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How did we get here!
STAR AuAu, 2000
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4. B&O Equation 13: Calculating « {4}

Lifetime supply of equations for PHOBOS
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You lack: {:onviction.
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Geometry fluctuations and

final state correlations:
Mishra et al arXiv:0711.1323
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Takahashi et al, arXiv:0902.4870
Sorensen, arXiv:1002.4878
Alver, GR, arXiv:1003.0194
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. . . Burak Alver, GR, arXiv:1003.0194
Just like elliptic flow reflects

event-by-event eccentricity,
“triangular flow” (v3) reflects

event-by-event “triangularity” (&3)
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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

1.0< p; < 1.5 GeV/c 1.5< p: < 2.0GeVic 20< p; <25 GeVic 25< p: < 3.0 GeV/ic

CMS PbPb |5, =2.76 Tevi ®Data
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40-50% l | |
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Factorization breaking: prediction and data
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I Back to 2010...

2010/06/28 22.47
LHC 2010 RUN (3.5 TeV/beam)
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day of year 2010

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

....designed and implemented CMS high multiplicity pp trigger,
ran in summer 2010
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11 Two-Particle Correlations in pp (Sep 2010)

Results based on 1fb-1,
i.e. sampling 50billion pp events
with high multiplicity trigger

MinBias high multiplicity (N>110)

(b) MinBias, 1.0GeVIc<pT<3.0GeVIc (d) N>110, 1.OGeVlc<pT<3.0GeVlc

CMS
JHEP 1009 (2010) 091

Pronounced structure at large ony around 6¢ ~ O !
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] Two-Particle Correlations in 7TeV pp

High multiplicity (N>110)

(d) N>110, 1.0GeV/c<p_<3.0GeV/c )
T 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

|\
3 “,
e iot fé{jf" “
: 7

Multiplicity in these events is 7
dominated by jet contribution. °
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CMS pPb \/s = 5.02 TeV, Nefine S 110

1< ptrig <2 GeV/e ' ® pPbys, =5.02TeV
1 < pissoc <2 GeV/c / O ppVNs=7TeV
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CMS Similar correlations as in high-
Phys. Lett. B 718 (2013) 795 multiplicity op, but Iarger
strength (associated yield)
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ALICE Phys.Lett. B719 (2013) 29-41
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Away side yield in pp and peripheral pPb

is very similar (away-side jet)

Peripheral subtraction in ALICE and ATLAS

ATLAS Phys. Rev. Lett. | 10, 182302 (2013)
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Subtraction of peripheral pPb correlations reveals
nearly symmetric “double-ridge” structure
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http://prl.aps.org/abstract/PRL/v110/i18/e182302
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d+Au vs 3He+Au flow harmonics
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But what about pp!?

CMS, arXiv:1606.06198

: offline corrected
Fraction <Ntrk ) <Ntrk CMS pp V5 = 13 TV ! CMS pp Y8 = 13 ToVv

' 7 TeV 5TeV | 7TeV | 13 TeV _ 5TeV . 7 TeV 10 .‘NI""'.;')(; | ' ' 108 N <180

MB : 1.0 : 13 |15 |16 161 | 1741 1ep. ', pi™ <3 GoVic 1<p, " pi"™" <3 Govic
[0,10) 0.44 48 |48 |48 5.840.3 | 5.540.2
(10,20 0.28 14 |14 |14 1741 | 1641
20,30 0.15 24 |24 |24 28+1 | 28+1
(30,40 0.08 34 |34 |34 4142 | 4042
40,60 0.05 47 |47 |47 56+2 | 5442
(60, 85) 7 x 1073 66 |67 |68 80+3 | 7843
85,95) 513x107* 88 |89 |89 106+4 | 1034
95,105) 519%x10°5 98 |99 |99 11845 | 11444
[105,115) 2x1075 109 | 130+5 | 12645
[115,125) 8 x10°6 14246 | 13745
[125,135) 2x107° . 153+6 | 14946
[135,150) 4x1077 167+7 | 16246
(150, o0) 8 x10°8 186+8 | 181+7

offline
N trk

)
)
)
)

2015 5TeV and |3TeV pp data

provide high statistics of high
multiplicity events
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Triangular flow in pp

CMS, arXiv:1606.06 198
O pPb \s,,, =5 TeV

0 PbPb sy, =2.76 TeV

ul_]:—lu[_]mD

- 0

®pp Vs=13 TeV
>pp Vs=7 TeV
O pp Vs=5TeV

03< P <3 GeV/c

offline
Ntrk
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] Mass ordering in pp

CMS, arXiv:1606.06198

CMS pp Vs = 13 TeV
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Collectivity in pp

CMS, arXiv:1606.06198

pp Vs =13 TeV o Vo2, [Ani>2}+ PPb sy =5 TeV PbPb ys,, =2.76 TeV
n v, {4} o

+ v, {6} R— =
O v{8} > o -
O v,{LYZ} 5‘

edgWae ®

0.3< p. < 3.0 GeV/c 0.3< p_< 3.0 GeV/c 0.3< p_< 3.0 GeV/c
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I In lieu

CMS pp ¥s = 13 TeV

03< p, < 3 GeV/c © Nosub.

\
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- -PYTHIAS8
— PYTHIAS sub.

Vs=13 TeV

©0.5<p’<5.0 GeV
2.0<lAn|<5.0 00.5<p?<1.0 GeV
0.5<p;<5.0 GeV . 2.0<p’<3.0 GeV

20 40 60 80 100 120
rec
PRL 116 (2016) 172301 I\‘|ch

of a summary

CMS, arXiv:1606.06198

pp Vs =13TeV o v8¥o(2, [An|>2}
m v.{4}
+ v,{6}
O v{8}
0 vALYZ)

edgWe *

0.3< p_< 3.0 GeV/c
ml <24

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

...may not even turn off in min bias pp
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...but beware of experimentalists bearing gifts
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Cumulants

PP m pp (s=13TeV

m{s=13TeV ‘
0.10Fr O pPb \s,.,=5TeV
\s=7TeV .
s =5TeV 0.3<p_<3GeVic
Ml <24
pPb
O \Syn = 5TeV

0.3< P, <3 GeV/c
ml <24

150
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