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Flow  - Initial and Final State 2

• Initial state fluctuations - FB asymmetry in eccentricities

arXiv:1701.02183 
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Flow  - Initial and Final State 2

• Initial state fluctuations - FB asymmetry in eccentricities

• Final State - average vn and vn decorrelation

arXiv:1701.02183 

• Hydro evolution of QGP (3+1D)
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Average Flow

Longitudinal Fluctuation
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System-size Dependence 3

• Different factors can affect the vn and decorrelation -Pb+Pb 
A=208, R=6.62 fm

Xe+Xe 
A=129, R=5.42 fm

✦System-size dependence of  v n and v n decorrelation  :  Xe+Xe vs Pb+Pb 

✦Ratio between the two systems - disentangle initial and final-state contributions

• Initial state geometry 

• Initial momentum anisotropy 

• Shear viscosity 

• Hydrodynamic fluctuations

!
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• How flow and decorrelation are related? 

• What is the effect of nuclear deformation (Xe+Xe)? 

• Is the dependence same for different harmonics? 

• How to disentangle early-time and late-time effects?



Centrality dependence - Xe+Xe vs Pb+Pb 4

•Most Central events - Xe+Xe 
v2  >  Pb+Pb v2 

•From central to mid-central 
events, the ratio for v2 
decreases, becomes < 1 after 
15% centrality 

•Peripheral events - ratio 
seems to saturate

v2

v3

•Similar qualitative trends 

•Ratio < 1 after 35% centrality 

•Central - Geometry dominates, Non-central - Viscous effect dominates

•Method - 2-particle correlation technique



Npart  and N ch dependence - Xe+Xe vs Pb+Pb 5

•Low Npart - all vn similar values between Xe+Xe and Pb+Pb

• v2 - smaller in Xe+Xe than Pb+Pb 

• v3 - similar values except in large Npart



Npart  and N ch dependence - Xe+Xe vs Pb+Pb 5

•Low Npart - all vn similar values between Xe+Xe and Pb+Pb

•Nch dependence - follow similar behavior as Npart

• v2 - smaller in Xe+Xe than Pb+Pb 

• v3 - similar values except in large Npart



ATLAS, Eur. Phys. J. C (2018) 
78:142

• Flow vector
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Measures decorrelation between -η and η 

CMS, Phys. Rev. C 92, 034911

Decorrelation Method 6
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Decorrelation in Xe+Xe 7

•r2|2 > r3|3 > r4|4 - Linear decrease 
with η 

• r2|2 strong centrality dependence - 
larger  in mid-central 

• r3|3 and r4|4 - weak centrality 
dependence 

•Similar behavior as 5 TeV Pb+Pb
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Slope F n - |! ref | and p T dependence 8

• Larger F2 at smaller |ηref| - NF

• Non-flow (dijets) at small |ηref| or large pT NF
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• Smaller F2 at larger pT - not NF 

• Effect larger in central collisions - 
could be due to non-linear v2 
decorrelation 

• F3 - not affected by NF
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• Suppress these variations

• Smaller F2 at larger pT - not NF 

• Effect larger in central collisions - 
could be due to non-linear v2 
decorrelation 

• F3 - not affected by NF



Comparison with Pb+Pb and Hydro 9

arXiv:1805.03762

Centrality (avg. geometry) Npart (system-size)
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<latexit sha1_base64="tba76Q0oGlfeBip7F51zICgafjc=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJWfGykKIjLCrYNtDVMJjft0MmDmYlQQn7Ajb/ixoUibt27829M0yJqPTBw5px779w5TsSZVIbxqRXm5hcWl4rLpZXVtfUNfXOrJcNYUGjSkIfCcogEzgJoKqY4WJEA4jsc2s7wYuy370BIFgY3ahRBzyf9gHmMEpVJtr6XdPMhiQA3vbSrt4kFFqT4DOeXhtNw0tTWy0bFyIFniTklZTRFw9Y/um5IYx8CRTmRsmMakeolRChGOaSlbiwhInRI+tDJaEB8kL0kXyTF+5niYi8U2QkUztWfHQnxpRz5TlbpEzWQf72x+J/XiZV30ktYEMUKAjp5yIs5ViEeR4NdJoAqPsoIoYJlu2I6IIJQlQVYykM4HePo+8uzpFWtmLVK7fqwXD+fxlFEO2gXHSATHaM6ukIN1EQU3aNH9IxetAftSXvV3ialBW3as41+QXv/AgaRm6Y=</latexit>

