the nuclear shape and structure
Ø Probing neutron skin thickness and symmetry energy in isobar collisions 
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The multiplicity and ⟨𝑝7⟩ differences can probe neutron skin and symmetry energyHaojie Xu

Multiplicity ratio to probe symmetry energy 15

H. Li, HJX, et.al,  PRL125, 222301 (2020)

  MeV 
 MeV 

 fm 
 fm

L(ρc) = 53.8 ± 1.7 ± 7.8
L(ρ) = 65.4 ± 2.1 ± 12.1
Δrnp,Zr = 0.195 ± 0.019
Δrnp,Ru = 0.051 ± 0.009

 Mean multiplicity ratio in central collisions to extract neutron 
skin thickness and symmetry energy 
 Uncertainties can be improved with deformed (more difficult) 
DFT calculations

State-of-the-art spherical DFT 
with eSHF nuclear potential     
 Zhang, Chen, PRC94, 064326 (2016)

Haojie Xu

 ratio to probe symmetry energy⟨pT⟩ 16

HJX, et.al  arXiv:2111.14812 

  MeV 
 MeV 

 fm  
 fm

L(ρc) = 56.8 ± 0.4 ± 10.4
L(ρ) = 69.8 ± 0.7 ± 16.0
Δrnp,Zr = 0.202 ± 0.024
Δrnp,Ru = 0.052 ± 0.012

 The values at top 5%  are used to extract neutron skin 
 The centrality dependence needs further investigation 
(nuclei size vs collision geometry) 

Consistent with the measurement from multiplicity ratio
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FIG. 26. Compilatio
n of resu

lts from the blind
analys

is. Only results
contra

sting betwee
n the two isobar

system
s are shown

.

Result
s are shown

in terms of th
e ratio of measure

s in Ru+Ru collisio
ns ove

r Zr+Zr coll
isions.

Solid dark symbols sh
ow CME-

sensiti
ve measure

s wherea
s open light symbols show counte

rpart
measure

s that are suppo
sed to be insens

itive to CME. Th
e

vertica
l lines

indica
te statist

ical un
certain

ties wherea
s boxes

indica
te system

atic uncert
ainties

. The colors
in the backgr

ound

are int
ended

to separa
te di↵e

rent ty
pes of

measure
s. The

fact th
at CM

E-sens
itive o

bserva
ble rat

ios lie
below

unity
leads t

o the

conclu
sion that n

o predefi
ned CME signat

ures a
re observ

ed in this bl
ind analys

is.

ratio of the
value o

f each
observ

able in
Ru+Ru to its valu

e in Zr+Zr coll
isions

is show
n; the

statist
ical an

d system
atic

uncert
ainties

are shown
by lines and boxes,

respec
tively.

Includ
ed are results

for the CME-sens
itive observ

ables

��/v2,
, k and 1/�R 2

using
di↵ere

nt detect
or combinatio

ns as well as
from indepe

ndent
analys

is groups
. The

ratio values
of ��/v2, 112

, k2, a
nd 1/�R 2

are all less
than or con

sistent
with unity,

indicat
ing that th

e predefi
ned

CME signatu
re is not

observ
ed in the isobar

blind analys
is for a

ny of thes
e observ

ables.
This o

bserva
tion is furt

her

corrob
orated

by the observ
ation that the CME-inse

nsitive
quanti

ties ��123/v3
and k3 have ratios

(as shown
in the

figure)
consist

ent wi
th their s

econd-
harmonic CME-sens

itive counte
rparts.

In additio
n to the int

egrate
d quanti

ties sh
own in Fig. 26

, we ha
ve per

formed di↵ere
ntial m

easure
ments of

�� with

�⌘ and of �� for pion pairs in invaria
nt mass minv

for both isobar
species

. No di↵ere
nce in the shape

is observ
ed

betwee
n the two species

in these
di↵ere

ntial s
tudies.

The mean value
of the

variab
le r that measure

s the relativ
e

excess
of opp

osite-s
ign relativ

e to same-sign
pion pairs a

t di↵er
ent val

ues of
minv

is di↵e
rent fo

r the t
wo isobar

species
,

being
smaller in

Ru+Ru collisio
ns; thi

s is qu
alitativ

ely consist
ent wi

th the charge
d hadron

multiplic
ity di↵ere

nce in

bins of
matchin

g centra
lity betwee

n the two isobars
.

