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small systems

1+1     nucleon

1+208 nucleons

large systems

129+129 nucleons

208+208 nucleons} }

• Collisions:

• pp

• p-Pb

• Xe-Xe

• Pb-Pb

THE LARGE HADRON COLLIDER
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H E AV Y- I O N  C O L L I S I O N

5. Freeze-out 
4. Hadron gas 
3. Phase transition 
2. Quark-Gluon Plasma 
1. Pre-equilibrium phase
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credits: Boris Hippolyte (ALICE)
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E V O L U T I O N  O F  A  H E AV Y- I O N
C O L L I S I O N

Credits: Mike Lisa

A. Superposition of 
independent pp collisions 
• Particles emitted randomly 

B. Evolution as a bulk 
• Particles are pushed out (with 

a preferred direction)
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Credits: Mike Lisa

High pressure at the centre

“Zero” pressure around

C O L L I S I O N
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Ψplane

Ψplane
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• QGP transforms initial spatial 
anisotropy to the anisotropy of final 
emitted particles
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• The system expands collectively 
• Global collectivity

• Investigation of anisotropy of the distribution of 
emitted particles provides information about the 
evolution of HI collision 
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• QGP transforms initial spatial 
anisotropy to the anisotropy of final 
emitted particles

!17

• The system expands collectively 
• Global collectivity

• Investigation of anisotropy of the distribution of 
emitted particles provides information about the 
evolution of HI collision -> HOW?
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H O W  T O  Q U A N T I F Y  PA RT I C L E  
A N I S O T R O P Y

• Distribution of emitted particles in azimuth 
expanded in Fourier series 

• Flow coefficient: quantifies the preferred direction 
of emitted particles
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flow coefficient:
participant plane
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flow coefficient:
participant plane

Elliptic initial overlap geometry ε2 -> Large elliptic flow v2
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flow coefficient:
participant plane

Triangular initial overlap geometry ε3 -> Large triangular flow v3
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flow coefficient:
participant plane

Real collision contains several harmonic 
modes -> superposition of v2, v3, v4, …
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A N A L O G Y  T O  F L O W  C O E F F I C I E N T S

• Electronic signal contains several types of waves 
• Superposition of the basic harmonic modes 
• Fourier transform to frequency domain: amplitude 

shows the abundance of the basic harmonic modes 
witwithin the signal

!23

wikipedia, https://en.wikipedia.org/wiki/Fast_Fourier_transform#

/media/File:FFT-Time-Frequency-View.png

https://en.wikipedia.org/wiki/Fast_Fourier_transform#
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H O W  T O  M E A S U R E  F L O W
• Two-particle correlation function between particles with  
                   and 
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ATLAS, PRC 86, 014907 (2012)
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ATLAS, PRC 86, 014907 (2012)

• Jet peak: high-pT 
resonances or jets 

• Near-side ridge: collective 
expansion of the system 

• Away-side ridge: low pT 
resonances or correlations 
between particles from the 
two cones of a jet

ATLAS, PRC 86, 014907 (2012)
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ATLAS, PRC 86, 014907 (2012)

• Away-side ridge: low pT 
resonances or correlations 
between particles from the 
two cones of a jet

ATLAS, PRC 86, 014907 (2012)
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ATLAS, PRC 86, 014907 (2012)

• Away-side ridge: low pT 
resonances or correlations 
between particles from the 
two cones of a jet

ATLAS, PRC 86, 014907 (2012)
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<latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit>

�' = '1 � '2
<latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit>

�⌘ = ⌘1 � ⌘2
<latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit>

('2, ⌘2)
<latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit>

('1, ⌘1)
<latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit>

QGP
|Δη|
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H O W  T O  M E A S U R E  F L O W
• Two-particle correlation function between particles with  
                   and 

!31

ATLAS, PRC 86, 014907 (2012)