•Reverse ordering for n=2 
and 3 

•F2 and F3 match - in 0-5% 
centrality or Npart <80

https://arxiv.org/abs/1805.03762


•Hydro model works for F2 but 
fails for F3 in magnitude and 
splitting

Comparison with Pb+Pb and Hydro 9

arXiv:1805.03762

Centrality (avg. geometry) Npart (system-size)

FXeXe
3 < FPbPb

3
<latexit sha1_base64="5aGBgQXH3Um03wYvQY3bc4y6kcU=">AAACDXicbVDLSsNAFJ34rPVVdelmsAquSmrFB7goCuKygm0DbQyTyU07dDIJMxOhhPyAG3/FjQtF3Lp359+YpkXUemDgzDn33rlz3IgzpU3z05iZnZtfWCwsFZdXVtfWSxubLRXGkkKThjyUlksUcCagqZnmYEUSSOByaLuDi5HfvgOpWChu9DACOyA9wXxGic4kp7SbdPMhiQQvvXRqt4kFFqT4DOeXhttw09Qplc2KmQNPk+qElNEEDaf00fVCGgcgNOVEqU7VjLSdEKkZ5ZAWu7GCiNAB6UEno4IEoOwkXyTFe5niYT+U2REa5+rPjoQESg0DN6sMiO6rv95I/M/rxNo/sRMmoliDoOOH/JhjHeJRNNhjEqjmw4wQKlm2K6Z9IgnVWYDFPITTEY6+vzxNWgeVaq1Suz4s188ncRTQNtpB+6iKjlEdXaEGaiKK7tEjekYvxoPxZLwab+PSGWPSs4V+wXj/AgaWm6Y=</latexit>

FXeXe
2 > FPbPb

2
<latexit sha1_base64="tba76Q0oGlfeBip7F51zICgafjc=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJWfGykKIjLCrYNtDVMJjft0MmDmYlQQn7Ajb/ixoUibt27829M0yJqPTBw5px779w5TsSZVIbxqRXm5hcWl4rLpZXVtfUNfXOrJcNYUGjSkIfCcogEzgJoKqY4WJEA4jsc2s7wYuy370BIFgY3ahRBzyf9gHmMEpVJtr6XdPMhiQA3vbSrt4kFFqT4DOeXhtNw0tTWy0bFyIFniTklZTRFw9Y/um5IYx8CRTmRsmMakeolRChGOaSlbiwhInRI+tDJaEB8kL0kXyTF+5niYi8U2QkUztWfHQnxpRz5TlbpEzWQf72x+J/XiZV30ktYEMUKAjp5yIs5ViEeR4NdJoAqPsoIoYJlu2I6IIJQlQVYykM4HePo+8uzpFWtmLVK7fqwXD+fxlFEO2gXHSATHaM6ukIN1EQU3aNH9IxetAftSXvV3ialBW3as41+QXv/AgaRm6Y=</latexit>

