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Ø The anisotropic flow (collectivity) measurements are sensitive to the QGP 
transport properties.

Initial condition and emergence of collectivity
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Initial state Particle flow
Hydro-response

Space-time dynamics

The flow harmonic coefficients 𝑣! are  influenced by eccentricities 𝜀! , fluctuations, system size, 
speed of sound 𝑐"(𝜇# , 𝑇), and transport coefficient $

"
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Connecting the initial and final state
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Initial state Particle flow
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Ø What is the nature of the flow fluctuation?

Ø What is the space-time evolution of the produced matter?
o How are (𝜀!, Φ!) transferred to (𝑣!, 𝜓!) event-by-event?

Ø What are the properties of the produced matter?
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Ø Flow harmonics are sensitive probes for $
%
(𝑇) due to the enhanced viscous response 

Ø Higher-order flow harmonics (𝑣&'(,*) have multiple contributions:
ü Linear response ∝ 𝜀! 
ü Mode-coupled non-linear response ∝ 𝜀"𝜀#(𝑚 = 2,3) and Event-plane (E-P) correlations

Ø Flow harmonics can constrain $
%
(𝑇) and differentiate between initial state models

Ø The difference between forward and backward event planes can probe the longitudinal fluctuations

Motivation



Beam-energy dependence for a given collision system:

Initial-state 𝜀+ is approximately 
energy independent

Viscous attenuation (∝ $
%
(𝑇)) is 

beam energy dependent

Iu. A. Karpenko, et al.
PRC 91, 064901 (2015)
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Analysis Method Niseem Magdy PRC 107 (2023) 2, 024905
Niseem Magdy PRC 106 (2022) 4, 044911
Niseem Magdy, et al  PRC 105 (2022) 4, 044901

The multi-particle 
correlations

Are sensitive to the interplay between initial- and 
final-state effects. 



5

Analysis Method Niseem Magdy PRC 107 (2023) 2, 024905
Niseem Magdy PRC 106 (2022) 4, 044911
Niseem Magdy, et al  PRC 105 (2022) 4, 044901

The multi-particle 
correlations

Symmetric 
Correlations 

Asymmetric 
Correlations 

Are sensitive to the interplay between initial- and 
final-state effects. 



5

Analysis Method Niseem Magdy PRC 107 (2023) 2, 024905
Niseem Magdy PRC 106 (2022) 4, 044911
Niseem Magdy, et al  PRC 105 (2022) 4, 044901

The multi-particle 
correlations

Symmetric 
Correlations 

Asymmetric 
Correlations 

k-even particle correlations

n-m flow harmonics correlations

n-order flow harmonic fluctuations

Are sensitive to the interplay between initial- and 
final-state effects. 

Differential flow angle fluctuations



5

Analysis Method Niseem Magdy PRC 107 (2023) 2, 024905
Niseem Magdy PRC 106 (2022) 4, 044911
Niseem Magdy, et al  PRC 105 (2022) 4, 044901

The multi-particle 
correlations

Symmetric 
Correlations 

Asymmetric 
Correlations 

k-even particle correlations

n-m flow harmonics correlations

n-order flow harmonic fluctuations Event plane angular correlations

n-m mode-coupling

Are sensitive to the interplay between initial- and 
final-state effects. 

Differential flow angle fluctuations Transverse momentum flow correlations

k-odd particle correlations



Two particle correlation function 𝐶r Δ𝜑 ,

𝐶𝑟 Δ𝜑 = 𝑑𝑁/𝑑Δ𝜑     and  𝑣!& =
∑"# -. /0 	234(!	/0)

∑"# -. /0

Azimuthal anisotropy measurements 
Correlation 

function
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Flow
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Flow
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Flow

𝑯𝑩𝑻

𝑫𝒆𝒄𝒂𝒚

𝑴𝒐𝒎𝒆𝒏𝒕𝒖𝒎
𝑪𝒐𝒏𝒔𝒆𝒓𝒗𝒂𝒕𝒊𝒐𝒏

Di−jets

Two particle correlation function 𝐶r Δ𝜑 ,

𝐶𝑟 Δ𝜑 = 𝑑𝑁/𝑑Δ𝜑     and  𝑣!& =
∑"# -. /0 	234(!	/0)