The comparison
of �� measure

d with respec
t to the specta

tor (m
easure

d by the ZDC)
and partici

pant (
measure

d

by the TP
C) pla

nes is u
sed to extrac

t the C
ME fractio

n fcme i
n each individ

ual spe
cies. T

wo analys
is grou

ps used
this

method.
Group-3

analyz
ed both the full-ev

ent and sub-ev
ent correla

tions,
while

Group-4
analyz

ed only the latter.

Using
the sub-ev

ents al
lows th

e suppre
ssion of non

-flow correla
tions.

The sub-ev
ent res

ults fr
om the two groups

are

consist
ent wi

th each other.
The statist

ical un
certain

ties on
fcme from Group-3

are larger
than those

from Group-4
,

due to a smaller di↵ere
nce in v2{ZDC

} and v2{TPC
} resulti

ng from di↵ere
nt app

roache
s of corr

elating
particl

es at

midrapid
ity with signals

from two ZDCs
(see section

s IVD and IVE). Al
l these

results
give a CME signal

fractio
n

that is consist
ent with zero with large statist

ical un
certain

ties of app
roximately 10% (absolu

te) dominated
by the

ZDC measure
ments.

The most rec
ent Au

+Au results
measure

d by the specta
tor an

d partici
pant p

lane method
from STAR

indicat
e a

possib
le CME signal

fractio
n of the

order o
f 10%

with a signific
ance of 1–3

� [70]. If the
CME signal

fractio
n is also

10% in isobar
collisio

ns, the
n a 3� e↵ect

would
be expect

ed with the curren
t isoba

r data
sample of app

roximately 2

billion
MB events

each, a
ccordin

g to estimations
in Ref. [8

2, 83].
Howev

er, it h
as bee

n pointe
d out an

d suppor
ted by

AVFD
simulation

s that
the CM

E signal
fractio

n may be sub
stantia

lly smaller in
isobar

collisio
ns com

pared
to Au+Au

collisio
ns [138

]. This
would

imply a substa
ntially

smaller si
gnifica

nce in this iso
bar da

ta sample.
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 Mapping on same  instead of centrality   The ratios show non-monotonic trends  The ratios well constrain the nuclear structure parameters   
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β2,Ru = 0.16 ± 0.02
β3,Zr = 0.20 ± 0.02

C. Zhang, J. Jia,  PRL128, 022301 (2022) J.Jia and C. Zhang, arXiv:2111.15559  
B. Pritychenko, et.al. At.Data Nucl.Data Tables 107, 1 (2016)  

T. Kebedi, et.al. At.Data Nucl.Data Tables 80, 35 (2002) 
Isobar ratios as new probe to nuclear deformation 

Estimate based on AMPT
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charged
hadrons

v
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v
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v
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(c)
and
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ratio

v
2 {4}/v

2 {2}
(d), in

the
p
T

range
0.2−

4.0
G
eV
/c
for A

u+
A
u
collisions

at √
s
N
N

=
11.5

–
200

G
eV
. The

vertical lines and
the

open
boxes indicate

the respective statistical and
system

atic
uncertainties. The

shaded
band

in
(d) indicate

the ratios obtained

from
the

LH
C
m
easurem

ents
for the

p
T

range
0.2−

3.0
G
eV
/c
for

Pb+
Pb

collisions
at √

s
N
N

=
2.76

TeV
[79].
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Com
parison

of
the

centrality
dependence

of
the

charged
hadrons

v
2 {2}

(a),
v
2 {4}

(b),
v
2 {6}

(c)
and

the
ratio

v
2 {4}/v

2 {2}
(d), in

the
p
T

range
0.2 −

4.0
G
eV
/c
for

U
+
U
( √
s
N
N

=
193

G
eV
), A

u+
A
u
and

Cu+
A
u
collisions

at √
s
N
N

=

200
G
eV
. The

vertical lines and
the

open
boxes indicate

the
respective

statistical and
system

atic
uncertainties.

give insight on
possible contributions from

other fluctua-

tion
sources [47, 80]. Here, an

essential point is that the

fluctuations
generated

during
the

hadronization
of
the

Q
G
P
could

lead
to
a
difference

in
the

m
agnitude

of the

fluctuations for different particle species. Figure 2
shows

a
com

parison
of the

m
easured

centrality
dependence

of

v
2 {2}

(a), v
2 {4}

(b)
and

the
ratio

v
2 {4}/v

2 {2}
(c), for

pions, kaons, and
protons in

Au+
Au

collisions at √
s
N
N

=
200

G
eV. The

v
2 {2}

and
v
2 {4}

m
easurem

ents exhibit

the
well known

m
ass ordering

for these
particle

species.

