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Flow in heavy ion collisions
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Flow: Final state anisotropy, interpreted as hydrodynamic flow, 
correlated to the entire event orientation 
Non-flow: anything else, locally anisotropy caused by multi-
particle correlation

Particle detection

Pre-equilibrium
Kinetic 

freezoutHydrodynamic 
expansion Hadronization

Particle 
detectionA typical non-central 

heavy-ion collision

Main focus of this talk: 
Hydrodynamic response to 
initial state: spatial and/or 
momentum anisotropy

Measurements

Soft particle 
spectra

Azimuthal 
anisotropy

Hydrodynamic 
radial flow

Interpretation

Hydrodynamic 
radial flow 
anisotropy

Fluctuation

ψ2

ψ3
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Event geometric 
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exactly m times those for the corresponding v2{m} harmonics, where m = 4 or 6.

5 Results
5.1 Two-particle correlation functions
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Figure 1: The 2D two-particle correlation functions for inclusive charged particles (top), K0
S par-

ticles (middle), and L/L particles (bottom), with 1 < p
trig
T < 3 GeV/c and associated charged

particles with 1 < p
assoc
T < 3 GeV/c, in low-multiplicity (10  N

offline
trk < 20, left) and high-

multiplicity (105  N
offline
trk < 150, right) pp collisions at

p
s = 13 TeV.

Figure 1 shows the 2D Dh–Df correlation functions, for pairs of a charged (top), a K0
S (mid-

dle), or a L/L (bottom) trigger particle with a charged associated particle, in low-multiplicity
(10  N

offline
trk < 20, left) and high-multiplicity (105  N

offline
trk < 150, right) pp collisions atp

s = 13 TeV. Both trigger and associated particles are selected from the pT range of 1–3 GeV/c.
For all three types of particles at high multiplicity, in addition to the correlation peak near

Flow in small system
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Examples of initial vs final state scenarios 3 

CGC  

1/Qs 

Domain of color fields of size 1/Qs, each produce 
multi-particles correlated across full η. 
 

Uncorr. between domains, strong fluct. in Qs 
 

More domains, smaller vn, more Qs fluct, stronger vn 

Hot spots (domains) in transverse plane,                
~ boost-invariant geometry shape 
 
Expansion or interaction of hot spots generate 
collectivity 
 
vn depends on distribution of hot spots (εn) and 
space-time dynamics in the final state 

Hydro or escape 

Ongoing debate:  hydro from many scatterings ? non-hydro transport from a few scattering? 

Well motivated model framework, lack systematic treatment 

Pressure driven 
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~ boost-invariant geometry shape 
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collectivity 
 
vn depends on distribution of hot spots (εn) and 
space-time dynamics in the final state 

Hydro or escape 

Ongoing debate:  hydro from many scatterings ? non-hydro transport from a few scattering? 

Well motivated model framework, lack systematic treatment 

Pressure driven 

Single/few hit 

Momentum 
correlation

“Flow” = measured anisotropy - non-flow 
But hydrodynamic flow is not the only 
Interpretation

CMS, Phys. Lett. B 765 (2017) 193

Hadronization

Particle 
detection

?

Proton-proton 
collision

Azimuthal 
anisotropy

https://doi.org/10.1016/j.physletb.2016.12.009


Observables — flow magnitude
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Flow magnitude quantifies Fourier coefficient vn 
of azimuthal (𝜑) anisotropy

P(φ) ∝ 1 + 2∑
n

vn cos(n(φ − Ψn)) =
∞

∑
−∞

Vne−inφ

vn is determined from correlations:
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Non-flow sources in 

two-particle correlation

Inter-jet 
correlation

Intra-jet fragmentation

Resonance 
decay

Long-range correlation 

of in
terest

Correlation method Non-flow Removal Limitations

Event plane/

Scalar product 𝜂 gap (particle, EP) in definition Jet bias in low multiplicity

Two-particle correlation 𝜂 gap +  non-flow subtraction Subtraction sensitive to jet 
correlation

Multi-particle cumulant Sub-event method (w/ 𝜂 gap) Multi. jet residual; statistics

Central/mid-central 
A+A, rare process

Small to large with 
meaningful results

Extreme events 

( low multiplicity and or high pT )

Applications



Non-flow subtraction in 2PC
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• Peripheral subtraction:  

• Template fit subtraction:  is allowed to be non-zero 

Both methods use low multiplicity event to model non-flow at high multiplicity 
Non-flow contribution becomes significant at low multiplicity and high pT

vn,n(Nch = 0) ∼ 0

vn,n(Nch = 0)

ATALS, Phys. Rev. C 96 (2017) 024908 
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Figure 6: The vn,n obtained from the template fitting procedure in the 13 TeV pp data, as a function of Nrec
ch (left

panels), and as a function of EFCal
T (right panels). The top, middle and bottom panels correspond to v2,2, v3,3, and v4,4,

respectively. The results are for 0.5<pa,b
T <5 GeV. The error bars indicate statistical uncertainties. The vn,n obtained

from a direct Fourier transform of Y(��) and from the ZYAM-based template fits are also shown for comparison.

measured Nrec
ch range. Within statistical uncertainties, the v4,4 values are consistent with no Nrec

ch or EFCal
T

dependence.

