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Anisotropic flow

Initial symmetry planes Final symmetry planes ??
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Anisotropic flow

Initial symmetry planes Final symmetry planes ??

v,=(cos(n(p—W,)))
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0.1 :— Y * B — smaniis

[ / ALICE Preliminary
U A N LTI [ 00T
0 1 2 3 40 1 2 3 4 0

Constraints on initial state and n/s
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How to measure
Initial sym

metry planes Final symmetry planes ??
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Two- and multi-particle azimuthal correlations subject to:
* Non —flow: {(cos[n(¢;—9;)]) = (v2)+8,.
*  Flow fluctuations: o2 = (va) — (va)".
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How to measure

Initial symmetry planes Final symmetry planes ??
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Two- and multi-particle azimuthal correlations subject to:
* Non —flow: {(cos[n(¢;—9;)]) = (v2)+8,.
*  Flow fluctuations: o2 = (va) — (va)".

Different sensitivity of different methods:
* Two-particle methods (v,{2PC},v,{2},v,{SP})
— Sensitive to non-flow and flow fluctuations (can be suppressed by rapidity gap)

* Event plane method (v,{EP})
— Non-trivial biases in presence of flow fluctuations

* Higher order cumulants (v,{4,6,8}) and Lee-Yang-Zero (v,{LYZ}) methods

— Suppress non-flow and flow fluctuations
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Three systems studied at LHC
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... and three “ridges” found

in high multiplicity events
0-1%

CMS pPb 1 '_SNN =5.02 TeV, Nf,::"ne >110 (b) N>110, 1.0GQV/C<pT<3.OGEV/C 0
1<p <38 GeVlc %
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... and three “ridges” found

in high multiplicity events

0-1%

CMS pPb \[s,, = 5.02 TeV, N, " > 110 (b) N>110, 1.0GeV/c<p<3.0GeV/c
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1 dNClSSOC (Aw)
N dA@

trig

=a, + EZan cos(nAg)
n=1

Sizeable 2" order coefficient:
- Collectivity from large to even in smallest systems?
- Contribution of non-flow and fluctuations?
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dN/do [/25]

Flow event-by-event
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1
[ Event 1
| centrality: 0-5% \5,,=2.76 TeV
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Measure event-by-event:

Event planes
Flow coefficients
And their correlations
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dN/do [/25]
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Flow event-by-event
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[ Event 1
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Measure event-by-event:
Event planes
Flow coefficients

And their c

orrelations

Michael Weber (CERN)

Pb-Pb \'s,, = 2.76 TeV, 4-5% central

;9 : v Event 14
© 1'02__ - - -- Acos(2A¢)+B fit
- e
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B 4
A
14} H
oonff | bt :
:. ! ! (I) ! ! ! I ! ! ! ‘I‘ !
Ao (rad)
Event shape engineering:
* Select events with different
elliptic flow
- WPCF 2014 - 25.08.2014 7
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Event plane correlatlons
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 Measure event-by-event event plane angles (with the ATLAS Forward

Calorimeter):

(cos k(D

— ®p))

* Significant positive correlation
* Centrality dependence different from Glauber model

arXiv:1403.0489 [hep-ex]
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 Measure event-by-event event plane angles (with the ATLAS Forward

Calorimeter):

(cos k(D

— ®p))

* Significant positive correlation
 Good agreement to AMPT (includes the final-state collective dynamics)

arXiv:1403.0489 [hep-ex]
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Event-shape engineering
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Select events according to their q value

M
Q — Eeimpl-
n
i=1

Phys. Lett. B719, (2013) 394

flow coefficients
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Select events according to their q value
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Phys. Lett. B719, (2013) 394
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flow coefficients
experimentally
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Event-shape engineering
ALICE
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GATLAS

EXPERIMENT
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Event- shape engineering
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ATLAS-CONF-2014-022

Correlation between flow coefficients:
e Non monotonic variation

Michael Weber (CERN)
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Event-shape engineering

Select q2 in forward direction (FCAL)

T
o
W
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o
o
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Michael Weber (CERN)

ATLAS-CONF-2014-022

=’ - === Centrality 0-70%, no q, selection -
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Anti correlation between v3
and v2 (for non-central
collisions)
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EXPERIMENT

Event-shape engineering

Select q2 in forward direction (FCAL)

C L | ] ULV
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Anti correlation between v3
and v2 (for non-central
collisions) = mostly initial
geometry effect

Linear correlation between v,
for low and high p;
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Flow fluctuations

Initial symmetry planes Final symmetry planes ??
R / W, (py)

N

p; dependent flow angle and magnitude fluctuations?

