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Flow in Small Systems
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• 𝑌&'()*.(Δϕ) = F ×𝑌)'./.(Δϕ) + 𝑌./23'(Δϕ)
• where
• 𝑌./23'(Δϕ) = G×(1 + 2×∑89:; 𝑉8,8×cos(nΔϕ))

ATLAS:PRL 116, 172301 (2016)

Two particle correlation in 
d+Au@200GeV with |𝜂|<0.9 
and |∆𝜂|>1.0

Event activity: BBC (-2>𝜂>-5)
HM: ridge + jet
LM: jet

Ridge signal (flow) is extracted 
by template fit



Flow in Small Systems
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Ø v2 from template fit shows a 
universal trend as a function 
of <dN/d𝜂>
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Flow in Small Systems

6/22/19 Shengli Huang 10

Ø v2 from template fit shows a 
universal trend as a function 
of <dN/d𝜂>

HM: flow dominate

LM: nonflow dominates



Flow in Small Systems
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Ø v2 from template fit shows a 
universal trend as a function 
of <dN/d𝜂>

Ø A smooth trend from small to 
large system. 

Ø Driven by hydro flow?

STAR, PRL 122 (2019) 172301



c2{4} vs <dN/d𝜂>

12

Ø c2{4} changes sign at high 
multiplicity (|𝜂|<0.9) in 
d+Au collisions at 200 and 
62.4 GeV

Ø Collectivity in small system

6/21/19 Shengli Huang

𝑐: 4 =≪ 𝑒I/:(JKLJMIJNIJO)≫-2≪ 𝑒I/:(JKIJM) ≫
𝜙/, 𝜙R , 𝜙S, 𝜙* are the azimuthal angles of four different particles in 
an event ;《》 represents the average over all particles from all 
events within a given multiplicity range
𝑣: 4 = U/W −𝑐:{4}



Semi-inclusive Jets in p+Au@200 GeV 

6/23/19 Shengli Huang 13

Ø Event activity by BBC
Ø Suppression of away 

side jet above 10 GeV/c
Ø Due to bias of event 

selection?
Ø Is there still room for

medium modification?

S(0-30%)/S(70-100%) 

David Stewart 
Wed 5:10 PM ,301
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Flow correlation

15

Ø Two-subevents method to suppress the non-flow

Ø Sensitive to initial condition, 𝜂/s etc

 0

 0.2

 0.4

 0.6

 0.8

 0  20  40  60

×10-4

(a)

n = 2, m = 2

Au+Au 200 GeV

Centrality %

C
n+

m
,n

,m

Standard method
Two-subevent method

 0

 0.2

 0.4

 0.6

 0.8

 0  20  40  60

(×10)
(b)

n = 2, m = 3

Centrality %

Hydro-1
Hydro-2a

Hydro-2b

0.2 < 𝑝^ < 4 𝐺𝑒𝑉/𝑐

STAR Preliminary

A B
|∆𝜂| > 0.7

𝜂

(2) B.Schenke, et al. PRC 99, 044908 (2019)
Ø (1) P. Alba, et al.  PRC 98 , 034909 (2018)

Niseem Abdelrahman
Wed 2:40 PM ,301

𝑪𝟒,𝟐𝟐 =< 𝒗𝟒𝒗𝟐𝟐𝒄𝒐𝒔(𝟒𝝍𝟒 − 𝟒𝝍𝟐) > 𝑪𝟓,𝟐𝟑= < 𝒗𝟓𝒗𝟑𝒗𝟐𝒄𝒐𝒔(𝟓𝝍𝟓 − 𝟑𝝍𝟑 − 𝟐𝝍𝟐) >



Nonlinear mode-mixing
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Ø Carry information about EP angular correlations 
Ø Same as ALICE, nonlinear mode-mixing increase for peripheral  
Ø More constraints on hydro calculation

𝝆𝟒,𝟐𝟐 =< 𝒄𝒐𝒔(𝟒𝝍𝟒 − 𝟒𝝍𝟐) > 𝝆𝟓,𝟐𝟑 =< 𝒄𝒐𝒔(𝟓𝝍𝟓 − 𝟑𝝍𝟑 − 𝟐𝝍𝟐) >

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

(2) B.Schenke, et al. PRC 99, 044908 (2019)



Longitudinal flow de-correlation
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Ø Stronger decorrelation at RHIC energy. 

Ø Hydro. cannot describe LHC and RHIC data simultaneously

Ø Results of 54.4 and 27.6 GeV will come soon!

ATLAS, EPJC 78, 142(2018)
EPJA 52(2016) 97
PRC 97,064918(2018)

.