∑"# -. /0

𝑺𝒉𝒐𝒓𝒕 − 𝒓𝒂𝒏𝒈𝒆𝑳𝒐𝒏𝒈 − 𝒓𝒂𝒏𝒈𝒆

𝑛 > 1
𝑣$$ = 𝑣$%𝑣$& +	𝛿'()*+

𝑛 = 1
𝑣,, = 𝑣,%𝑣,& +	𝛿-)$.

Non-flow

Azimuthal anisotropy measurements 
Correlation 

function

Charge

Flow

N
on-flow

Non-flow suppression is needed 6
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4 $/ = 𝑒0$ 1!	3	1" 	4	0/ 1#	3	1$

𝑣$5 4 = 2 2 "
$ − 4 $

𝑣$" 2 = 2 $

2𝑚 $ = 𝑒0$ ∑%&!
' (1"%(!	3	1"%)	

6	𝑣$9 6 = 6 $ − 9 2 $ 4 $ + 2 $
:

Symmetric 
Correlations 

k-even particle correlations

Are sensitive to the interplay between initial- and final-state effects. 
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6	𝑣$9 6 = 6 $ − 9 2 $ 4 $ + 2 $
:

Symmetric 
Correlations 

k-even particle correlations

n-m flow harmonics correlations

n-order flow harmonic fluctuations

Differential flow angle fluctuations

Flow decorrelation observables 

0! η = 3! −η 3!∗(η'())
3! η 3!∗(η'())

Ø The 0! η measures relative fluctuation between 3! −η and 3! η

Ø The ratio, 0!, is constructed as measurement of flow decorrelation

= )!(−η))!(η'()) cos{ 7[Ψ!(−η) − Ψ!(η'())]}
)!(η))!(η'()) cos{ 7[Ψ!(η) − Ψ!(η'())]}

From Maowu Nie

CMS Collaboration 
Phys. Rev. C 92 (2015) 034911

2022/04/07 Gaoguo Yan, Quark Matter 2022, Apr. 4th-10th 2022, Krakow 3

Are sensitive to the interplay between initial- and final-state effects. 

Are sensitive to the initial state effects. 



(1) P. Alba, et al.  PRC 98 , 034909 (2018)

(2) B.Schenke , et al.  PRC 99, 044908 (2019)
Ø The model used the impact parameter-

dependent Glasma model to initialize the 
viscous hydrodynamic simulation MUSIC 
and employ the UrQMD transport model for 
the low-temperature region of the collisions. 

Width, height, and position of 
𝜁/𝑠 are free parameters

𝜁/𝑠 peaks at 165 MeV

𝜂/𝑠 = 0.12

Ø The model use event-by-event fluctuating initial conditions generated by the 
TRENTO model with free parameters calibrated to fit experimental observables. 

Ø The model use the smoothed particle hydrodynamics (SPH) Lagrangian code, v-
USPhydro, to solve the viscous hydrodynamic equations taking into account shear 
viscous effects.

Ø The viscosity is determined by fitting 𝑣"{2} and  𝑣:{2} across centrality for 
different equation of state individually.

Models for comparisons

8
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Anisotropic Flow Fluctuations
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The 𝑣>{𝑘} and (𝑣> 4 /𝑣>{2}) centrality dependance 

Ø 𝑣( 4 /𝑣( 2  decrees from central to peripheral collisions  
Ø The model calculations:

(I) (𝑣+ 4 /𝑣+{2}) agrees well with the data
(II) (𝑣+ 4 /𝑣+{2}) and (𝜖+ 4 /𝜖+{2}) bracket the data



9

Anisotropic Flow Fluctuations

 0

 0.04

 0.08

 0  20  40  60

v 2
{k
}

(a) Au+Au 200 GeV

Hydro-I  v2{2}
Hydro-II v2{2}
Hydro-I   v2{4}
Hydro-II  v2{4}

k = 2
  = 4
  = 6

 0.4
 0.6
 0.8

 1

 0  20  40  60

v 2
{4
}/

v 2
{2
}

Centrality (%)