Figure 7 shows the vn,n values from the 5.02 TeV pp data as a function of Nrec
ch for a higher pa,b

T bin of
1–5 GeV. The same trends seen in the 13 TeV data (Figure 6) are observed here, and the conclusions are
identical to those made in the 13 TeV case.

Figure 8 shows the vn,n for the p+Pb data. The results are plotted both as a function of Nrec
ch (left panels)

and EFCal,Pb
T (right panels). The v2,2 values obtained from the template fits show a systematic increase with

Nrec
ch over Nrec

ch .150, unlike the pp case where v2,2 is nearly independent of Nrec
ch . This increase is much
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Figure 6: The vn,n obtained from the template fitting procedure in the 13 TeV pp data, as a function of Nrec
ch (left

panels), and as a function of EFCal
T (right panels). The top, middle and bottom panels correspond to v2,2, v3,3, and v4,4,

respectively. The results are for 0.5<pa,b
T <5 GeV. The error bars indicate statistical uncertainties. The vn,n obtained

from a direct Fourier transform of Y(��) and from the ZYAM-based template fits are also shown for comparison.

measured Nrec
ch range. Within statistical uncertainties, the v4,4 values are consistent with no Nrec

ch or EFCal
T

dependence.

Figure 7 shows the vn,n values from the 5.02 TeV pp data as a function of Nrec
ch for a higher pa,b

T bin of
1–5 GeV. The same trends seen in the 13 TeV data (Figure 6) are observed here, and the conclusions are
identical to those made in the 13 TeV case.

Figure 8 shows the vn,n for the p+Pb data. The results are plotted both as a function of Nrec
ch (left panels)

and EFCal,Pb
T (right panels). The v2,2 values obtained from the template fits show a systematic increase with

Nrec
ch over Nrec

ch .150, unlike the pp case where v2,2 is nearly independent of Nrec
ch . This increase is much
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Peripheral 
subtraction*

Template fit 
subtraction

Direct Fourier

* Template fit with ZYAM yields identical results as peripheral subtraction

Flow-like anisotropy in small system is not 
necessarily a high multiplicity phenomenon

Two-particle  or vn,n vΔn

http://10.1103/PhysRevC.96.024908


Correlation of hydrodynamic flow factorizes in an 
ideal world, for two-particle correlation: 

Determination of  is independent of 
choices of particle b 

Breaking of factorization is called decorrelation 
Decorrelation in pT:  

• Non-flow, pronounced in peripheral/low 
multiplicity 

• Fluctuation of energy density, 
, pronounced in central, 

described by hydro

vn(pa
T, ηa)

Ψn(pa
T) ≠ Ψn(pb

T)

Factorization and decorrelation

6

vn,n(a, b) = vn(a) ⋅ vn(b)

Model, S. McDonald at el., Phys. Rev. C 95 (2017) 064913 
CMS, Phys. Rev. C 92 (2015) 034911 

rn(pa
T − pb

T) =
vn,n(pa

T, pb
T)

vn(pa
T) ⋅ vn(pb

T)

13

FIG. 15. (Color online) The charged hadron flow factorization breaking ratio rn are compared with the CMS measurements
[77] in Pb+Pb collisions at 2.76 TeV.

FIG. 16. (Color online) The e↵ect of hadronic rescatterings on the flow factorization breaking ratios r2 and r3.

di↵erent pT bins. Situation becomes a little bit compli- cated for the r3 ratio. The additional hadronic scatter-

pa
T

pa
T − pb

T

Central

Mid-central

Quantify relative decorrelation 
with ΔpT = pa

T − pb
T

https://doi.org/10.1103/PhysRevC.95.064913
https://doi.org/10.1103/PhysRevC.92.034911


Longitudinal flow decorrelation
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• Longitudinal decorrelation observed at 
LHC and RHIC, larger decorrelation 
effect for higher order 

• Hydro gives reasonable description of  
decorrelation in Au+Au and Pb+Pb, 
insensitive to viscous effect

STAR, QM2019 
Hydro, L. Pang at el.  Phys. Rev. C 97 (2018) 064918 

0 0.05 0.1 0.15 0.2 0.25
beam

/yη
0.9

0.92

0.94

0.96

0.98

1

)η( 2r 20-30%

 < 4)
ref
ηSTAR (2.5 < 

 < 4.9)
ref
ηATLAS (4 < 

 PreliminarySTAR

STAR  Au+Au 200GeV
ATLAS Pb+Pb 2.76TeV
ATLAS Pb+Pb 5.02TeV

0 0.05 0.1 0.15 0.2 0.25
beam

/yη
0.7

0.75

0.8

0.85

0.9

0.95

1

)η( 3r 20-30% PreliminarySTAR

CLVisc (ideal) Au+Au 200GeV
/s = 0.16)ηCLVisc Au+Au 200GeV (

CLVisc (ideal) Pb+Pb 2.76TeV

2019/11/5 4

•Clear difference between RHIC and LHC energies. •Hydrodynamic calculations cannot simultaneously describe RHIC and LHC data.