•Reverse ordering for n=2 
and 3 

•F2 and F3 match - in 0-5% 
centrality or Npart <80

https://arxiv.org/abs/1805.03762


Comparison of  v n and Fn ratios 10

• Anti-correlation between vn and Fn - opposite centrality dependence 



Comparison of  v n and Fn ratios 11

• Hydro explains vn ratio very well but fails to explain Fn ratio accurately

• Anti-correlation between vn and Fn - opposite centrality dependence

FXeXe
2 /FPbPb

2 > 1
<latexit sha1_base64="m3qaNR/39zmbYeqW0ca/QFI2pEQ=">AAACDXicbZDLSsNAFIYnXmu9RV26CVbBVU1q8bKRoiAuK9gLtLFMJift0MkkzEyEEvICbnwVNy4UcevenW9jmgZR6w8DH/85Z+bM74SMSmWan9rM7Nz8wmJhqbi8srq2rm9sNmUQCQINErBAtB0sgVEODUUVg3YoAPsOg5YzvBjXW3cgJA34jRqFYPu4z6lHCVap1dN34252SSzATS57ldu4DW1IDjKsO3UnObOSnl4yy2YmYxqsHEooV72nf3TdgEQ+cEUYlrJjmaGyYywUJQySYjeSEGIyxH3opMixD9KOs0USYy91XMMLRHq4MjL350SMfSlHvpN2+lgN5N/a2Pyv1omUd2LHlIeRAk4mD3kRM1RgjKMxXCqAKDZKARNB010NMsACE5UGWMxCOB3r6PvL09CslK3DcvW6Wqqd53EU0DbaQfvIQseohq5QHTUQQffoET2jF+1Be9JetbdJ64yWz2yhX9LevwA7rZvH</latexit>

F XeXe
3 /F P bP b

3 < 1
<latexit sha1_base64="66AAFqA50elaEz1Kojilw08rhis=">AAACDXicbZDLSsNAFIYnXmu9RV26CVbBVU1s8QIuioK4rGAv0MYymZy0QyeTMDMRSsgLuPFV3LhQxK17d76NaRpErT8MfPznnJkzvxMyKpVpfmozs3PzC4uFpeLyyuraur6x2ZRBJAg0SMAC0XawBEY5NBRVDNqhAOw7DFrO8GJcb92BkDTgN2oUgu3jPqceJVilVk/fjbvZJbEAN7nsVW7jNrQhOciw7tSd5MxKenrJLJuZjGmwciihXPWe/tF1AxL5wBVhWMqOZYbKjrFQlDBIit1IQojJEPehkyLHPkg7zhZJjL3UcQ0vEOnhysjcnxMx9qUc+U7a6WM1kH9rY/O/WidS3okdUx5GCjiZPORFzFCBMY7GcKkAotgoBUwETXc1yAALTFQaYDEL4XSso+8vT0PzsGxVytXraql2nsdRQNtoB+0jCx2jGrpCddRABN2jR/SMXrQH7Ul71d4mrTNaPrOFfkl7/wI7yJvH</latexit>

• Reverse ordering of F2 and F3 ratios

• Whats the origin of the reverse ordering ?



Comparison with Glauber (Initial State) 12

• Difference between vn and 𝜺n ratios - Late time effects

arXiv:2003.04340• Eccentricity 𝜺n and eccentricity decorrelation An from subnucleon-Glauber model

!n �! vn
<latexit sha1_base64="lONTqTACWIUt2Mj0ebrxNmqQxYU=">AAACI3icbVDLTgIxFO34RHyhLt00EhNXZMZHNK6IblxiIo+EIaRTLtDQaSdtB0Mm8y9u/BU3LjTEjQv/xTKwEPAmTU/OOffe9gQRZ9q47rezsrq2vrGZ28pv7+zu7RcODmtaxopClUouVSMgGjgTUDXMcGhECkgYcKgHg/uJXh+C0kyKJzOKoBWSnmBdRomxVLtwm/jZkCTgMaQ+RJpxy4sU+/buKdbrG6KUfMZzxqF1tAtFt+RmhZeBNwNFNKtKuzD2O5LGIQhDOdG66bmRaSVEGUY5pHk/1hAROiA9aFooSAi6lWRbU3xqmQ7uSmWPMDhj/3YkJNR6FAbWGRLT14vahPxPa8ame9NKmIhiA4JOF3Vjjo3Ek8Bwhymgho8sIFQx+1ZM+0QRamyseRuCt/jlZVA7L3kXpavHy2L5bhZHDh2jE3SGPHSNyugBVVAVUfSC3tAH+nRenXdn7HxNrSvOrOcIzZXz8ws1f6cX</latexit>