(b)

Hydro-I 
Hydro-II

ε2{4}/ε2{2}
Data  

Hydro-I Hydro-II
𝜂/𝑠 0.12 0.05

Initial conditions IP-Glasma TRENTO

Contributions Hydro + Hadronic cascade Hydro + Direct decays 

STAR  Collaboration
PRL 129 25, 252301 (2022) 

The 𝑣>{𝑘} and (𝑣> 4 /𝑣>{2}) centrality dependance 

 0

 0.04

 0.08

 0.12

 0  20  40  60
v 2
{k
}

Centrality (%)

(a)
k = 2

Au+Au 200 GeV

Centrality (%)

π 
K 
p 

 0

 0.04

 0.08

 0.12

 0  20  40  60

v 2
{k
}

Centrality (%)

(b)
k = 4

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60
 0.2

 0.4

 0.6

 0.8

 1

Centrality (%)

(c)

v 2
{4
}/

v 2
{2
}

Hydro-I π 

 0.8

 1

 1.2

 0  20  40  60

R
x/

R
π

Centrality (%)

Hydro-I

Ø 𝑣( 4 /𝑣( 2  decrees from central to peripheral collisions  
Ø The model calculations:

(I) (𝑣+ 4 /𝑣+{2}) agrees well with the data
(II) (𝑣+ 4 /𝑣+{2}) and (𝜖+ 4 /𝜖+{2}) bracket the data

Ø 𝑣( 4 /𝑣( 2  show weak dependence on particle species. 



9

Anisotropic Flow Fluctuations

 0

 0.04

 0.08

 0  20  40  60

v 2
{k
}

(a) Au+Au 200 GeV

Hydro-I  v2{2}
Hydro-II v2{2}
Hydro-I   v2{4}
Hydro-II  v2{4}

k = 2
  = 4
  = 6

 0.4
 0.6
 0.8

 1

 0  20  40  60

v 2
{4
}/

v 2
{2
}

Centrality (%)

(b)

Hydro-I 
Hydro-II

ε2{4}/ε2{2}
Data  

Hydro-I Hydro-II
𝜂/𝑠 0.12 0.05

Initial conditions IP-Glasma TRENTO

Contributions Hydro + Hadronic cascade Hydro + Direct decays 

STAR  Collaboration
PRL 129 25, 252301 (2022) 

The 𝑣>{𝑘} and (𝑣> 4 /𝑣>{2}) centrality dependance 

 0

 0.04

 0.08

 0.12

 0  20  40  60
v 2
{k
}

Centrality (%)

(a)
k = 2

Au+Au 200 GeV

Centrality (%)

π 
K 
p 

 0

 0.04

 0.08

 0.12

 0  20  40  60

v 2
{k
}

Centrality (%)

(b)
k = 4

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60
 0.2

 0.4

 0.6

 0.8

 1

Centrality (%)

(c)

v 2
{4
}/

v 2
{2
}

Hydro-I π 

 0.8

 1

 1.2

 0  20  40  60

R
x/

R
π

Centrality (%)

Hydro-I

Ø 𝑣( 4 /𝑣( 2  decrees from central to peripheral collisions  
Ø The model calculations:

(I) (𝑣+ 4 /𝑣+{2}) agrees well with the data
(II) (𝑣+ 4 /𝑣+{2}) and (𝜖+ 4 /𝜖+{2}) bracket the data

Ø 𝑣( 4 /𝑣( 2  show weak dependence on particle species. 
The influence from final-state is less than the 

one from initial-state ?