• Near-side ridge: collective 
expansion of the system

ATLAS, PRC 86, 014907 (2012)

near-side

away-side

short range
long range �⌘ � 0

<latexit sha1_base64="m0lcJp7w5AENhcIOIWePkm0lTLE="></latexit><latexit sha1_base64="m0lcJp7w5AENhcIOIWePkm0lTLE="></latexit><latexit sha1_base64="m0lcJp7w5AENhcIOIWePkm0lTLE="></latexit><latexit sha1_base64="m0lcJp7w5AENhcIOIWePkm0lTLE="></latexit>

�⌘ ⇡ 0
<latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit><latexit sha1_base64="7uszwjUYIrUIUHLeJMrHkIRuLCA="></latexit>

�' = '1 � '2
<latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit><latexit sha1_base64="aMKKWJ17zOHQRGL83l1Hh2R2ZSM="></latexit>

�⌘ = ⌘1 � ⌘2
<latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit><latexit sha1_base64="DixYVBMIoGyaBqCgIbR7Q9uZ1nw="></latexit>

('2, ⌘2)
<latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit><latexit sha1_base64="7OTRtmX7rX3YIlTkSPGdcSCv2o0="></latexit>

('1, ⌘1)
<latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit><latexit sha1_base64="kMRW4OjQMTBORPafngKEp2pbD3A="></latexit>

QGP
|Δη|
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H O W  T O  M E A S U R E  F L O W

• Moments of a 
distribution: 

• Cumulants are similar 
(derived from moments)

!32

• m-particle cumulants

• We measure cumulants of the flow distribution
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H O W  T O  M E A S U R E  F L O W

1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!33

How to get flow coefficients (using cumulants)
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H O W  T O  M E A S U R E  F L O W

1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!34

How to get flow coefficients (using cumulants)

average over particles in an event average over all events

hh2ii = hhcosn('1 � '2)ii = hv2ni
<latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit>



18.01.2019 COLLECTIVITY IN SMALL SYSTEMS

H O W  T O  M E A S U R E  F L O W

1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!35

How to get flow coefficients (using cumulants)

average over particles in an event average over all events

• 4-particle correlation contains contribution from:

hh2ii = hhcosn('1 � '2)ii = hv2ni
<latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit>

hh4ii = hhcosn('1 + '2 � '3 � '4)ii = hv4ni
<latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit>

hhcosn('1 � '3)iihhcosn('2 � '4)ii = hh2ii2
<latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit>

hhcosn('1 � '4)iihhcosn('2 � '3)ii = hh2ii2
<latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit>
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H O W  T O  M E A S U R E  F L O W

1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!36

How to get flow coefficients (using cumulants)

average over particles in an event average over all events

• 4-particle correlation contains contribution from:

hh2ii = hhcosn('1 � '2)ii = hv2ni
<latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit>

hh4ii = hhcosn('1 + '2 � '3 � '4)ii = hv4ni
<latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit><latexit sha1_base64="/wCb+DOBWH/K9FIo39HlqnYAMAw="></latexit>

hhcosn('1 � '3)iihhcosn('2 � '4)ii = hh2ii2
<latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit><latexit sha1_base64="Vn9o8W+16pzVUKk85xRftcHnZSo="></latexit>

hhcosn('1 � '4)iihhcosn('2 � '3)ii = hh2ii2
<latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit><latexit sha1_base64="9Lxy1UEuFubimSX3cWJfR7h1rw8="></latexit>

-
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H O W  T O  M E A S U R E  F L O W

1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!37

How to get flow coefficients (using cumulants)

genuine 4-particle correlation

cn{4} = hh4ii � 2 · hh2ii2
<latexit sha1_base64="gjbJPsuen6s7ql9WU0Y7wJLlHOc="></latexit><latexit sha1_base64="gjbJPsuen6s7ql9WU0Y7wJLlHOc="></latexit><latexit sha1_base64="gjbJPsuen6s7ql9WU0Y7wJLlHOc="></latexit><latexit sha1_base64="gjbJPsuen6s7ql9WU0Y7wJLlHOc="></latexit>

cn{2} = hh2ii
<latexit sha1_base64="SEuAiW+b30CGvc2Wh2JGD/W/EY8="></latexit><latexit sha1_base64="SEuAiW+b30CGvc2Wh2JGD/W/EY8="></latexit><latexit sha1_base64="SEuAiW+b30CGvc2Wh2JGD/W/EY8="></latexit><latexit sha1_base64="SEuAiW+b30CGvc2Wh2JGD/W/EY8="></latexit>
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1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!38

