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Small collision systems: the old picture

2

• No long-range correlations 
• No flow 
• Ridge observed in pp and p-Pb collisions

p pPbPb

CMS, JHEP 09 (2010) 091CMS, PLB 724 (2013) 213

• Long-range correlations  
• Hydrodynamic flow

Large collision systems Small collision systems
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Small collision systems: the new picture

3

• No long-range correlations 
• No flow 
• Ridge observed in pp and p-Pb collisions

p pPbPb

CMS, PLB 724 (2013) 213

• Long-range correlations  
• Hydrodynamic flow

Large collision systems Small collision systemsHigh-multiplicity
CMS, JHEP 09 (2010) 091

p Pb

CMS, PLB 724 (2013) 213
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Sensitivity of the ridge to the presence of jets
• If the long-range ridge arises from hard or semi-hard processes: 

• Removing particles associated with jets may affect it 
• Selecting events with jets (while still removing particles associated with jets) may affect it
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ATLAS-CONF-2020-018
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jet particle 

rejection

Inclusive no
NoJet+WithJet AllEvents yes

without jets NoJet yes
with jets only WithJet yes

ATLAS-CONF-2020-018
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Sensitivity of the ridge to the presence of jets
• If the long-range ridge arises from hard or semi-hard processes: 

• Removing particles associated with jets may affect it 
• Selecting events with jets (while still removing particles associated with jets) may affect it
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jet particle 

rejection

Inclusive no
NoJet+WithJet AllEvents yes

without jets NoJet yes
with jets only WithJet yes

• Correlations are only slightly affected by the presence of hard or 
semi-hard processes

ATLAS-CONF-2020-018
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Sensitivity of the ridge to the presence of jets
• If the long-range ridge arises from hard or semi-hard processes 

• Removing particles associated with jets may affect it 
• Selecting events with jets (while still removing particles associated with jets) may affect it

7

ATLAS-CONF-2020-018

jet particle 

rejection

Inclusive no
NoJet+WithJet AllEvents yes

without jets NoJet yes
with jets only WithJet yes

• Correlations are only slightly affected by the presence of hard or 
semi-hard processes

Collective = long-range multi-particle correlations w.r.t. common symmetry
Are small systems collective?

… more investigations are needed

Ridge -> long-range correlations
… how to see whether a large number of particles “are acting in unison”? 

R. Bhalerao, arXiv: 2009.09586

✔

?
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• Negative four-particle cumulant in p-Pb and pp collisions 
• In pp collisions only possible with proper non-flow suppression 

• Similar v2 signal using high orders of multi-particle correlations 
• Similar observation in small systems as in large systems

Multi-particle correlations

8
ATLAS, PRC 97, 024904 (2018)

p Pb

p p

vn{4} = 4
p

�cn{4}“Correct” sign of the  
four-particle cumulant
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Multi-particle correlations

• Negative four-particle cumulant in p-Pb and pp collisions 
• In pp collisions only possible with proper non-flow suppression 

• Similar v2 signal using high orders of multi-particle correlations 
• Similar observation in small systems as in large systems

9
ATLAS, PRC 97, 024904 (2018)

p Pb

p p

vn{4} = 4
p

�cn{4}“Correct” sign of the  
four-particle cumulant

ALICE, PRL 123, 142301 (2019)

Long-range multi-particle correlationsvn{4} ≈ vn{6}
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Origin of long-range multi-particle correlations
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M. Strickland, NPA 982 (2019) 92-98

Initial momentum correlations 
Not correlated with the initial geometry

Initial spatial anisotropy + interactions in the final state 
Correlated with the initial geometry

Effects of the initial state: Effects of the final state:
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M. Strickland, NPA 982 (2019) 92-98

Initial momentum correlations 
Not correlated with the initial geometry

Initial spatial anisotropy + interactions in the final state 
Correlated with the initial geometry

A-A collisions

p-A collisions

pp collisions

Origin of long-range multi-particle correlations

Effects of the initial state: Effects of the final state:

?
?
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M. Strickland, NPA 982 (2019) 92-98

Initial momentum correlations 
Not correlated with the initial geometry

Initial spatial anisotropy + interactions in the final state 
Correlated with the initial geometry

A-A collisions

p-A collisions

pp collisions

How to determine the scale on the x-axis? 
How to determine the reach of the arrows?