✦ Decorrelation results from RHIC and LHC energies

r2 r3

Current results on longitudinal dynamics

Maowu Nie, Quark Matter 2019, Nov. 4th - 9th 2019, Wuhan

QM2018, STAR Collaboration 
ATLAS Collaboration, Eur. Phys. J. C (2018) 78:142  
L. Pang et al, Eur. Phys. J. A 52 (2016) 97 
L. Pang et al, arXiv: 1802.04449

rn(η) =
vn,n(−η, ηref)
vn,n(+η, ηref)

QM19 | 7th November 2019 | Wuhan, China Katarina Krizkova Gajdosova | CTU in Prague

Constraints on fluctuation-driven 
longitudinal dynamics
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(Longitudinal) de-correlation of flow vector

Vn(+⌘)V ⇤
n (⌘ref )
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No de-correlation:

De-correlation:

EbyE fluctuations in the initial state -> flow vector de-correlationsJ. Jia and P. Huo, PRC 90, 034905 (2014)
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•Clear difference between RHIC and LHC energies. •Hydrodynamic calculations cannot simultaneously describe RHIC and LHC data.

✦ Decorrelation results from RHIC and LHC energies

r2 r3

Current results on longitudinal dynamics

Maowu Nie, Quark Matter 2019, Nov. 4th - 9th 2019, Wuhan

QM2018, STAR Collaboration 
ATLAS Collaboration, Eur. Phys. J. C (2018) 78:142  
L. Pang et al, Eur. Phys. J. A 52 (2016) 97 
L. Pang et al, arXiv: 1802.04449

Ideal hydro 
LHC

Ideal hydro

Viscous hydro

J. Jia et al., arXiv:1701.02183

3

Introduction
• Initial state fluctuations - FB asymmetry in eccentricities

• Final State - asymmetry in vn magnitude 
and phase

arXiv:1701.02183 

• Hydro evolution of QGP (3+1D)
~vn = ~✏n
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Flow
Longitudinal 
Fluctuation

~vn(⌘) ⇡ ~vn(0)(1 + ↵n⌘)e
i�n⌘

<latexit sha1_base64="AjxbuFYHheuQq3YLhj8J2xJ1K9Q="></latexit>

Decorrelation in 𝜂:  

• Non-flow 
• Longitudinal initial state 

fluctuation, longitudinal hydro 
evolution, described by hydro 

Quantify relative decorrelation 
with Δη = 2η

https://doi.org/10.1103/PhysRevC.97.064918
https://arxiv.org/abs/1701.02183
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New  

at QM19

•STAR measurements of v3 are system independent

• Large difference between v3 needs to be understood


•STAR measurements consistent with important role of sub-nucleonic fluctuations

v2(STAR) ⇡ v2(PHENIX)
<latexit sha1_base64="ufe752Mo6nuNnaXDIp1B3IeBg/s="></latexit><latexit sha1_base64="ufe752Mo6nuNnaXDIp1B3IeBg/s="></latexit><latexit sha1_base64="ufe752Mo6nuNnaXDIp1B3IeBg/s="></latexit><latexit sha1_base64="ufe752Mo6nuNnaXDIp1B3IeBg/s="></latexit>

v3(STAR) 6= v3(PHENIX)
<latexit sha1_base64="xUBsJmMePcOoECJsVc0M6sGfm6E="></latexit><latexit sha1_base64="xUBsJmMePcOoECJsVc0M6sGfm6E="></latexit><latexit sha1_base64="xUBsJmMePcOoECJsVc0M6sGfm6E="></latexit><latexit sha1_base64="xUBsJmMePcOoECJsVc0M6sGfm6E="></latexit>

• Good agreement in v2; while discrepancy in v3 
• On-going task force understanding v3. Check 

longitudinal dynamics etc. 
• Impacts of non-flow and decorrelation should be 

evaluated in flow measurements

STAR 
p+Au, d+Au, 3He+Au

PHENIX 
3He+Au

PHENIX 
p+Au, d+Au

PHENIX Nature Phys. 15 (2019) 214-220
STAR, QM2019

https://www.nature.com/articles/s41567-018-0360-0


Test the limit of model
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B. Schenke et al., Phys. Rev. C 102 (2020) 044905
ALICE, Phys. Rev. Lett. 123, 142301 (2019)

• LHC (ALICE) and RHIC v2 results vs. hybrid framework IP-Glasma+MUSIC+UrQMD 
• Model cannot describe low multiplicity data results where non-flow subtraction is sensitive to its assumption
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FIG. 7. Anisotropy coe�cients v2{2} (a) and v3{2} (b) for
charged hadrons vs. charged hadron multiplicity in various
collision systems at LHC, compared to experimental data
from the ALICE Collaboration [99].

model missed important physics as the system becomes
very small and the multiplicity very low, as is the case in
p+p collisions, even though the initial T

µ⌫ does include
initial state momentum anisotropies from the color glass
condensate, as discussed in detail in [115].

