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Triangular Flow in high 
multiplicity pp collisions
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how did we get here?
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How did we get here?

Finite v3 in 7 TeV pp

STAR AuAu, 2000

CMS, 2016

Calculations: Heinz, Kolb
 Ollitraut
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Finite v3 in 7 TeV pp

How did we get here?

Initial State 
Fluctuations

Correlations in 
small systems

STAR AuAu, 2000

CMS, 2016

Calculations: Heinz, Kolb
 Ollitraut
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PHOBOS collaboration
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Uli’s career as an experimentalist 

PHOBOS collaboration
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Uli’s career as an experimentalist 

PHOBOS collaboration

Aguiar, Hama et al 
Nucl.Phys. A698 (2002) 639

Miller, Snellings 
nucl-ex/0312008

PHOBOS QM’05

not met with universal
approval by nuclear 
theory community 
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Showed robustness of εpart definition and
unification of CuCu and AuAu results

arXiv:0711.3724v1 (~200 citations)
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Lifetime supply of equations for PHOBOS
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2005
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Geometry fluctuations and 
final state correlations:

Mishra et al arXiv:0711.1323
Takahashi et al, arXiv:0902.4870
Sorensen, arXiv:1002.4878
Alver, GR, arXiv:1003.0194

2005

2010
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Elliptic and triangular flow

ψ3

ψ2

€ 

v2 = cos 2(φ −ψ2)( ) ∝ε

€ 

v3 = cos 3(φ −ψ3)( ) ∝ε3

Burak Alver, GR, arXiv:1003.0194
Just like elliptic flow reflects 
event-by-event eccentricity,

“triangular flow” (v3) reflects 
event-by-event “triangularity” (ε3)
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“When has hydro ever predicted something?”
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“When has hydro ever predicted something?”
Calculation: Heinz, Qiu, Shen Phys. Rev. C 87 (2013) 034913  

Factorization breaking: prediction and data
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Back to 2010…

Successful start of LHC pp program at 7TeV, rampup of luminosity -  
waiting for heavy-ion collisions in November 2010
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Back to 2010…

Successful start of LHC pp program at 7TeV, rampup of luminosity -  
waiting for heavy-ion collisions in November 2010

idle hands are the devil’s workshop…

….designed and implemented CMS high multiplicity pp trigger, 
ran in summer 2010
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Pronounced structure at large δη around δφ ~ 0 !

Intermediate pT: 1-3 GeV/c

MinBias high multiplicity (N>110)

Figure 7

Results based on 1fb-1,  
i.e. sampling 50billion pp events  

with high multiplicity trigger

CMS
JHEP 1009 (2010) 091

Two-Particle Correlations in pp (Sep 2010)
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Two-Particle Correlations in 7TeV pp

High multiplicity (N>110)

Interpretation:

Multi-jet correlations
Jet-Jet color connections

Jet-proton remnant color connections
Jet-remnant connections + medium

Glasma correlations
Quantum entanglement

Angular momentum conservation
Angular momentum conservation + 

medium
Hydrodynamic flow 

Multiplicity in these events is 
dominated by jet contribution. ?
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Two-Particle Correlations in pPb (2012)

(GeV/c)
T

p
0 2 4 6

As
so

ci
at

ed
 Y

ie
ld

 / 
(G

eV
/c

)

0.00

0.02

0.04
 110≥ offline

trkNCMS(a)

 = 5.02 TeVNNspPb  

 = 7 TeVspp  

offline
trkN

0 50 100 150

As
so

ci
at

ed
 Y

ie
ld

 / 
(G

eV
/c

)

0.00

0.02

0.04
 < 2 GeV/c

T
1 < p(b)

CMS
Phys. Lett. B 718 (2013) 795

Similar correlations as in high-
multiplicity pp, but larger 

strength (associated yield)
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Peripheral subtraction in ALICE and ATLAS

Away side yield in pp and peripheral pPb 
is very similar (away-side jet) 

ALICE

4

Subtraction of peripheral pPb correlations reveals 
nearly symmetric “double-ridge” structure

ALICE Phys.Lett. B719 (2013) 29-41 ATLAS Phys. Rev. Lett. 110, 182302 (2013)

http://prl.aps.org/abstract/PRL/v110/i18/e182302
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Connection to initial geometry

d+Au vs 3He+Au flow harmonics
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Quiz: Find pPb vs PbPb
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But what about pp?

2015 5TeV and 13TeV pp data 
provide high statistics of high 

multiplicity events

CMS, arXiv:1606.06198



    Gunther Roland                                                           ULtra-RelatIvistiCH HEavy IoNZ 2016                                                            CERN July 2016

Triangular flow in pp
CMS, arXiv:1606.06198
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Mass ordering in pp

CMS, arXiv:1606.06198
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Collectivity in pp

CMS, arXiv:1606.06198
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In lieu of a summary

Wherever we can measure, hadronic 
systems of all sizes show hallmarks of 

hydrodynamic expansion…

…may not even turn off in min bias pp

CMS, arXiv:1606.06198
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Happy Birthday…
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Happy Birthday…

…but beware of experimentalists bearing gifts
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Cumulants