Origin of long-range multi-particle correlations

… more measurements and theoretical 
comparisons with them→

Effects of the initial state: Effects of the final state:

?
?
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Description of two-particle correlations
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Schenke et al., PRC 89, 024901 (2014) 
Mäntysaari et al., PLB 772, 681 (2017) 
update: Schenke et al., arXiv: 2005.14682

ALICE, PRL 123, 142301 (2019)

• IP-Glasma+MUSIC+UrQMD describes vn{2} in all but 
pp collisions 

• Note: iEBE-VISHNU hydrodynamic model reproduces the 
v2{2} measurements in pp collisions Zhao et al., PLB 780 (2018) 495 

Zhao et al., arXiv: 2001.06742

Macroscopic models
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Description of two-particle correlations

• PYTHIA with the shoving mechanism can describe the ridge 
• Transport theory: collectivity can be achieved via few-

particle scatterings

14

Schenke et al., PRC 89, 024901 (2014) 
Mäntysaari et al., PLB 772, 681 (2017) 
update: Schenke et al., arXiv: 2005.14682

Bierlich et al, PLB 779 (2018) 58

ALICE, PRL 123, 142301 (2019)

• IP-Glasma+MUSIC+UrQMD describes vn{2} in all but 
pp collisions 

• Note: iEBE-VISHNU hydrodynamic model reproduces the 
v2{2} measurements in pp collisions Zhao et al., PLB 780 (2018) 495 

Zhao et al., arXiv: 2001.06742

Macroscopic models

A. Kurkela et al, PLB 783 (2018) 274-279

Microscopic models
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Description of multi-particle correlations

15

• pp collisions: iEBE-VISHNU cannot reproduce the 
negative sign of c2{4} from data 
• Importance of nonlinear hydrodynamic response in pp collisions 

• p-Pb collisions: qualitative agreement with v2{4}

Macroscopic models

Zhao et al., PLB 780 (2018) 495 
Zhao et al., arXiv: 2001.06742

Schenke et al., arXiv: 2005.14682
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Description of multi-particle correlations

• PYTHIA with the shoving mechanism and simulated ALICE 
high-multiplicity trigger reveals c2{4} < 0 in pp collisions 
• First look, should be further investigated

16

• pp collisions: iEBE-VISHNU cannot reproduce the 
negative sign of c2{4} from data 
• Importance of nonlinear hydrodynamic response in pp collisions 

• p-Pb collisions: qualitative agreement with v2{4}

Macroscopic models Microscopic models

Zhao et al., PLB 780 (2018) 495 
Zhao et al., arXiv: 2001.06742

Schenke et al., arXiv: 2005.14682

Bierlich et al., arXiv:2010.07595
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Flow of identified particles

Similar observations as in Pb-Pb collisions: 
• Mass ordering at low pT in p-Pb and pp collisions 
• Hint for a baryon-meson grouping at intermediate pT in p-Pb collisions

17

ALI-PREL-156487

ALICE Preliminary, QM18 CMS, PLB 765, 193 (2017)

p Pb p p



RHIC & AGS AUM Small System Workshop | 22.10.2020 Katarina Krizkova Gajdosova | CTU in Prague 

Description of flow of identified particles

18

• Mass ordering at low pT is reproduced by hydrodynamic models 

• Approximate NCQ scaling at intermediate pT is reproduced by hydrodynamics 
• Only possible with the inclusion of the quark coalescence model