CMS PRC92, 034911(2015)

r2 r3
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D0 v1: Tilted QGP and EM field Effect

Ø Charm dragged by tilted QGP, leads 
to large v1

Ø Due to EM field, further splitting 
between 𝐷p and 𝐷p v1

Das et. al.,PLB768(260)2016



D0 directed flow
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Ø First observation of D0 v1 , ~10 times larger than kaon’s

Ø Also larger than prediction of hydro

Subhash Singha
Wed 6:10 PM,301

STAR,arXiv:1905.02052



D0 direct flow
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Ø First observation of D0 v1 , ~10 times larger than kaon’s

Ø Also larger than prediction of hydro and AMPT

Ø 𝐷p and 𝐷p v1 are same within uncertainties. Measurement 
not yet sensitive to EM field
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𝛬 polarization and Influence of B field

Ø QGP vorticity can be transferred to 
𝛬 polarization

Ø Due to B field, further splitting is 
expected between 𝛬 and 𝛬



𝛬 global polarization@200GeV
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Ø Global polarization of 𝛬 is 
observed for first time in 
Au+Au@200 GeV 

Ø Precision not sufficient to 
see the difference 
between 𝛬 and 𝛬

Ø Analysis of >x10 of 27.6 
GeV data is underway!



𝛬 local polarization@200GeV
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Ø Local polarization (along beam direction) shows a quadrupole 
structure,  the sign is different from the hydro calculation. It is still 
not understood

STAR, arXiv:1905.11917
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𝛬 local polarization@200GeV

6/23/19 Shengli Huang 25

Ø Local polarization (along beam direction) shows a quadrupole 
structure,  the sign is different from the hydro calculation. It is still 
not understood

Ø The sign may depend on the relation of magnitude between 
spatial and flow anisotropy from BW model 

STAR, arXiv:1905.11917

+

+

−
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Coherent 𝛾+𝛾, 𝛾+nuclear processes
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photonuclear 
interaction ∝ Z2

photon-photon 
interaction ∝ Z4

= +
Ann. Rev. Nucl. Part. 
Sci.55:271
(2005)

V=𝜌, 𝜔, 𝜙, /𝝍

𝛾𝛾

𝛾

l+

pomeron
l-



Coherent 𝛾+𝛾, 𝛾+nuclear processes
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photonuclear 
interaction ∝ Z2

photon-photon 
interaction ∝ Z4

QGP

Ø How about these processes in hot QGP?

Ø A new tool to study the QGP properties!
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Ø Significant di-lepton enhancement at low pT is observed!
STAR,PRL121(2018)132301

Di-electron enhancement at low pT

photon-photon 
interaction ∝ Z4



Di-electron enhancement at low pT
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Comparing to model calculations:
Ø 𝜌 broadening in QGP can not explain the enhancement!
Ø Qualitatively consistent with model including photon-photon 

interactions

STAR,PRL121(2018)132301



Low pT J/𝜓 enhancement
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STAR, arXiv: 1904.11658

Ø Significant J/𝜓 enhancement at low pT relative to
extrapolation

Nucleus/Spectator

Nucleus/Spectator

𝛾

pomeron

photonuclear 
interaction ∝ Z2
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Ø 60-80% Au+Au vs. 47-75% Ru+Ru:
Similar hadronic contribution 
Different contribution from photon-photon interactions

Ø Around 3.7𝜎 difference between Ru+Ru and Zr+Zr (estimated from 
840M events). STAR recorded 1.6B events for each of them!

photon-photon 
interaction ∝ Z4

PLB789 (2019) 238-242
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Outlook: Recent completed upgrades

iTPC:Tracking and PID~|𝜂|<1.5 eTOF :PID~-1.6<𝜂<-1.1 EPD: EP~2.1<|𝜂|<5.1
and centrality

Daniel Brandenburg
Wed. 5:10 PM,329



Outlook: Forward Upgrade
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(2.5<𝜂<4.0)

Ø Positive BNL internal review last Nov. and will be ready for 2022
Ø Very valuable for both cold QCD and heavy ion physics



What STAR can do in small systems
in future?
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ØEnhanced STAR acceptance/kinematics
ØNew subsystems: iTPC (|η|<1.5, PID), EPD (2.1<|η|<5) and eTOF (2019+)
ØForward upgrade with pT, ET and some ID (Ks,Λ,π0) at 2.5<η<4 (2021+)

ØEnable quantitative improvements over Geometry-scan I
ØQuantitative control of non-flow systematics, behavior of collectivity at 

low Nch.
ØLongitudinal dynamics and their impact on existing results
ØComprehensive studies of multi-particle correlation (like LHC)

ØMulti-particle cumulants, symmetric and asymmetric cumulants with subevent
methods

ØAs a first step, STAR proposes a one-week O+O run before 2022
ØTake 400 M minbias events and 200 M 0-5% central events



Why O+O?
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Proposed LHC run schedule

Interplay of nucleon vs subnucleon fluctuations

Ø A O+O run at RHIC after BES II is timely
n First comparison between RHIC & LHC with ~identical Glauber geometry but 

different sub-nucleon fluctuation (Qs) for a factor of 10 difference in energy 

less centrality bias & better 
selection of geometry (Npart, εn)

ØA O+O run at LHC around horizon (likely in 2023)



Summary
Ø Collectivity in small systemà Small QGP droplet?