10

Anisotropic Flow Fluctuations STAR  Collaboration
PRL 129 25, 252301 (2022) 
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Anisotropic Flow Fluctuations STAR  Collaboration
PRL 129 25, 252301 (2022) 
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Anisotropic Flow Fluctuations STAR  Collaboration
PRL 129 25, 252301 (2022) 
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Anisotropic Flow Correlations 
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v Anti-correlation between 𝑣+ and 𝑣7
ü Consistent with the expected anti-correlation between ϵ+ and ϵ7	

v Correlation between 𝑣+ and 𝑣(	
ü Consistent with the expectations from mode coupling between 𝑣+ and 𝑣(	

𝑣(+ = 𝑣(8 + 	+ 𝜒+,+ 𝑣+ +

Mode coupling 

𝑁𝑆𝐶 𝑛,𝑚 =
4 !9 − 2 ! 2 9

2 !
:;< 2 9

:;<

STAR  Collaboration
PLB 839 137755 (2023)
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v NSC(n,m) show weak dependence on beam energy. 

The influence from final-state is less than the one from initial-state ?

STAR  Collaboration
PLB 839 137755 (2023)



Longitudinal dynamics in heavy-ion collisions 

Longitudinal dynamics in heavy-ion collisions

The difference between forward and backward event planes probes longitudinal fluctuation
From Wei Li

2022/04/07 Gaoguo Yan, Quark Matter 2022, Apr. 4th-10th 2022, Krakow 2

Ø Anisotropic flow  Ø Longitudinal evolution 

!"
!# ∝ 1 + 2(

!"#
)! cos # − .!

)$: elliptic flow

)%: triangular flow
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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𝐶@,)) = cos(4𝜑,- 	− 2𝜑). 	− 2𝜑/.)

𝐶A,)/ = cos(5𝜑,- 	− 2𝜑). 	− 3𝜑/.)

STAR  Collaboration
PLB 839 137755 (2023)



Three-particle correlations C(,++ and C*,+7

14

A B
∆𝜂 > 0.7 

𝜂
STAR Collaboration / Physics Letters B 809 (2020) 135728 5

Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 

Ø Two-subevents reduce the short-range non-flow 
effect on the three-particle correlations.

Both models fit the single 𝑣!; therefore, we 
need additional constraints in order to 

describe the data.
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 

Ø Two-subevents reduce the short-range non-flow 
effect on the three-particle correlations.

Both models fit the single 𝑣!; therefore, we 
need additional constraints in order to 

describe the data.
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Fig. 2. Comparison of the inclusive mode-coupled and linear higher-order flow harmonics v4 and v5 obtained with the two-subevents cumulant method, as a function of 
centrality in the pT range 0.2 − 4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. The factor 2, was applied to v5 to aid a comparison between v4 and v5. The systematic 
uncertainties, that do not include the nonflow contributions, are shown as open boxes. The solid diamonds indicate LHC measurements for the pT range from 0.2 −5.0 GeV/c
for Pb+Pb collisions at √sN N = 2.76 TeV [66].

Fig. 3. Results as a function of centrality in the pT range from 0.2 to 4.0 GeV/c for 
Au+Au collisions at √sN N = 200 GeV. Panels (a) and (b) show the mode-coupled re-
sponse coefficients, χ4,22 and χ5,23, and panels (c) and (d) show the correlations 
of event plane angles, ρ4,22 and ρ5,23. The results were obtained with the two-
subevents cumulant method; the open boxes indicate the systematic uncertainties. 
The closed-symbols represents similar LHC measurements in the pT range from 0.2
to 5.0 GeV/c for Pb+Pb collisions at √sN N = 2.76 TeV [66]. The shaded bands indi-
cate hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

of the event plane angles ρ4,22 and ρ5,23, for Au+Au collisions at √
sN N = 200 GeV. The pT -integrated measurements indicate a siz-

able centrality dependence for the mode-coupled contributions of 
v4 and v5, whereas the linear contributions, that dominate the cen-
tral collisions, show a weak centrality dependence. The v4 and v5
results are compared with similar LHC measurements which show 
larger magnitude that could be driven by the difference in the vis-
cous effects and the mean pT between RHIC and LHC energies. The 
χ4,22 and χ5,23 show a weak centrality dependence, however the 
ρ4,22 and ρ5,23 increase from central to peripheral collisions. These 
dimensionless coefficients show magnitudes and trends which are 
similar to those observed for LHC measurements, suggesting that 
the correlations of event plane angles as well as the mode-coupled 
response coefficients are dominated by initial-state effects. This is 
further supported by the observed pT independence of the χ4,22, 
χ5,23, ρ4,22 and ρ5,23. Viscous hydrodynamic model comparisons 