Zhao et al., PRL 125, 072301 (2020)
p Pb

Possible existence of the partonic 
phase in high multiplicity p-Pb collisions

Mäntysaari et al., PLB 772, 681 (2017)



RHIC & AGS AUM Small System Workshop | 22.10.2020 Katarina Krizkova Gajdosova | CTU in Prague 19

M. Strickland, NPA 982 (2019) 92-98

Initial momentum correlations 
Not correlated with the initial geometry

Initial spatial anisotropy + interactions in the final state 
Correlated with the initial geometry

A-A collisions

p-A collisions

pp collisions

Origin of long-range multi-particle correlations

Effects of the initial state: Effects of the final state:

?
?
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M. Strickland, NPA 982 (2019) 92-98

Initial momentum correlations 
Not correlated with the initial geometry

Initial spatial anisotropy + interactions in the final state 
Correlated with the initial geometry

A-A collisions

p-A collisions

pp collisions

Origin of long-range multi-particle correlations

Effects of the initial state: Effects of the final state:
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Probing the influence of the initial state

• The observable is predicted to exhibit a sign change in the presence 
of initial momentum anisotropy 

• Measurements down to such low multiplicity in small systems would be 
very interesting, but very challenging

21

ATLAS, EPJC 79 (2019) 985

ρ =
cov(vn{2}2, [pT])

Var(vn{2}2)dyn ck

Giacalone et al., arXiv:2006.15721

A new promising way to determine the origin of collectivity in small collision systems

• Initial (gluon) momentum 
anisotropy important at low 
multiplicities 

• Initial spatial anisotropy 
important at high 
multiplicities
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• Finite flow of heavy flavor particles in p-Pb and pp collisions 
• Separate charm and bottom contribution in both collision systems (bottom quark doesn’t flow in pp collisions) 
• Description of the results in p-Pb collisions with the CGC model -> collectivity of heavy flavor particles may be 

largely influenced by initial state effects 

Flow of identified (very heavy) particles

22

ATLAS, PRL 124, 082301 (2020)
CMS, arXiv: 2009.07065

p Pb p p

Zhang et al., PRL 122, 172302 (2019) 
Zhang et al., PRD 102, 034010 (2020)
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Jet quenching ?