Studying the v2{2} in the range of multiplicity where
we have results from all systems, we see that the larger
the system, the larger the v2{2}. This trend is also seen in
the experimental data, and is opposite to the trend seen
for the mean transverse momentum, shown in Fig. 5.

Results for v3{2} are shown in Fig. 7 b) and the com-
parison with experimental data resembles that for v2{2}
quite closely. Agreement is best for more central large
systems. We can clearly see that the v3{2} is rather in-
sensitive to the system’s average geometry, as it is driven
solely by fluctuations. Both in p+p and p+Pb collisions,
we underestimate the experimental data quite signifi-
cantly. This could be due to non-flow contributions, as
the disagreement between data and experiment is similar

100 101 102 103

dNch/d�
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0.14

v 2
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}
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O+O 200 GeV
3He+Au (pT > 0.2 GeV)

d+Au (pT > 0.2 GeV)

p+Au (pT > 0.2 GeV)

p+p 500 GeV

STAR Au+Au 200 GeV

STAR U+U 193 GeV

PHENIX d+Au v2{2, |��| > 2}

FIG. 8. Anisotropy coe�cients v2{2} (a) and v3{2} (b) for
charged hadrons as functions of multiplicity in various colli-
sion systems at RHIC, compared to experimental data from
the STAR [110, 113] and PHENIX [114] Collaborations.

in very low multiplicity Pb+Pb collisions. Interestingly,
the calculated v3{2} in p+p collisions does not show the
same decrease with multiplicity as did the v2{2}.

Fig. 8 shows the charged hadron v2{2} (a) and v3{2}
(b) as a functions of charged hadron multiplicity in a
variety of collision systems at RHIC.9 Again we see
that triangular flow, which is sensitive to fluctuations

9 The comparison of v2{2} in Fig. 8 a) (and v2{4} below) vs
dNch/d⌘ between STAR data and our calculation is approxi-
mate. The e�ciency corrected values of hdNch/d⌘i from STAR
is sensitive to the exact shape of the distribution P (dNch/d⌘)
because of the strong multiplicity dependence of the e�ciency.
We anticipate a small systematic uncertainty in our data-model
comparison because of the di↵erence between the IP-Glasma and
true experimental P (dNch/d⌘), published data for which is not
available for comparison.

The values of dNch/d⌘ shown in Fig. 8 b) obtained from the
STAR paper [110] are estimated using a Monte-Carlo Quark-
Glauber model and therefore have some model dependence.

RHICLHC

https://doi.org/10.1103/PhysRevC.102.044905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.142301


Mixed harmonic correlation
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•  stays positive, due to nonlinear effect, sensitive to initial condition and evolution  

•  negative at high multiplicity, anti-correlation between 𝛆2 and 𝛆3 

•  positive at low multiplicity pp (ALICE)
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Figure 1: The symmetric cumulant sc2,3{4} as a function of �Nch� for 0.3 < pT < 3 GeV (left panels) and
0.5 < pT < 5 GeV (right panels) obtained for pp collisions (top row), p+Pb collisions (middle row) and low-
multiplicity Pb+Pb collisions (bottom row). In each panel, the sc2,3{4} is obtained from the standard method (filled
symbol), the two-subevent method (open circles), three-subevent method (open squares) and four-subevent method
(open diamonds). The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

measurement, no di�erences are observed between the three- and four-subevent methods. This comparison
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Multi-particle correlations in pp, p–Pb, Xe–Xe and Pb–Pb ALICE Collaboration
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Fig. 2: (coloured online) Multiplicity dependence of the (a) and (c) symmetric cumulant SC(m,n)3�sub and (b)
and (d) normalized ratio SC(m,n)3�sub/hv2
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ihv2

n
i for pp, p–Pb, Xe–Xe and Pb–Pb collisions. Observables in the

denominator are obtained from the v2{2, |Dh |> 1.4} and vn{2, |Dh |> 1.0} for higher harmonics. Statistical uncer-
tainties are shown as vertical lines and systematic uncertainties as filled boxes. The measurements in large collision
systems are compared with the IP-Glasma+MUSIC+UrQMD [31, 54] calculations and results in pp collisions are
compared with the PYTHIA 8 model [53].
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ATLAS Phys. Lett. B. 789 (2019) 444 
ALICE Phys. Rev. Lett. 123, 142301 (2019)
Hybrid model, H. Mäntysaari et al., Phys. Lett. B772 (2017) 681

pp data

Correlation of flow magnitude

SC(3,2) 
Probing initial condition

Non-flow reduced 
by sub-events, 
residual at low 
multiplicity 

SC(4,2) 
Probing initial condition 
and medium evolution

https://doi.org/10.1016/j.physletb.2018.11.065
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.142301
https://doi.org/10.1016/j.physletb.2017.07.038
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•  stays positive, due to nonlinear effect, sensitive to initial condition and evolution  