An �! Fn
<latexit sha1_base64="bYNLpWu1qmXC3TI6tTPqXaN+i0c=">AAACGnicbVBLSwMxGMzWV62vVY9egkXwVHZ9oMeqIB4r2Ad0l5LNZtvQbLIkWaUs/R1e/CtePCjiTbz4b0y3e6jVgcAwM1++ZIKEUaUd59sqLSwuLa+UVytr6xubW/b2TkuJVGLSxIIJ2QmQIoxy0tRUM9JJJEFxwEg7GF5N/PY9kYoKfqdHCfFj1Oc0ohhpI/VsN/PySzJJwvFFj4+hxwTvS9ofaCSleICzgWsT6NlVp+bkgH+JW5AqKNDo2Z9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrKUUyUn+VLx/DAKCGMhDSHa5irsxMZipUaxYFJxkgP1Lw3Ef/zuqmOzv2M8iTVhOPpoihlUAs46QmGVBKs2cgQhCU1b4V4gCTC2rRZMSW481/+S1pHNfe4dnp7Uq1fFnWUwR7YB4fABWegDm5AAzQBBo/gGbyCN+vJerHerY9ptGQVM7vgF6yvH9brop4=</latexit>

Npart/2A —> Centrality

https://arxiv.org/abs/2003.04340


Comparison with Glauber (Initial State) 12

• Difference between vn and 𝜺n ratios - Late time effects

arXiv:2003.04340• Eccentricity 𝜺n and eccentricity decorrelation An from subnucleon-Glauber model

!n �! vn
<latexit sha1_base64="lONTqTACWIUt2Mj0ebrxNmqQxYU=">AAACI3icbVDLTgIxFO34RHyhLt00EhNXZMZHNK6IblxiIo+EIaRTLtDQaSdtB0Mm8y9u/BU3LjTEjQv/xTKwEPAmTU/OOffe9gQRZ9q47rezsrq2vrGZ28pv7+zu7RcODmtaxopClUouVSMgGjgTUDXMcGhECkgYcKgHg/uJXh+C0kyKJzOKoBWSnmBdRomxVLtwm/jZkCTgMaQ+RJpxy4sU+/buKdbrG6KUfMZzxqF1tAtFt+RmhZeBNwNFNKtKuzD2O5LGIQhDOdG66bmRaSVEGUY5pHk/1hAROiA9aFooSAi6lWRbU3xqmQ7uSmWPMDhj/3YkJNR6FAbWGRLT14vahPxPa8ame9NKmIhiA4JOF3Vjjo3Ek8Bwhymgho8sIFQx+1ZM+0QRamyseRuCt/jlZVA7L3kXpavHy2L5bhZHDh2jE3SGPHSNyugBVVAVUfSC3tAH+nRenXdn7HxNrSvOrOcIzZXz8ws1f6cX</latexit>

An �! Fn
<latexit sha1_base64="bYNLpWu1qmXC3TI6tTPqXaN+i0c=">AAACGnicbVBLSwMxGMzWV62vVY9egkXwVHZ9oMeqIB4r2Ad0l5LNZtvQbLIkWaUs/R1e/CtePCjiTbz4b0y3e6jVgcAwM1++ZIKEUaUd59sqLSwuLa+UVytr6xubW/b2TkuJVGLSxIIJ2QmQIoxy0tRUM9JJJEFxwEg7GF5N/PY9kYoKfqdHCfFj1Oc0ohhpI/VsN/PySzJJwvFFj4+hxwTvS9ofaCSleICzgWsT6NlVp+bkgH+JW5AqKNDo2Z9eKHAaE64xQ0p1XSfRfoakppiRccVLFUkQHqI+6RrKUUyUn+VLx/DAKCGMhDSHa5irsxMZipUaxYFJxkgP1Lw3Ef/zuqmOzv2M8iTVhOPpoihlUAs46QmGVBKs2cgQhCU1b4V4gCTC2rRZMSW481/+S1pHNfe4dnp7Uq1fFnWUwR7YB4fABWegDm5AAzQBBo/gGbyCN+vJerHerY9ptGQVM7vgF6yvH9brop4=</latexit>

F2A2 F3A3

• Fn and An ratios show good agreement - insensitive to late time effects 

• Reverse ordering of ATLAS F2-F3 ratios are explained by the Glauber A2-A3 ratios 

• System-size dependence of Fn - depends mainly on initial state 

Npart/2A —> Centrality

https://arxiv.org/abs/2003.04340


Summary 13

• Direct comparison vn and Fn ratios - anti-correlation 

• vn ratios - IS Geometry dominant (central) ,  Viscous effects dominant (non-central) 