23

EXPERIMENT THEORY

v2(pT ) > 0
<latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit>

RpPb ⇡ 1
<latexit sha1_base64="/jOwKBNoJcpJoFRTu32ZCG1w4nI=">AAAB+nicbVDLSgMxFL3js9bXVJdugqXgqsyIoMuiG5dV7APaYcikaRuayYQko5axn+LGhSJu/RJ3/o1pOwttPXDhcM695OREkjNtPO/bWVldW9/YLGwVt3d29/bd0kFTJ6kitEESnqh2hDXlTNCGYYbTtlQUxxGnrWh0NfVb91Rplog7M5Y0iPFAsD4j2FgpdEu3YSbr0QR1sZQqeUR+6Ja9qjcDWiZ+TsqQox66X91eQtKYCkM41rrje9IEGVaGEU4nxW6qqcRkhAe0Y6nAMdVBNos+QRWr9FA/UXaEQTP190WGY63HsQ1YibEZ6kVvKv7ndVLTvwgyJmRqqCDzh/opRyZB0x5QjylKDB9bgoliNisiQ6wwMbatoi3BX/zyMmmeVn2v6t+clWuXeR0FOIJjOAEfzqEG11CHBhB4gGd4hTfnyXlx3p2P+eqKk98cwh84nz+Ph5OH</latexit><latexit sha1_base64="/jOwKBNoJcpJoFRTu32ZCG1w4nI=">AAAB+nicbVDLSgMxFL3js9bXVJdugqXgqsyIoMuiG5dV7APaYcikaRuayYQko5axn+LGhSJu/RJ3/o1pOwttPXDhcM695OREkjNtPO/bWVldW9/YLGwVt3d29/bd0kFTJ6kitEESnqh2hDXlTNCGYYbTtlQUxxGnrWh0NfVb91Rplog7M5Y0iPFAsD4j2FgpdEu3YSbr0QR1sZQqeUR+6Ja9qjcDWiZ+TsqQox66X91eQtKYCkM41rrje9IEGVaGEU4nxW6qqcRkhAe0Y6nAMdVBNos+QRWr9FA/UXaEQTP190WGY63HsQ1YibEZ6kVvKv7ndVLTvwgyJmRqqCDzh/opRyZB0x5QjylKDB9bgoliNisiQ6wwMbatoi3BX/zyMmmeVn2v6t+clWuXeR0FOIJjOAEfzqEG11CHBhB4gGd4hTfnyXlx3p2P+eqKk98cwh84nz+Ph5OH</latexit><latexit sha1_base64="/jOwKBNoJcpJoFRTu32ZCG1w4nI=">AAAB+nicbVDLSgMxFL3js9bXVJdugqXgqsyIoMuiG5dV7APaYcikaRuayYQko5axn+LGhSJu/RJ3/o1pOwttPXDhcM695OREkjNtPO/bWVldW9/YLGwVt3d29/bd0kFTJ6kitEESnqh2hDXlTNCGYYbTtlQUxxGnrWh0NfVb91Rplog7M5Y0iPFAsD4j2FgpdEu3YSbr0QR1sZQqeUR+6Ja9qjcDWiZ+TsqQox66X91eQtKYCkM41rrje9IEGVaGEU4nxW6qqcRkhAe0Y6nAMdVBNos+QRWr9FA/UXaEQTP190WGY63HsQ1YibEZ6kVvKv7ndVLTvwgyJmRqqCDzh/opRyZB0x5QjylKDB9bgoliNisiQ6wwMbatoi3BX/zyMmmeVn2v6t+clWuXeR0FOIJjOAEfzqEG11CHBhB4gGd4hTfnyXlx3p2P+eqKk98cwh84nz+Ph5OH</latexit><latexit sha1_base64="/jOwKBNoJcpJoFRTu32ZCG1w4nI=">AAAB+nicbVDLSgMxFL3js9bXVJdugqXgqsyIoMuiG5dV7APaYcikaRuayYQko5axn+LGhSJu/RJ3/o1pOwttPXDhcM695OREkjNtPO/bWVldW9/YLGwVt3d29/bd0kFTJ6kitEESnqh2hDXlTNCGYYbTtlQUxxGnrWh0NfVb91Rplog7M5Y0iPFAsD4j2FgpdEu3YSbr0QR1sZQqeUR+6Ja9qjcDWiZ+TsqQox66X91eQtKYCkM41rrje9IEGVaGEU4nxW6qqcRkhAe0Y6nAMdVBNos+QRWr9FA/UXaEQTP190WGY63HsQ1YibEZ6kVvKv7ndVLTvwgyJmRqqCDzh/opRyZB0x5QjylKDB9bgoliNisiQ6wwMbatoi3BX/zyMmmeVn2v6t+clWuXeR0FOIJjOAEfzqEG11CHBhB4gGd4hTfnyXlx3p2P+eqKk98cwh84nz+Ph5OH</latexit>

