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              — “the negative sign issue”

Based on: 
• W. Zhao, YZ, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 
• W. Zhao, YZ, K. Murase and H. Song, in preparation
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Flow in small systems
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CMS, PLB765 (2017) 193ALICE, PRL123, 142301 (2019)

❖ 2-particle correlations in p-Pb and pp collisions
• comparable with Pb-Pb at low Nch, weak multiplicity dependence 

• ordering v2 > v3 > v4

❖ Multi-particle cumulants
• v2{4} ≈ v2{6} ≈ v2{8}

• Long-range multi-particle correlations in all systems -> anisotropic flow!
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Flow vector correlations in small systems

3

ALICE, PRL123, 142301 (2019) ATLAS, PLB 789 (2019) 444

❖ Similar correlations between different order flow vectors observed
• Correlations between flow harmonics, via symmetric cumulants

• Correlations between flow symmetry planes, via asymmetric cumulants
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Everything flows, everywhere flows (?)
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ALI-PREL-340100

• And many more in this QM, excellent reviews, see J. Nagle Mon.14:30, K.K.Gajdosova Thur. 9:30
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Summary Table

5

C. Loizides NPA956 (2016) 200 CERN Yellow Report: CERN-LPCC-2018-07
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“ One fluid to rule them all ”

❖ superSONIC describes v2 and v3 data in pp, p-Pb and Pb-Pb using a single choice for the fluid parameter 
• Suggests common hydrodynamic origin including pp collisions
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Headlines in newspapers
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Q: Tiniest size of the hydrodynamic fluid? 

          
Task: Search for hydrodynamic flow in pp
Tool: iEBE-VISHNU
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Preparations for hydro calculations
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W. Zhao, YZ, H. Xu, W. Deng, H. Song, PLB 780 (2018) 495R. Weller, P. Romatschke, 
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❖ Tune parameters in hydrodynamic framework
• fit particle spectra and integrated vn

• good agreements between data and iEBE-VISHNU with HIJING-IC

• not worse than superSONIC calculations
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Validation of hydro framework
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W. Zhao, YZ, H. Xu, W. Deng, H. Song, PLB 780 (2018) 495R. Weller, P. Romatschke, 
PLB 774 (2017) 351

❖ Examinations of tuned hydrodynamic framework
• Describe quantitatively pT differential v2 of both charged and identified particles  -> so far so good
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Negative c2{4}
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❖ Multi-particle cumulant:

 Positive c2{4} does not 
necessarily suggest non-flow 
 Negative c2{4} does not 
necessarily imply 
hydrodynamic flow

• opposite sign of c2{4} !

c2{4} = - v24

W. Zhao, YZ, H. Xu, W. Deng, H. Song, PLB 780 (2018) 495
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No trivial bias

❖  Not non-flow (resonance decays)
• c2{4} = c2{4}2sub = c2{4}3sub

❖ Not multiplicity fluctuations 
• Using unit Nch bin and then rebin 

into wider bin, same as experiments
•  

❖ Not statistical stability
• Huge hydro data sample has been 

produced
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W. Zhao, YZ, H. Xu, W. Deng, H. Song, PLB 780 (2018) 495
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Combine v2{2} and v2{4}
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❖ iEBE-VISHNU (HIJING-IC) works for v2{2} but not v2{4}

• This hydro calculation does not describe neither flow nor flow fluctuations in pp

 v2{2} :   flow + flow fluctuations
 v2{4} :   flow     flow fluctuations
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Preparations with 3 initial conditions
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❖ Testing two other different initial conditions
• Hydrodynamic calculations could fit the data with selected set of parameters (HIJING and super-MC work 

better than TRENTo)
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v2(pT) with three IC
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❖ Describe qualitatively pT differential v2 of both charged and strange particles 
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All hydro give positive c2{4}

❖ Hydrodynamic calculations using super-MC and TRENTo initial 
conditions gives even larger positive c2{4}, and far away from data
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Not only for iEBE-VISHNU

❖  Not only for iEBE-VISHNU but maybe a current difficulty
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https://arxiv.org/abs/1908.06212
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Initial eccentricity distributions

❖ Positive -ε2{4}4 results in positive c2{4}
• Expected if v2 ∝ ε2

❖ Negative -ε2{4}4 also leads to positive c2{4}

• Unexpected if v2 ∝ ε2

• Corresponds to wider p(ε2) distribution (larger ε2 fluctuations, larger <ε2>)
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Non-linear hydrodynamic response