•  negative at high multiplicity, anti-correlation between 𝛆2 and 𝛆3 

•  positive at low multiplicity pp (ALICE), ATLAS-ALICE difference: different event selection and non-flow
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Figure 1: The symmetric cumulant sc2,3{4} as a function of �Nch� for 0.3 < pT < 3 GeV (left panels) and
0.5 < pT < 5 GeV (right panels) obtained for pp collisions (top row), p+Pb collisions (middle row) and low-
multiplicity Pb+Pb collisions (bottom row). In each panel, the sc2,3{4} is obtained from the standard method (filled
symbol), the two-subevent method (open circles), three-subevent method (open squares) and four-subevent method
(open diamonds). The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

measurement, no di�erences are observed between the three- and four-subevent methods. This comparison
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n
i for pp, p–Pb, Xe–Xe and Pb–Pb collisions. Observables in the

denominator are obtained from the v2{2, |Dh |> 1.4} and vn{2, |Dh |> 1.0} for higher harmonics. Statistical uncer-
tainties are shown as vertical lines and systematic uncertainties as filled boxes. The measurements in large collision
systems are compared with the IP-Glasma+MUSIC+UrQMD [31, 54] calculations and results in pp collisions are
compared with the PYTHIA 8 model [53].
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ATLAS Phys. Lett. B. 789 (2019) 444 
ALICE Phys. Rev. Lett. 123, 142301 (2019)
Hybrid model, H. Mäntysaari et al., Phys. Lett. B772 (2017) 681
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• Central: positive correlation driven by hydro response, sensitive to nuclear deformation 
• Peripheral: negative correlation driven by initial geometry eccentricity

ρ(v2
n , ⟨pT⟩) =

⟨v2
n⟨pT⟩⟩ − ⟨v2

n⟩⟨⟨pT⟩⟩
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n)σ(⟨pT⟩)
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Smaller hotter fireball: 
• Larger ⟨pT⟩ 
• Larger hydro response

Smaller hotter fireball: 
• Larger ⟨pT⟩ 
• Smaller ε2

Piotr Bożek, Phys. Rev. C 93 (2016) 044908 
ATALS: ATLAS-CONF-2021-001
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• Trento initial-state predictor give right ordering and centrality dependence, not the magnitude 
• Trento+v-USPhydro has the right ordering but underestimates the magnitude 
• IP-Glasma+MUSIC+UrQMD overestimates magnitude in peripheral, no clearing ordering

ATLAS: ATLAS-CONF-2021-001
Trento: G. Giacalone et al. Phys. Rev. C 102 (2020) 024901
IP-Glasma+MUSIC+UrQMD: B. Schenke et al. Phys. Rev. C 102 (2020) 034905
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vn-pT correlation in p+A with different origins: 
• IS geometry anisotropy: negative as in peripheral Pb+Pb 
• IS momentum anisotropy: positive, smaller size → larger ⟨pT⟩ → less color domain 

Sign change due to initial momentum anisotropies is predicted for p+A at low multiplicity 
Challenge in measurements: statistics for subevent cumulants, non-flow
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Figure 5: The PCC ⇢(vn{2}2, [pT])) for n = 2–4 in (a)–(c) Pb+Pb collisions and (d) p+Pb collisions as a function of
the charged-particle multiplicity Nch for three pT ranges. The statistical and systematic uncertainties are shown as
vertical error bars and boxes, respectively.

It starts at negative values for Nch < 200 and rapidly increases with multiplicity up to ⇠1500 particles
where the increase slows down and reaches the maximum at Nch ⇡ 4500 of 0.24–0.3, depending on the
pT interval. At even higher Nch, the ⇢(v2{2}2, [pT]) value decreases rapidly. The significant correlation
observed for mid-central events suggests a connection between anisotropic and radial [46] flows which
might be attributed to stronger hydrodynamic response (larger pressure gradients) to the large initial-state
eccentricities [47]. The modified PCC multiplicity dependence could reflect a balance between stronger
radial flow observed in central collision and the larger initial eccentricity seen in peripheral interactions.
The decrease observed in central collisions, for Nch & 5000, might be related to the increased role of
initial-state fluctuations in anisotropic flow [27]. However, a complete understanding of this e�ect would
require a more precise modelling of heavy ion collisions. The correlation coe�cients calculated with
the upper pT limit of 2 GeV are 10–20% smaller than the values obtained with a pT limit of 5 GeV. The
correlation coe�cient ⇢(v3{2}2, [pT]) is evaluated in Pb+Pb collisions for the same three pT ranges. The
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dNch/d𝜂 ~ 10 
(0.4 < pT < 4 GeV)
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2
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p
s = 200 GeV p+Au, b)