RpPb < 1
<latexit sha1_base64="qGM0U928t/jUdUfNyQB1gGuKjeU=">AAAB8nicbVC7SgNBFL0bXzG+opY2gyFgFXZF0MIiaGMZxTxgs4TZySQZMju7zNwVwpLPsLFQxNavsfNvnCRbaOKBgcM5c7nnnjCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNSw6VQvIkCJe8kmtMolLwdjm9nfvuJayNi9YiThAcRHSoxEIyilfyHXpY0wim5Jl6vXHFr7hxklXg5qUCORq/81e3HLI24QiapMb7nJhhkVKNgkk9L3dTwhLIxHXLfUkUjboJsHnlKqlbpk0Gs7VNI5urviYxGxkwiG60aURyZZW8m/uf5KQ6ugkyoJEWu2GLRIJUEYzK7n/SF5gzlxBLKtLBZCRtRTRnalkq2BG/55FXSOq95bs27v6jUb/I6inACp3AGHlxCHe6gAU1gEMMzvMKbg86L8+58LL4WnHzmGP7A+fwB9/6QYA==</latexit><latexit sha1_base64="qGM0U928t/jUdUfNyQB1gGuKjeU=">AAAB8nicbVC7SgNBFL0bXzG+opY2gyFgFXZF0MIiaGMZxTxgs4TZySQZMju7zNwVwpLPsLFQxNavsfNvnCRbaOKBgcM5c7nnnjCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNSw6VQvIkCJe8kmtMolLwdjm9nfvuJayNi9YiThAcRHSoxEIyilfyHXpY0wim5Jl6vXHFr7hxklXg5qUCORq/81e3HLI24QiapMb7nJhhkVKNgkk9L3dTwhLIxHXLfUkUjboJsHnlKqlbpk0Gs7VNI5urviYxGxkwiG60aURyZZW8m/uf5KQ6ugkyoJEWu2GLRIJUEYzK7n/SF5gzlxBLKtLBZCRtRTRnalkq2BG/55FXSOq95bs27v6jUb/I6inACp3AGHlxCHe6gAU1gEMMzvMKbg86L8+58LL4WnHzmGP7A+fwB9/6QYA==</latexit><latexit sha1_base64="qGM0U928t/jUdUfNyQB1gGuKjeU=">AAAB8nicbVC7SgNBFL0bXzG+opY2gyFgFXZF0MIiaGMZxTxgs4TZySQZMju7zNwVwpLPsLFQxNavsfNvnCRbaOKBgcM5c7nnnjCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNSw6VQvIkCJe8kmtMolLwdjm9nfvuJayNi9YiThAcRHSoxEIyilfyHXpY0wim5Jl6vXHFr7hxklXg5qUCORq/81e3HLI24QiapMb7nJhhkVKNgkk9L3dTwhLIxHXLfUkUjboJsHnlKqlbpk0Gs7VNI5urviYxGxkwiG60aURyZZW8m/uf5KQ6ugkyoJEWu2GLRIJUEYzK7n/SF5gzlxBLKtLBZCRtRTRnalkq2BG/55FXSOq95bs27v6jUb/I6inACp3AGHlxCHe6gAU1gEMMzvMKbg86L8+58LL4WnHzmGP7A+fwB9/6QYA==</latexit><latexit sha1_base64="qGM0U928t/jUdUfNyQB1gGuKjeU=">AAAB8nicbVC7SgNBFL0bXzG+opY2gyFgFXZF0MIiaGMZxTxgs4TZySQZMju7zNwVwpLPsLFQxNavsfNvnCRbaOKBgcM5c7nnnjCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNSw6VQvIkCJe8kmtMolLwdjm9nfvuJayNi9YiThAcRHSoxEIyilfyHXpY0wim5Jl6vXHFr7hxklXg5qUCORq/81e3HLI24QiapMb7nJhhkVKNgkk9L3dTwhLIxHXLfUkUjboJsHnlKqlbpk0Gs7VNI5urviYxGxkwiG60aURyZZW8m/uf5KQ6ugkyoJEWu2GLRIJUEYzK7n/SF5gzlxBLKtLBZCRtRTRnalkq2BG/55FXSOq95bs27v6jUb/I6inACp3AGHlxCHe6gAU1gEMMzvMKbg86L8+58LL4WnHzmGP7A+fwB9/6QYA==</latexit>