❖ Hydro modifies the p(v2) distributions, especially the larger ε2 region

❖ For the same ε2 region, a significant non-linear (cubic) hydrodynamic response of v2 to ε2                            

18

>2/<v2>,v2ε/<2ε
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

) 2
>p

(v
2

),<
v

2ε
>p

(
2ε<

-210

-110

1  = 13 TeVspp 
HIJING-ParaIII,0-0.1%

 0.094±= - 0.3374>2ε/<{4}ε
2, c2ε

 0.207±= + 0.8404>2/<v{4}v
2, c2v

|2ε|
|2ε|

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

| 2
|v

0

0.05

0.1

0.15 iEBE-VISHNU, HIJING-ParaIII
3|

2
ε|×|+0.105

2
ε|×|=0.110

2
|v

|
2
ε|×|=0.125

2
|v

 = 13 TeVspp 
0-0.1%

(b)

non-linear response additional fluctuations positive c2{4}



Nov 6th, 2019 You Zhou (NBI) @ QM2019, Wuhan

Flow vector correlations

❖ Hydrodynamic calculations could qualitatively describe the asymmetric 
cumulants ac{3}, and symmetric cumulants SC(4,2)
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Flow harmonic correlations

❖ Negative SC(3,2) observed in data, while all hydrodynamic calculations give positive SC(3,2)!

❖ It seems that hydrodynamic calculations have the difficulty to generate multi-particle (single/
mixed harmonic) cumulants correctly
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What next (EXP)
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❖EXP
❖ Recheck statistical stability: what is the limit of 3-sub-event of 4-particle cumulants in large 

Nch 

❖ Other sensitive observables on flow and flow correlations

• Multi-particle mixed harmonic correlations (shows -, +, -, + signs of 4-, 6-, 8- and 10-particle 
cumulants in hydro)

• How about small systems?
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What next (TH)
❖ Other initial conditions?

• Using global bayesian analysis to constrain the parameters in IC?

• dipole formulation of BFKL evolution (arXiv:1907.12871)

❖ Improvements in hydro framework? 
• With other 2+1D hydro framework 

• 3+1D hydro?

❖ None of the above works?
• Other mechanisms, AMPT-escape, Kinematic, string shoving etc.

• One fluid might not (yet) rule pp collision?
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Conclusions

❖ Probe hydrodynamic flow in pp collisions using iEBE-VISHNU
• works well for all 2- and 3-particle correlations, 
• can not reproduce negative signs of c2{4} and NSC(3,2)

❖ Further testings on new IC as well as hydro developments must be 
performed, to confirm if the fluid may rule pp collisions 
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The “ research investment ”

❖ The negative signs have been headache for a while …

❖ Whoever helps to solve the puzzle first, she/he is invited to give a 
seminar at NBI in Copenhagen

24

Copenhagen 
Denmark
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Backup
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Symmetric Cumulants in small systems

26

Dusling et al. PRL 120, 042002 (2018)

❖ Symmetric cumulants
• Correlation between v22 and v42 in all systems

• Anti-correlation between v22 and v32 at high multiplicities, a 
transition to positive correlation followed by both small and large 
systems

• Not described by non-flow only models, but qualitatively predicted 
by model with initial stage correlations

❖ What’s next: 
• SC(mi,nj), SC(m,n,k)

• challenges: statistics
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Normalized Symmetric Cumulants

❖ Linear response of vn to εn in heavy ion -> NSCv(3,2) = NSCε(3,2) 
• Use NSCv(3,2) to constrain initial state model

❖ vn might not be linearly correlated with εn in small systems (e.g. pp)
• it generates additional fluctuations which changes sign of c2{4}

• one should not compare initial NSCε(3,2) in model calculations to NSCv(3,2) data

• It also make less sense to compare v2{6}{8}/v2{4} and ε2{6}{8}/ε2{4} in SS.
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Similar discussions on additional 
fluctuations in PHENIX PRL paper 

with AMPT
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❖ iEBE-VISHNU
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HIJING IC

30



Nov 6th, 2019 You Zhou (NBI) @ QM2019, Wuhan

super-MC & TRENTo
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