p
s = 5.02 TeV p+Pb, c)

p
s = 200 GeV,

and d)
p

s = 5.02 TeV O+O collisions. Lower panels show the Pearson coe�cients between v2 and the initial ellipticity (stars)
and the initial momentum anisotropy (squares), respectively.

Glass Condensate.

To further support this statement, we also show results
obtained from a calculation that only uses the initial en-
ergy density of the IP-Glasma calculation, and starts the
hydrodynamic evolution at ⌧ = 0.1 fm to compensate for
the lack of initial radial flow. In this case, there is no
initial momentum anisotropy and the only source of el-
liptic flow is geometry driven. The resulting ⇢̂(v2

2 , [pT ]),
shown as triangles in Fig. 1, is qualitatively di↵erent, as
no sign change is present. In fact, ⇢̂(v2

2 , [pT ]) follows the
geometric predictor ⇢̂("2

2, [s]) well over the entire range of
multiplicity.

We conclude that the experimental observation of
a sign change of ⇢̂(v2

2 , [pT ]) from positive to negative

with increasing multiplicity in d+Au collisions at
p

s =
200 GeV will be evidence for CGC initial state momen-
tum anisotropies, that have so far eluded observation.

We show results for di↵erent systems and energies in
Fig. 2. In panel a) we present our prediction for 200 GeV
p+Au collisions, where again a sign change of ⇢̂(v2

2 , [pT ])
is clearly visible. The same holds for 5.02 TeV p+Pb col-
lisions, shown in panel b), with the sign change occurring
at a similar value of dNch/d⌘. Unfortunately, existing
p+Pb collision data from the ATLAS Collaboration [50]
does not go down to low enough dNch/d⌘ to confirm the
presence of this feature.

The energy dependence is best studied when using the
same type of collision system at both energies. This
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G. Giacalone et al. Phys. Rev. Lett. 125 (2020) 192301 
ATLAS Eur. Phys. J. C 79 (2019) 985

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.192301
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vn-pT correlation in p+A with different origins: 
• IS geometry anisotropy: negative as in peripheral Pb+Pb 
• IS momentum anisotropy: positive, smaller size → larger ⟨pT⟩ → less color domain 

Sign change due to initial momentum anisotropies is predicted for p+A at low multiplicity 
Challenge in measurements: statistics for subevent cumulants, non-flow
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To further support this statement, we also show results
obtained from a calculation that only uses the initial en-
ergy density of the IP-Glasma calculation, and starts the
hydrodynamic evolution at ⌧ = 0.1 fm to compensate for
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initial momentum anisotropy and the only source of el-
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2, [s]) well over the entire range of
multiplicity.

We conclude that the experimental observation of
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with increasing multiplicity in d+Au collisions at
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s =
200 GeV will be evidence for CGC initial state momen-
tum anisotropies, that have so far eluded observation.

We show results for di↵erent systems and energies in
Fig. 2. In panel a) we present our prediction for 200 GeV
p+Au collisions, where again a sign change of ⇢̂(v2
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is clearly visible. The same holds for 5.02 TeV p+Pb col-
lisions, shown in panel b), with the sign change occurring
at a similar value of dNch/d⌘. Unfortunately, existing
p+Pb collision data from the ATLAS Collaboration [50]
does not go down to low enough dNch/d⌘ to confirm the
presence of this feature.

The energy dependence is best studied when using the
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tum anisotropies, that have so far eluded observation.

We show results for di↵erent systems and energies in
Fig. 2. In panel a) we present our prediction for 200 GeV
p+Au collisions, where again a sign change of ⇢̂(v2
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is clearly visible. The same holds for 5.02 TeV p+Pb col-
lisions, shown in panel b), with the sign change occurring
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p+Pb collision data from the ATLAS Collaboration [50]
does not go down to low enough dNch/d⌘ to confirm the
presence of this feature.
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Geometry 
anisotropy

Initial momentum 
anisotropy

dNch/d𝜂 ~ 10  
(0.2 < pT < 2 GeV)

G. Giacalone et al. Phys. Rev. Lett. 125 (2020) 192301 

Sanghoon Lim, J. Nagle – manuscript in preparation

https://arxiv.org/2006.15721
https://arxiv.org/1908.06212

Small Collision Systems (RHIC & LHC) – dominated by geometry + final-state interactions

However, recent proposal that initial-state effects (CGC) may dominate at low multiplicities 
[dNch/dh < 10 or   Nch(|h|<2.5) < 50]

For vn-pT correlations, what do non-flow effects contribute (w/o CGC effects)?

http://arXiv:1801.03477

AMPT p+Pb (with interactions)
AMPT p+Pb (no interactions)

PYTHIA-Argantyr p+Pb

Mult <pT> <v2,2>

r(v2{2}2,[pT])

Calculated following the 
method from ATLAS 

Eur. Phys. J. C 79 (2019) 985

AMPT w/ interactions, 
positive in pPb at all mult.