• n=2 vs n=3 - same ordering for vn ratios but reverse ordering for Fn ratios

• Current Hydro models tuned for vn ratio cannot explain Fn ratio accurately 

• Glauber Calculation - Fn ratio insensitive to late-time effects, Reverse ordering of n=2,n=3 due to 
eccentricity decorrelation 

• Measurements can constrain different flow models and help develop full 3+1D initial conditions

FXeXe
3 < FPbPb

3
<latexit sha1_base64="5aGBgQXH3Um03wYvQY3bc4y6kcU=">AAACDXicbVDLSsNAFJ34rPVVdelmsAquSmrFB7goCuKygm0DbQyTyU07dDIJMxOhhPyAG3/FjQtF3Lp359+YpkXUemDgzDn33rlz3IgzpU3z05iZnZtfWCwsFZdXVtfWSxubLRXGkkKThjyUlksUcCagqZnmYEUSSOByaLuDi5HfvgOpWChu9DACOyA9wXxGic4kp7SbdPMhiQQvvXRqt4kFFqT4DOeXhttw09Qplc2KmQNPk+qElNEEDaf00fVCGgcgNOVEqU7VjLSdEKkZ5ZAWu7GCiNAB6UEno4IEoOwkXyTFe5niYT+U2REa5+rPjoQESg0DN6sMiO6rv95I/M/rxNo/sRMmoliDoOOH/JhjHeJRNNhjEqjmw4wQKlm2K6Z9IgnVWYDFPITTEY6+vzxNWgeVaq1Suz4s188ncRTQNtpB+6iKjlEdXaEGaiKK7tEjekYvxoPxZLwab+PSGWPSs4V+wXj/AgaWm6Y=</latexit>

FXeXe
2 > FPbPb

2
<latexit sha1_base64="tba76Q0oGlfeBip7F51zICgafjc=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJWfGykKIjLCrYNtDVMJjft0MmDmYlQQn7Ajb/ixoUibt27829M0yJqPTBw5px779w5TsSZVIbxqRXm5hcWl4rLpZXVtfUNfXOrJcNYUGjSkIfCcogEzgJoKqY4WJEA4jsc2s7wYuy370BIFgY3ahRBzyf9gHmMEpVJtr6XdPMhiQA3vbSrt4kFFqT4DOeXhtNw0tTWy0bFyIFniTklZTRFw9Y/um5IYx8CRTmRsmMakeolRChGOaSlbiwhInRI+tDJaEB8kL0kXyTF+5niYi8U2QkUztWfHQnxpRz5TlbpEzWQf72x+J/XiZV30ktYEMUKAjp5yIs5ViEeR4NdJoAqPsoIoYJlu2I6IIJQlQVYykM4HePo+8uzpFWtmLVK7fqwXD+fxlFEO2gXHSATHaM6ukIN1EQU3aNH9IxetAftSXvV3ialBW3as41+QXv/AgaRm6Y=</latexit>

• Strong system-size dependence (Xe+Xe vs Pb+Pb) in ATLAS - both vn and Fn



14

Backup



Glauber model comparison 15

• Glauber model calculations compared with ATLAS 
data and hydro calculations

arXiv:2003.04340

• Opposite ordering of F2 and F3 ratios 
are well reproduced by en and An

https://arxiv.org/abs/2003.04340


Method - 2PC 16

•2-particle Correlation

•Template fit method is also implemented
✦ Developed for pp collisions 

✦ Can be applied to estimate dijet 
correlation bias in vn measurements 

✦ Significant for Xe+Xe collisions

✦ Long-range Non-flow (dijets) - peripheral 
collisions and/or at pT > 4GeV 

Integrate with |Δη|> 2 - remove short-range non-flow



Differential v n (pT ) 17

•Plots - pT dependence of vn obtained from 2PC  
and from template fitting (with and without 
ZYAM)

•2PC - Large jet-bias at high-pT in peripheral 
collisions, most prominant for v2 and v4 

•Template fitting - reduces this jet bias

•Assume factorization