Ø Flow correlations and decorrelation, which supply new constrain on 3D initial 
condition and medium properties

Ø v1 of D0 to probe the tilted QGP and large signal is observed. Measured difference 
between D0 and 𝐷p is not precise enough to be sensitive to EM field

Ø Study vorticity using 𝛬 global/local polarization measurement, the local vorticity 
shows quadrupole structure which can not be explained by hydro calculation

Ø We measured low pT di-lepton and J/𝜓 production from strong EM field, which 
provide new tool to study the QGP

6/23/19 Shengli Huang 37
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Ø Recently STAR upgrade(iTPC, EPD and eTOF) and future approved STAR forward 
upgrade significantly extend STAR acceptance and PID ability

Ø These upgrades will provide new opportunity to study collectivity in small 
systems

Ø STAR proposes O+O run before 2022, which will be helpful to study initial 
geometry, thermalization and jet quench in small system 



Backup

39

Hydro. calculations which can describe single particle 
𝑣8 𝑘 need more work for 3-particle correlations.

(2) B.Schenke, et al. PRC 99, 044908 (2019)

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

where n = 2 and/or 3.93

The approximation is correct if the correlation between lower vn (n = 2, 3) and higher (n > 3)94

flow coefficients is weak. Then we can define the linear terms of the higher order anisotropic95

flow, vk=4,5, as:96

vLinear
k =

!
(vInclusive

k ) 2 − (vNon−Linear
k ) 2, (11)97

The ratio of vNon−Linear
k to vInclusive

k , expressed as ρk,2n, can be calculated as:98

ρk,2n =
vNon−Linear

k

vInclusive
k

= ⟨cos(kΨk − 2Ψ2 − nΨn)⟩, (12)99

The ρk,2n Eq.(12) measure the correlations between different order flow symmetry planes.100

Also the non-linear mode coefficients χk,2n in Eqs. (7 and 8) which quantify the contributions of101

the non-linear mode to the the higher order anisotropic flow harmonics, vk=4,5, are defined as:102

χk,2n =
vNon−Linear

k!
⟨v2

2 v2
n⟩

(13)103

All of the introduced observables are based on the standard and/or subevent two- and multi-104

particle cumulant technique introduced in Ref. [41]. In equation 13 and for the differential χ5,23105

these analyses further make the approximation
!
⟨v2

2v2
3⟩ ∼ v2v3, which is valid if the magnitudes106

of v2 and v3 are uncorrelated.107

3. Results and discussion108

In A + A collisions, the short-range non-flow correlations have a significant contribution to109

the measured three-particle correlations Cn+m,n,m. Such an effect could be reduced by using the110

subevent cumulants method [41].111

Figure. 1 compares the C2+n,2,n (n = 2 and 3) values obtained from the standard and two-112

subevent cumulants methods for Au+Au collisions at
√

sNN = 200 GeV. The measured three-113

particle correlations show larger values for the results extracted via the standard cumulants114

method which confirm the expectation that the standard method has more short-range non-flow115

contributions. The three-particle correlations are also compared with different hydrodynamic116

simulations [43, 44] summarized in Tab. 1. However, both models agree well with the measured117

vn{2} they need additional constraints to describe the C2+n,2,n (n = 2 and 3).

Hydro−1 [43] Hydro−2a/b [44]
η/s 0.05 0.12

Initial conditions TRENTO Initial conditions IP-Glasma Initial conditions
Contributions Hydro only (a) Hydro + Hadronic cascade

(b) Hydro only

Tab. 1: Summary discripution of the hydrodynamic simulations, Hydro−1 [43], and Hydro−2a/b [44].

118

4



Origin of collectivity in small system

• Extend the lever-arm to disentangle contributions from three stages
• Where initial-state interaction become sub-dominant? 
• What is the role of pre-equilibrium vs. hydrodynamics?

40

O+O, Al+Al, Ar+Ar etc

Further system-size scan needed! Only RHIC can do this!



RHIC vs LHC energy scan

41

No energy dependence of v2 in pA vs AA

Large  A+A p+A
arXiv.1904.10415



RHIC vs LHC energy scan
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Different energy dependence of v3 in pA vs AA?

No energy dependence of v2 in pA vs AA

Large  A+A p+A
arXiv.1904.10415



RHIC vs LHC energy scan
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Different energy dependence of v3 in pA vs AA?

No energy dependence of v2 in pA vs AA

-ratio

-ratio

O+O comparison probe the behavior in between

arXiv.1904.10415
Large  A+A p+A



Physics potential
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Decent measurement of PID flow
Decent measurement of multi-particle 
correlation More to come...



Future Small System Scan
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STAR with new detector capability for collectivity in small system:
ü Large acceptance to handle the nonflow
ü Study longitudinal decorrelation effect on flow measurement
ü Multi-particle cumulant in different rapidity

Opportunity for further small system scan at RHIC :
ü Extend the level-arm with small AA collisions
ü Initial geometry is different between symmetric and 

asymmetric collisions



AMPT O+O
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arXive:1904.10415



Outlook: O+O run
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arXive:1904.10415



Outlook: O+O run
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arXive:1904.10415



Low pT J/𝜓 enhancement
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Zha, PRC97(2018)044910

Ø Much larger than expectation from hadronic production

Ø Qualitatively described by photonuclear interaction

Nucleus/Spectator

Nucleus/Spectator

𝛾

pomeron

photonuclear 
interaction ∝ Z2