Argantry and AMPT w/o 
interactions also with non-
zero values – but note that 
it is dividing a small number 

by a small number

S. Lim, J. Nagle
Competing effects in 
PYTHIA and AMPT

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.192301


• Intra hard process is considered as non-flow, but differential hard-QGP(soft) interaction results in anisotropy correlated 
with event orientation 

• Anisotropy extracted from hard-soft correlation is referred as “flow” of the hard process. Different from the narrowly 
hydrodynamic flow for soft sector  

• High pT v2 measured using jet or charged hadron up to 200 GeV in mid-central Pb+Pb collisions, pT independent v2 ~ 0.03

Hard-soft correlation
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Jet quenching with 
different path lengths
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High pT v2 in p+Pb
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• Two particle correlation using template fit non-flow subtraction 
• Default subtraction does not work at high pT. Additional suppression of jet-jet correlation by 

eliminating particle pairs both from identified jets 
• Factorization breaking at high pT 10~20%

ATLAS, Eur. Phys. J. C 80 (2020) 73

compared to the v2 from both the MBT p+Pb data and p+Pb containing a jet with pT > 100 GeV. This
Pb+Pb centrality range is selected because the spatial elliptic eccentricity is approximately the same as in
0–5% centrality p+Pb collisions [63], despite having a much larger total particle multiplicity. The overall
trends for Pb+Pb v2 as a function of pT are qualitatively similar to those presented here for p+Pb from
MBT events and the jet events with jet pT > 100 GeV. Both sets of the p+Pb values are scaled by a
single multiplicative factor (1.5) to match the Pb+Pb rise at low pT. After scaling, the MBT p+Pb results
quantitatively agree with those from the Pb+Pb system for 0.5 < pT < 8 GeV, except for a slight di�erence
in the peak value near pT ⇡ 3 GeV. For pT above about 8 GeV, the Pb+Pb results indicate a slow decline
of v2 values with increasing pT, while the p+Pb results exhibit more of a plateau. Strikingly, the overall
behaviour of the v2 values are quite similar.

As described above, the physics interpretations of the Pb+Pb elliptic anisotropies are hydrodynamic flow
at low pT, di�erential jet quenching at high pT, and a transition between the two in the intermediate
region of approximately 2 < pT < 10 GeV. Since these e�ects all relate to the initial QGP geometric
inhomogeneities, a common shape with a single scaling factor for p+Pb could indicate a common physics
interpretation. This scaling factor of 1.5, as empirically determined, may be the result of slightly di�erent
initial spatial deformations, or from the much larger Pb+Pb overall multiplicity, which enables a stronger
translation of spatial deformations into momentum space. For the high pT region, this presents a conundrum
in that it is di�cult for di�erential jet quenching to cause the v2 anisotropy in p+Pb collisions when there
is no evidence for jet quenching overall. These measurements showing non-zero high pT v2 in p+Pb
collisions in the absence the jet quenching observed in Pb+Pb collisions suggest there might be additional
contributions to v2 at high pT in Pb+Pb collisions.
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Figure 9: Scaled p+Pb v2 values plotted as a function of the A-particle pT overlaid with v2 from 20–30% central
Pb+Pb data at psNN = 5.02 TeV [62]. Results from MBT and jet pT > 100 GeV p+Pb events are plotted as black
squares and orange diamonds, respectively, and those from Pb+Pb are plotted as green circles. Statistical uncertainties
are shown as narrow vertical lines on each point, and systematic uncertainties are presented as coloured boxes behind
the points.

Returning to the issue of the di�erence in the intermediate pT region between the p+Pb MBT and jet event
results, the source of hadrons in this region should be considered. As detailed previously, in a highly
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“Hard” particle pT v2 in p+Pb
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• ALICE measurement of statistically extract jet particle v2 down to low pT 
• Significant non-zero v2 in a wide pT range, while no strong modification of pT spectra

compared to the v2 from both the MBT p+Pb data and p+Pb containing a jet with pT > 100 GeV. This
Pb+Pb centrality range is selected because the spatial elliptic eccentricity is approximately the same as in
0–5% centrality p+Pb collisions [63], despite having a much larger total particle multiplicity. The overall
trends for Pb+Pb v2 as a function of pT are qualitatively similar to those presented here for p+Pb from
MBT events and the jet events with jet pT > 100 GeV. Both sets of the p+Pb values are scaled by a
single multiplicative factor (1.5) to match the Pb+Pb rise at low pT. After scaling, the MBT p+Pb results
quantitatively agree with those from the Pb+Pb system for 0.5 < pT < 8 GeV, except for a slight di�erence
in the peak value near pT ⇡ 3 GeV. For pT above about 8 GeV, the Pb+Pb results indicate a slow decline
of v2 values with increasing pT, while the p+Pb results exhibit more of a plateau. Strikingly, the overall
behaviour of the v2 values are quite similar.