How to get flow coefficients (using cumulants)

Equality is in ideal case of a delta function of vn

p
cn{2} =

p
hh2ii ⇡ vn ! vn{2}

<latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit>

hh2ii = hhcosn('1 � '2)ii = hv2ni
<latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit><latexit sha1_base64="s/uaKtFXBaxqz76/8Up0k6RXk3c="></latexit>
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1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!39

How to get flow coefficients (using cumulants)

Equality is in ideal case of a delta function of vn

4
p
�cn{4} = 4

p
�hh4ii+ 2 · hh2ii2

<latexit sha1_base64="udmZvqvk2JP3DaYnnmNhvyOFID0="></latexit><latexit sha1_base64="udmZvqvk2JP3DaYnnmNhvyOFID0="></latexit><latexit sha1_base64="udmZvqvk2JP3DaYnnmNhvyOFID0="></latexit><latexit sha1_base64="udmZvqvk2JP3DaYnnmNhvyOFID0="></latexit>

= 4
p
�v4n + 2 · v2n ⇡ vn ! vn{4}

<latexit sha1_base64="/gHEhdDOUq8gPLcLL1ahFcetoxg="></latexit><latexit sha1_base64="/gHEhdDOUq8gPLcLL1ahFcetoxg="></latexit><latexit sha1_base64="/gHEhdDOUq8gPLcLL1ahFcetoxg="></latexit><latexit sha1_base64="/gHEhdDOUq8gPLcLL1ahFcetoxg="></latexit>

p
cn{2} =

p
hh2ii ⇡ vn ! vn{2}

<latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit><latexit sha1_base64="3t58YPhfKoiC2wEPWG3RFdPmyUE="></latexit>
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1. multi-particle correlations 
2. multi-particle cumulants 
3. flow coefficients

!40

How to get flow coefficients (using cumulants)

vn{2} =
p

cn{2}
<latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit>

vn{4} = 4
p

�cn{4}
<latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit>

vn{6} = 6
p

1/4 · cn{6}
<latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit>

vn{8} = 8
p

�1/33 · cn{8}
<latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit>
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U S I N G  M - PA R T I C L E  C U M U L A N T S

ALICE, JHEP 07 (2018) 103

vn{2} =
p

cn{2}
<latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit>

vn{4} = 4
p

�cn{4}
<latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit>

vn{6} = 6
p

1/4 · cn{6}
<latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit>

vn{8} = 8
p

�1/33 · cn{8}
<latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit>

ALICE, JHEP07 (2018) 103

+

+ -

-
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U S I N G  M - PA R T I C L E  C U M U L A N T S

vn{2} =
p

cn{2}
<latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit>

vn{4} = 4
p

�cn{4}
<latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit>

vn{6} = 6
p

1/4 · cn{6}
<latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit>

vn{8} = 8
p

�1/33 · cn{8}
<latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit>

ALICE, JHEP07 (2018) 103
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U S I N G  M - PA R T I C L E  C U M U L A N T S

ATLAS, JHEP11 (2013) 183

vn{2} =
p

cn{2}
<latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit><latexit sha1_base64="fOfy92G1X70fKMD8fN9Ikfn9OjI="></latexit>

vn{4} = 4
p

�cn{4}
<latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit><latexit sha1_base64="/SPHRTV9YLxBW7Qzic140qzQcxg="></latexit>

vn{6} = 6
p

1/4 · cn{6}
<latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit><latexit sha1_base64="SRYgP5TPd7AiuqsUhhWAnYHSL9w="></latexit>

vn{8} = 8
p

�1/33 · cn{8}
<latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit><latexit sha1_base64="LyL5ogXX76GiRK1yMpIZYf+5Ukw="></latexit>
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• Based on a collective system (heavy-ion collisions) we define: 
• Collectivity = long-range multi-particle correlations