Fig. 4. Results as a function of pT for 10-40% central Au+Au collisions at √sN N =
200 GeV. Panels (a) and (b) present the inclusive, linear and mode-coupled 
higher-order flow harmonics v4 and v5 obtained with the two-subevents cumu-
lant method; the factor 2, was applied to v5 to aid a comparison between v4 and 
v5. Panel (c) presents the χ4,22 and ρ4,22, while panel (d) presents the χ5,23 and 
ρ5,23. The open boxes indicate the systematic uncertainties.

to the data indicate good qualitatively agreement. However, none 
of the models provide a simultaneous description of the three-
particle correlations, the mode-coupled response coefficients, and 
the correlations of event plane angles. These higher-order flow 
measurements could provide additional stringent constraints to 
discern between initial state models and aid precision extraction 
of the transport properties of the medium produced in the colli-
sions.
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Fig. 2. Comparison of the inclusive mode-coupled and linear higher-order flow harmonics v4 and v5 obtained with the two-subevents cumulant method, as a function of 
centrality in the pT range 0.2 − 4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. The factor 2, was applied to v5 to aid a comparison between v4 and v5. The systematic 
uncertainties, that do not include the nonflow contributions, are shown as open boxes. The solid diamonds indicate LHC measurements for the pT range from 0.2 −5.0 GeV/c
for Pb+Pb collisions at √sN N = 2.76 TeV [66].

Fig. 3. Results as a function of centrality in the pT range from 0.2 to 4.0 GeV/c for 
Au+Au collisions at √sN N = 200 GeV. Panels (a) and (b) show the mode-coupled re-
sponse coefficients, χ4,22 and χ5,23, and panels (c) and (d) show the correlations 
of event plane angles, ρ4,22 and ρ5,23. The results were obtained with the two-
subevents cumulant method; the open boxes indicate the systematic uncertainties. 
The closed-symbols represents similar LHC measurements in the pT range from 0.2
to 5.0 GeV/c for Pb+Pb collisions at √sN N = 2.76 TeV [66]. The shaded bands indi-
cate hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

of the event plane angles ρ4,22 and ρ5,23, for Au+Au collisions at √
sN N = 200 GeV. The pT -integrated measurements indicate a siz-

able centrality dependence for the mode-coupled contributions of 
v4 and v5, whereas the linear contributions, that dominate the cen-
tral collisions, show a weak centrality dependence. The v4 and v5
results are compared with similar LHC measurements which show 
larger magnitude that could be driven by the difference in the vis-
cous effects and the mean pT between RHIC and LHC energies. The 
χ4,22 and χ5,23 show a weak centrality dependence, however the 
ρ4,22 and ρ5,23 increase from central to peripheral collisions. These 
dimensionless coefficients show magnitudes and trends which are 
similar to those observed for LHC measurements, suggesting that 
the correlations of event plane angles as well as the mode-coupled 
response coefficients are dominated by initial-state effects. This is 
further supported by the observed pT independence of the χ4,22, 
χ5,23, ρ4,22 and ρ5,23. Viscous hydrodynamic model comparisons 

Fig. 4. Results as a function of pT for 10-40% central Au+Au collisions at √sN N =
200 GeV. Panels (a) and (b) present the inclusive, linear and mode-coupled 
higher-order flow harmonics v4 and v5 obtained with the two-subevents cumu-
lant method; the factor 2, was applied to v5 to aid a comparison between v4 and 
v5. Panel (c) presents the χ4,22 and ρ4,22, while panel (d) presents the χ5,23 and 
ρ5,23. The open boxes indicate the systematic uncertainties.