As described above, the physics interpretations of the Pb+Pb elliptic anisotropies are hydrodynamic flow
at low pT, di�erential jet quenching at high pT, and a transition between the two in the intermediate
region of approximately 2 < pT < 10 GeV. Since these e�ects all relate to the initial QGP geometric
inhomogeneities, a common shape with a single scaling factor for p+Pb could indicate a common physics
interpretation. This scaling factor of 1.5, as empirically determined, may be the result of slightly di�erent
initial spatial deformations, or from the much larger Pb+Pb overall multiplicity, which enables a stronger
translation of spatial deformations into momentum space. For the high pT region, this presents a conundrum
in that it is di�cult for di�erential jet quenching to cause the v2 anisotropy in p+Pb collisions when there
is no evidence for jet quenching overall. These measurements showing non-zero high pT v2 in p+Pb
collisions in the absence the jet quenching observed in Pb+Pb collisions suggest there might be additional
contributions to v2 at high pT in Pb+Pb collisions.

1−10×5 1 2 3 4 5 6 10 20 30 210
 [GeV] A

T
p

0

0.05

0.1

0.15

0.2

0.252v
20-30% central

-1, 165 nb = 8.16 TeVNNs+Pb p

0-5% central

ATLAS

 = 5.02 TeVNNsPb+Pb 

+Pb MBTp ×1.5 
>100 GeVjet

T
p+Pb p ×1.5 

Figure 9: Scaled p+Pb v2 values plotted as a function of the A-particle pT overlaid with v2 from 20–30% central
Pb+Pb data at psNN = 5.02 TeV [62]. Results from MBT and jet pT > 100 GeV p+Pb events are plotted as black
squares and orange diamonds, respectively, and those from Pb+Pb are plotted as green circles. Statistical uncertainties
are shown as narrow vertical lines on each point, and systematic uncertainties are presented as coloured boxes behind
the points.

Returning to the issue of the di�erence in the intermediate pT region between the p+Pb MBT and jet event
results, the source of hadrons in this region should be considered. As detailed previously, in a highly
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Results

[1] An empirically determined factor from ATLAS paper: Phys. J. C 80 (2020) 73

• Observed v2 of jet particles in 0.5 < pT < 5 GeV/c 

Factor 1.5[1] is applied in p-Pb v2 to compare 
with Pb-Pb results

• suppressed stronger compared to low and intermediate-pT v2 of jet triggered events in p-Pb collisions

• comparable to high-pT v2 in p-Pb and Pb-Pb collisions
===> This measurement has large separating power of v2 from hard and soft components

===> Positive v2 of jet particles observed in p-Pb collisions for the first time

https://doi.org/10.1140/epjc/s10052-020-7624-4
https://indico.cern.ch/event/854124/contributions/4134678/


Open heavy flavor flow
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• v2 (Light) ~ v2 (D) > v2 (B) for all systems at intermediate pT (4~10 GeV) 
• No strong modification to pT spectra in p+Pb (RpPb ~ 1) and pp (~ pQCD) 
• Pb+Pb ~differential energy loss in QGP, while p+Pb ~ CGC color domain 
Same hydro not directly applicable for small system, need consistent picture for soft & hard as this is hard-soft correlation

ATLAS Phys. Lett. B 807 (2020) 135595
DREENA-B, D. Zigic et al., Phys. Lett. B 791 (2019) 236
CMS prompt D, Phys. Rev. Lett. 121 (2018) 082301
CMS non-prompt D, arXiv:2009.07065
CGC J/psi, C. Zhang et al.,  Phys. Rev. Lett. 122 (2019) 172302 
CGC D, C. Zhang et al.,  Phys. Rev. D 102 (2020) 034010
ATLAS, Phys. Rev. Lett. 124 (2020) 082301
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Sorry if I was not able to cover your results here 

• Non-flow and decorrelation could bias flow interpretation, should be evaluated in 
measurements (non-flow) and included in model (decorrelation). Non-flow subtraction could 
be biased by its assumptions 

• Observables sensitive to initial state effects, flow in small system, SC(2,3), vn-pT correlation 
ect., are also sensitive to non-flow effects 

• Hard-soft correlation: need systematic description of light and hard “flow” in small system

Summary
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