!44
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“ D E F I N I T I O N ”  O F  C O L L E C T I V I T Y

QGP
|Δη|

ATLAS, PRC 86, 014907 (2012)

• Based on a collective system (heavy-ion collisions) we define: 
• Collectivity = long-range multi-particle correlations
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“ D E F I N I T I O N ”  O F  C O L L E C T I V I T Y

All particles originate 
from a common source

• Based on a collective system (heavy-ion collisions) we define: 
• Collectivity = long-range multi-particle correlations
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“correct” 
sign 
of 

cumulants

ALICE, JHEP07 (2018) 103

vn{4} ⇡ vn{6} ⇡ vn{8}
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S M A L L  C O L L I S I O N  S Y S T E M S

• Original understanding: 
• No QGP is formed in small systems 
• pp collisions: reference for measurements from HI collisions 
• p-Pb collisions: Cold Nuclear Matter effects
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S M A L L  C O L L I S I O N  S Y S T E M S

• Surprise: 
• near-side ridge is observed at high-multiplicity pp and p-Pb 

collisions

!50

ATLAS, PRL 116, 172301 (2016)
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• Surprise: 
• near-side ridge is observed at high-multiplicity pp and p-Pb 

collisions
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Is this collectivity?
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4 - PA RT I C L E  C U M U L A N T
• REMINDER: Collectivity = long-range multi-particle correlations 

• What about multi-particle cumulants (m>2) ?
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• What about multi-particle cumulants (m>2) ?
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N O N - F L O W  E F F E C T S

!55

• Correlations not associated with the global symmetry 
plane Ψn 

• Jets: correlations between particles within a jet cone 
             correlations between particles from opposite cones 
• Resonance decays: correlations between the decay 

products

DETECTOR
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N O N - F L O W  E F F E C T S

!58

• Subevent method: suppresses such non-flow effects 
• Spatial separation between particles that are being correlated 

• 2-subevent method: 
• Suppresses resonance decays and correlations within a jet cone 

• 3-subevent method: 
• In addition suppresses correlations between jet coness
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N O N - F L O W  E F F E C T S
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• Subevent method: suppresses such non-flow effects 
• Spatial separation between particles that are being correlated 

• 2-subevent method: 
• Suppresses resonance decays and correlations within a jet cone 

• 3-subevent method: 
• In addition suppresses correlations between jet cones

subevent A subevent C
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4 - PA RT I C L E  C U M U L A N T  I N  P P  
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4 - PA RT I C L E  C U M U L A N T  I N  P P  
C O L L I S I O N S

!62

20 40 60 80
| < 0.8)η (|chN

0.01−

0

0.01

0.02

0.03
3−10×

{4
}

2c This Thesis
 = 13 TeVspp 

c < 3.0 GeV/
T
p0.2 < 

| < 0.8η|

{4}2c

20 40 60 80
| < 0.8)η (|chN

0.01−

0

0.01

0.02

0.03
3−10×

{4
}

2c This Thesis
 = 13 TeVspp 

c < 3.0 GeV/
T
p0.2 < 

| < 0.8η|

{4}2c

2-sub
{4}2c



18.01.2019 COLLECTIVITY IN SMALL SYSTEMS

4 - PA RT I C L E  C U M U L A N T  I N  P P  
C O L L I S I O N S

• Negative c2{4} ! 
• Indication of collectivity 

also in pp collisions
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W H AT  N O W ?

• The presence of collectivity doesn’t necessarily mean 
presence of the QGP 

• Next step: Investigation of the origin of collectivity in 
small systems by comparison to models 
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