to the data indicate good qualitatively agreement. However, none 
of the models provide a simultaneous description of the three-
particle correlations, the mode-coupled response coefficients, and 
the correlations of event plane angles. These higher-order flow 
measurements could provide additional stringent constraints to 
discern between initial state models and aid precision extraction 
of the transport properties of the medium produced in the colli-
sions.
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Fig. 2. Comparison of the inclusive mode-coupled and linear higher-order flow harmonics v4 and v5 obtained with the two-subevents cumulant method, as a function of 
centrality in the pT range 0.2 − 4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. The factor 2, was applied to v5 to aid a comparison between v4 and v5. The systematic 
uncertainties, that do not include the nonflow contributions, are shown as open boxes. The solid diamonds indicate LHC measurements for the pT range from 0.2 −5.0 GeV/c
for Pb+Pb collisions at √sN N = 2.76 TeV [66].

Fig. 3. Results as a function of centrality in the pT range from 0.2 to 4.0 GeV/c for 
Au+Au collisions at √sN N = 200 GeV. Panels (a) and (b) show the mode-coupled re-
sponse coefficients, χ4,22 and χ5,23, and panels (c) and (d) show the correlations 
of event plane angles, ρ4,22 and ρ5,23. The results were obtained with the two-
subevents cumulant method; the open boxes indicate the systematic uncertainties. 
The closed-symbols represents similar LHC measurements in the pT range from 0.2
to 5.0 GeV/c for Pb+Pb collisions at √sN N = 2.76 TeV [66]. The shaded bands indi-
cate hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

of the event plane angles ρ4,22 and ρ5,23, for Au+Au collisions at √
sN N = 200 GeV. The pT -integrated measurements indicate a siz-

able centrality dependence for the mode-coupled contributions of 
v4 and v5, whereas the linear contributions, that dominate the cen-
tral collisions, show a weak centrality dependence. The v4 and v5
results are compared with similar LHC measurements which show 
larger magnitude that could be driven by the difference in the vis-
cous effects and the mean pT between RHIC and LHC energies. The 
χ4,22 and χ5,23 show a weak centrality dependence, however the 
ρ4,22 and ρ5,23 increase from central to peripheral collisions. These 
dimensionless coefficients show magnitudes and trends which are 
similar to those observed for LHC measurements, suggesting that 
the correlations of event plane angles as well as the mode-coupled 
response coefficients are dominated by initial-state effects. This is 
further supported by the observed pT independence of the χ4,22, 
χ5,23, ρ4,22 and ρ5,23. Viscous hydrodynamic model comparisons 

Fig. 4. Results as a function of pT for 10-40% central Au+Au collisions at √sN N =
200 GeV. Panels (a) and (b) present the inclusive, linear and mode-coupled 
higher-order flow harmonics v4 and v5 obtained with the two-subevents cumu-
lant method; the factor 2, was applied to v5 to aid a comparison between v4 and 
v5. Panel (c) presents the χ4,22 and ρ4,22, while panel (d) presents the χ5,23 and 
ρ5,23. The open boxes indicate the systematic uncertainties.

to the data indicate good qualitatively agreement. However, none 
of the models provide a simultaneous description of the three-
particle correlations, the mode-coupled response coefficients, and 
the correlations of event plane angles. These higher-order flow 
measurements could provide additional stringent constraints to 
discern between initial state models and aid precision extraction 
of the transport properties of the medium produced in the colli-
sions.
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Fig. 1. Comparison of the pT -integrated three-particle correlators, C4,22 and C5,23, 
for Au+Au collisions at √sN N = 200 GeV, obtained with the standard (red squares) 
and the two-subevents cumulant (blue circles) methods. The respective systematic 
uncertainties, that do not include the nonflow contributions, are shown as open 
boxes. The vertical lines represent the statistical errors. The shaded bands indicate 
hydrodynamic model predictions Hydro−1 [67], Hydro−2a and Hydro−2b [68].

Table 2
Summary description of the hydrodynamic simulations, Hydro−1 [67], and 
Hydro−2a/b [68].