Figure
2
(c)

com
pares

the
v
2 {4}/v

2 {2}
ratios

for
pi-

ons, kaons and
protons; they

indicate that the m
agnitude

and
trend

of the flow-fluctuations are independent of the

particle-species.
The

effects
of m

ass
ordering, apparent

in
Figs. 2

(a) and
(b), are expected

to
cancel in

these
ra-

tios [44, 47].
Strikingly

sim
ilar species independent pat-

terns
can

also
be

seen
for

the
ratios

obtained
from

the

Hydro-I
calculations

[73],
shown

by
the

hatched
band

and
the inset in

Fig. 2
(c). A

sim
ilar species independent

result
is
obtained

for
Hydro-II

[44],
albeit

with
differ-

ent
m
agnitudes

for
the

v
2 {4}/v

2 {2}
ratios.

A
species

independent v
2 {4}/v

2 {2}
ratio

is expected
if initial-state

fluctuations dom
inate

over other sources of fluctuations.

The
beam

-energy
dependence

of the
flow

fluctuations

can
give

insight into
possible

fluctuation
sources

associ-

ated
with

the
expansion

dynam
ics.

Consequently,
the

flow
and

flow-fluctuation
m
easurem

ents
were

perform
ed

for Au+
Au

collisions spanning
the

range √
s
N
N
=
11.5−

200
G
eV. Figure

3
provides a

sum
m
ary

of the
centrality

dependence
of v

2 {2}
(a), v

2 {4}
(b),

v
2 {6}

(c)
and

the

ratio
v
2 {4}/v

2 {2}
(d) for the respective beam

energies as

indicated.
Figures

3
(a)

-
3
(c)

show
an

increase
with

increasing
beam

energy
for

the
values

of v
2 {2}, v

2 {4},

and
v
2 {6}, that reflects the

change
in
the

expansion
dy-

nam
ics.

However,
for

a
given

beam
energy,

the
ratio

v
2 {6}/v

2 {4}
=
0.995 ±

0.002
with

a
weak

dependence

on
centrality.

These
patterns

could
be
a
further

indica-

tion
for the

G
aussian-like

nature
of the

flow
fluctuations

across the
presented

beam
energies.

The
v
2 {4}/v

2 {2}
ratios

shown
in
Fig. 3

(d)
suggest

that within
the

given
uncertainties, the

flow
fluctuations

are
weakly

dependent
on

the
beam

energy, if at
all, ir-

respective of the
collision

centrality. The
m
agnitude and

trend
of
these

ratios
are

also
com

parable
to
those

for

the LHC
m
easurem

ents for Pb+
Pb

collisions at √
s
N
N
=

2.76
TeV

[79] and
to
the ε

2 {4}/ε
2 {2}

ratios, in
central to

m
id-central collisions, shown

in
Fig. 1

(b). These
results

suggest that the flow
fluctuations associated

with
the ex-

pansion
dynam

ics
do

not
change

substantially
over

the

beam
energy

range √
s
N
N
=
11.5−

2760
G
eV. The

com
-

parable
m
agnitudes

for
v
2 {4}/v

2 {2}
and

ε
2 {4}/ε

2 {2}

also
suggest

that
the

initial-state
eccentricity

fluctua-

tions dom
inate the flow

fluctuations encoded
in
the ratio

v
2 {4}/v

2 {2}.

Further
knowledge

on
the

fluctuation
sources

can
be

obtained
by

com
paring

the
m
easurem

ents
for

collisions

of
U+

U,
Au+

Au
and

Cu+
Au

at
sim

ilar
collision

en-

ergy.
Here, it

is
noteworthy

that
the

prolate
deform

a-

tion
of uranium

, the
oblate

deform
ation

of Au, and
the

asym
m
etry

and
system

size
for

Cu+
Au

collisions,
can

lead
to
different

initial-state
eccentricities

for
the

sam
e

centrality, especially
in
central collisions.

Fig. 4
shows
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