v2(pT ) > 0
<latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit><latexit sha1_base64="uNo7bGETSHxq52m/6lU44KNK1ho=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD1J0YvHCv2CNoTNdtMu3Wzi7qZQQn+HFw+KePXHePPfuE1z0NYHA4/3ZpiZ58ecKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT+4XfndKpWKRaOlZTN0QjwQLGMHaSO7Uq6Nq7LUu0S2yvXLFrtkZ0DpxclKBHE2v/DUYRiQJqdCEY6X6jh1rN8VSM8LpvDRIFI0xmeAR7RsqcEiVm2ZHz9GFUYYoiKQpoVGm/p5IcajULPRNZ4j1WK16C/E/r5/o4MZNmYgTTQVZLgoSjnSEFgmgIZOUaD4zBBPJzK2IjLHERJucSiYEZ/XlddKp1xy75jxeVRp3eRxFOINzqIID19CAB2hCGwg8wTO8wps1tV6sd+tj2Vqw8plT+APr8wf9CpBF</latexit>

ATLAS, EPJC (2020) 80:73

• Models with parton energy loss in a medium require both finite v2 
at high pT and RpPb < 1 
• Not supported by data 

• Other mechanisms responsible for the finite v2 at high pT ?
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Summary

• p-Pb collisions 
• Experimental data favor the hydrodynamic origin of long-range multi-particle correlations 

• pp collisions 
• Hydrodynamic models are challenged by microscopic approaches 

• Future Run 3 data will hopefully bring us closer to the understanding of the origin of 
collectivity in small collision systems

24

M. Strickland, NPA 982 (2019) 92-98

A-A collisions

p-A collisions

pp collisions

?
???
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Backup

25
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Importance of the initial state momentum anisotropy

• Initial (gluon) momentum anisotropy important at low multiplicities 
• Initial spatial anisotropy important at high multiplicities 

• Although the initial momentum anisotropy may have non-negligible effect 
in small systems even at high multiplicity

26

Schenke et al., PLB 803 (2020) 135322 
Schenke et al., QM19

PbPb

p Pb
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Symmetric Cumulants

• SC(3,2): correlation between v2 and v3  
• Dependence on multiplicity shows a common trend between 

different collision systems, smoothly with multiplicity 
• May point to a common origin of the observed collectivity, 

which evolves with multiplicity

27

ALICE, PRL 123, 142301 (2019) ATLAS, PLB 789 (2019) 444
CMS, arXiv: 1905.09935

• Note: the trend at low multiplicities is 
different for ALICE and ATLAS & CMS -> 
probably due to different acceptance and 
subsequent decorrelation effects and/or 
residual non-flow
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Correlations of v2 and [pT]

28

ATLAS, EPJC 79 (2019) 985 ρ =
cov(vn{2}2, [pT])

Var(vn{2}2)dyn ck

Var(vn{2}2)dyn = ⟨⟨4⟩⟩ − ⟨⟨2⟩⟩2

ck = ⟨
1

NB(NB − 1)∑b ∑b≠b′ 
(pT,b − ⟨[pT]⟩)(pT,b′ 

− ⟨[pT]⟩)
⟩

cov(vn{2}2, [pT]) = ⟨
1

NpairsN ∑
a≠b≠c

ein(φa−φc)(pT,b − ⟨[pT]⟩)⟩
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Z-tagged pp collisions

• Selection of events with a hard scattering of momentum 
transfer Q2 ≥ (80 GeV)2 (Z-boson tagged events) 

• Measurements are compatible with inclusive pp 
collisions 

• Long-range correlations are not significantly affected by 
the presence of a hard-scattering process

29

ATLAS, EPJC 80 (2020) 64
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Ratio of multi-particle cumulants

• Ratios of multi-particle cumulants are consistent 
with a purely fluctuation driven origin of azimuthal 
asymmetry (at the reported multiplicity range) 

• Assumption of direct correspondence of ratios of 
vn{m} to ratios of εn{m} within the hydrodynamic 
picture 
• Although, it was shown that a non-negligible cubic 

term is present in hydrodynamic calculations in pp 
collisions

30

Zhao et al., arXiv: 2001.06742

CMS, PRC 101, 014912 (2020)