Hydro−1 [67] Hydro−2a/b [68]

η/s 0.05 0.12
Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro + Direct decays (a) Hydro + Hadronic cascade

(b) Hydro only

The mode-coupled response coefficients, χ4,22 and χ5,23, which 
quantify the contributions of the mode-coupling to the higher-
order anisotropic flow harmonics, are defined as

χ4,22 = vmc
4√

〈v2
2 v2

2〉
(14)

χ5,23 = vmc
5√

〈v2
2 v2

3〉
. (15)

In Eq. (15) for the differential χ5,23, this work further makes the 
approximation 〈v2

2v2
3〉 ∼ 〈v2

2〉 〈v2
3〉 [40]. These dimensionless ra-

tios that represent the mode-coupled coefficients in Eq. (4) are 
expected to be weakly sensitive to viscous effects [48].

3. Results and discussion

In A+A collisions, short-range nonflow correlations contribute 
to the measured three-particle correlators C4,22 and C5,23 [65]. 
However, such correlations can be reduced by using subevents cu-
mulant methods [63]. Fig. 1 compares the C4,22 and C5,23 values 
obtained from the standard (i.e., the three particles are selected 
using the entire detector acceptance) and the two-subevents cu-
mulant methods as a function of centrality in the range 0.2 < pT <
4.0 GeV/c for Au+Au collisions at √sN N = 200 GeV. For mid-central 
to peripheral collisions, the magnitudes of the measured C4,22 and 
C5,23 from the standard cumulant method are larger than those 
from the subevents cumulant method, compatible with the expec-
tation that the subevents cumulant method can further reduce the 
nonflow correlations. The shaded bands in Fig. 1 indicate viscous 
hydrodynamic model predictions [67,68], as summarized in Ta-
ble 2. Note that these model predictions include an influence from 
changes in the initial- and final-state assumptions incorporated 
in model calculations. The model predictions, which were gener-
ated with the standard cumulant method, show good qualitative 
agreement with both C4,22 and C5,23. However, Hydro−2b with no 
hadronic cascade gives a better description of the data for C4,22
and C5,23 obtained with the two-subevents cumulant method.

The centrality dependence of the inclusive, linear and mode-
coupled v4 and v5 in the pT range from 0.2 to 4.0 GeV/c for Au+Au 
collisions at √sN N = 200 GeV are shown in Fig. 2. They indicate 
that the linear mode of v4 and v5 depends weakly on the colli-
sion centrality and constitutes the dominant contribution to the 
inclusive v4 and v5 in central collisions. These results are com-
pared to similar LHC measurements in the pT range from 0.2 to 
5.0 GeV/c and pseudorapidity range |η| < 0.8 for Pb+Pb collisions 
at √sN N = 2.76 TeV [66]. The comparison indicates strikingly sim-
ilar patterns for the RHIC and LHC measurements, albeit with a 
difference in the magnitude of the measurements. This observed 
difference could result from a sizable difference in the 〈pT 〉 for the 
pT -integrated v4 and v5 measurements at RHIC and the LHC, re-
spectively. Here, it is noteworthy that even though the pT range 
for both measurements is similar, the inverse slopes of the hadron 
pT spectra are larger at the LHC than at RHIC. Subtleties related 
to a difference in the viscous properties of the medium created at 
RHIC and LHC energies could also contribute to the observed dif-
ference in the magnitude of the measurements [67].

The centrality dependence of the mode-coupled response co-
efficients, χ4,22 and χ5,23, for Au+Au collisions, is presented in 
Fig. 3(a) and (b) for the range 0.2 < pT < 4.0 GeV/c. They show 
a weak centrality dependence, akin to the patterns observed for 
similar measurements at the LHC for Pb+Pb collisions at √sN N =
2.76 TeV [66] (closed symbols). These patterns suggest that (i) the 
centrality dependence observed for the mode-coupled v4 and v5
(cf., Figs. 2(b) and (e)) stems from the lower-order flow harmonics 
and (ii) the mode-coupled response coefficients are dominated by 
initial-state eccentricity couplings which have a weak dependence 
on beam energy. The shaded bands in Figs. 3(a) and (b) show 
that the predictions from the viscous hydrodynamic models [67,68]
summarized in Table 2, give a good qualitatively description of the 
χ4,22 and χ5,23 data. However, the predictions from Hydro−1 and 
Hydro−2b (cf. Table 2), give the overall closest description to χ4,22
and χ5,23.

Figs. 3(c) and (d) show the centrality dependence of the corre-
lations of the event plane angles, ρ4,22 and ρ5,23, for 0.2 < pT <
4.0 GeV/c in Au+Au collisions at √sN N = 200 GeV. The data sug-
gest stronger event plane correlations in peripheral than in central 
collisions. This centrality dependent pattern is also captured by the 
viscous hydrodynamic model predictions [67,68] indicated by the 
shaded bands in the figure. The LHC ρ4,22 and ρ5,23 measurements 
for Pb+Pb collisions at √sN N = 2.76 TeV [66] (closed symbols), also 
indicate magnitudes and trends similar to those for the Au+Au col-
lisions. This observation could be an indication that the correlation 
of event plane angles is dominated by initial-state effects.

The pT dependence of the inclusive, linear and mode-coupled 
higher-order flow harmonics, v4 and v5, for 10–40% central Au+Au 
collisions, are compared in Figs. 4(a) and (b). They show that the 
pT -dependent trends of the linear and mode-coupled contribu-
tions are similar to the inclusive v4 and v5, as previously measured 
by the STAR collaboration [12,21]. This observation suggests that 
the linear and mode-coupled contributions are driven by the same 
pT -dependent physics processes. The corresponding mode-coupled 
response coefficients χ4,22 and χ5,23 and the correlations of event 
plane angles ρ4,22 and ρ5,23 are shown in Figs. 4(c) and (d). They 
indicate little, if any, pT dependence for the centrality selection 
presented. These trends suggest that both dimensionless coeffi-
cients are dominated by initial-state effects.

4. Summary

In summary, we have presented new differential measurements 
of the charge-inclusive, linear and mode-coupled contributions to 
the higher-order anisotropic flow coefficients v4 and v5, mode-
coupled response coefficients χ4,22 and χ5,23 and the correlations 
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Transverse fluctuation
Ø shape Ø sizeanisotropic flow radial flow

## ∝ %#

correlation between 

initial state shape and size

correlation between v() and average p*

Var v'! ()' = v'* 2 − v'* 4

From Arabinda Behera

B )!$, D* =	 +,- -'(, /)
01' -'( *+' 2 ,

C+ = (-,,.− [-,] )(-,,/− [-,] )

P. Bozek, Phys. Rev. C 93 (2016) 4, 044908
G. Giacalone, B.Schenke, C.Shen, Phys. Rev. Lett. 128 (2022) 4, 042301

cov v'!, p0 = e1' 2!32" (p0,+ − [p0] )

Pearson coefficient：

[&$] related to %&
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Beam energy dependence from 19.6 - 200 GeV

3L0 )$$ 78!, M9 and NO) )$$, D* decrease with beam energy  

The Pearson coefficient, B )$$, D* , shows some hint of beam energy dependence
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• Longitudinal flow decorrelation:

r2/3 shows centrality dependence

r2/3 shows energy dependence
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Beam energy dependence from 19.6 - 200 GeV

3L0 )$$ 78!, M9 and NO) )$$, D* decrease with beam energy  

The Pearson coefficient, B )$$, D* , shows some hint of beam energy dependence
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Beam energy dependence

3L0 )%$ 78!, M9 and NO) )%$, D* decrease with beam energy

The Pearson coefficient, B )%$, D* , shows weak beam energy dependence
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• Longitudinal flow decorrelation:

r2/3 shows centrality dependence
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The multi-particle 
correlations

Symmetric 
Correlations 

Asymmetric 
Correlations 

Are sensitive to the interplay between initial- 
and final-state effects. 

Normalized Symmetric 
Correlations 

Normalized Asymmetric 
Correlations 

The multi-particle 
correlations

Are sensitive to the initial state effects. 
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