Michael Weber (CERN) - WPCF 2014 - 25.08.2014
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Flow fluctuations

Initial symmetry planes Final symmetry planes ??
T oA ~Wao(py)

N

p; dependent flow angle and magnitude fluctuations?

MCKLN 7/s =0.20 MCKLN 7/s =0.20
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Test via factorization: 7,

Vo (P14 D) Vi (7 DY)
r, <1 observed in hydro calculations > indication for flow fluctuations
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St

Centrality: 20-30 %

Flow fluctuations

Centrality: 0-5 %

Centrality: 40-50 %

HLICE N e 0o 000000 g —- 0 0-0-9-¢ ¢
. ® 9 . ol e
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| 25<p;<30GeVic | [ ALICE Preliminary [
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pj (GeV/c) pj (GeV/c) p2 (GeV/c)

CMS-HIN-14-012

Large breaking in central collisions
Qualitatively reproduced by hydro calculations
CMS and ALICE data in agreement
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St

Centrality: 0-5 %

Flow fluctuations

Centrality: 20-30 % Centrality: 40-50 %
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CMS-HIN-14-012

2

3 4 0 1

pj (GeV/c) pj (GeV/c)

Large breaking in central collisions

Qualitatively reproduced by hydro calculations

CMS and ALICE data in agreement

What is the contribution from non-flow?
Michael Weber (CERN) - WPCF 2014 - 25.08.2014
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Flow fluctuations

Centrality: 0-5 % Centrality: 20-30 % Centrality: 40-50 %
ALICE N 1:—-0-00-0--. -------------- -0 0-0-0-9-9---5 - :—--co-o-.--.--;---. --------
: ¢ : :
0.81 ® + 5 ° - +
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08 ¢ | ¢f e
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e Large breaking in central collisions

* Qualitatively reproduced by hydro calculations

e CMS and ALICE data in agreement

 What is the contribution from non-flow?
Michael Weber (CERN) - WPCF 2014 - 25.08.2014
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Collectivity in Pb-Pb

0.3 0-5% [ 5-10% | ALICE v2 of large particle zoo
Pb-Pb {5\, =276 TeV | | measured...
ml <0.8
and |y| < 0.5
Low p;:

 Mass ordering

10-20% 20-30% Particle species )
) Intermediate p;:
o ©xt K
> .
£ wpip b * apparent grouping
5 R rEaE into mesons and
q > 0T baryons

[ 50-60% - Good explanation by

collectivity in
hydrodynamic
models
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V,{SP,|An| > 0.9}

arXiv:1405.4632 [nucl-ex]

Collectivity in Pb-Pb

0.3

0-5%

- 5-10%

ALICE

Pb-Pb \/STIN =2.76 TeV
Ml <0.8
and |y| < 0.5

10-20%

Particle species
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*A+A TEHE
# Q40

- 50-60%

v2 of large particle zoo
measured...

Low p;:
 Mass ordering

Intermediate p;:

* apparent grouping
into mesons and
baryons

- Good explanation by
collectivity in
hydrodynamic
models
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Lead
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Collectivity in smaller systems?

“Ridge” in p-Pb collisions

filin
CMS pPb \[s, =5.02 TeV, N’ ™ 2110 (b)
1<p,<3 GeV/c

p+Pb ridge

Michael Weber (CERN) - WPCF 2014 - 25.08.2014
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Collectivity in smaller systems?

0.1<p,_<1.0GeV 1.0 <p, <2.0 GeV

”RidgE” |n p'Pb CO”ISIOHS QL 90<N, <110 i ® CMS pPb 5.02TeV

o
©
o

ALICE Data =

Q%.protun =0.336 GeVz; Nr.:t= 12-14 —

o
o)
@

=
3
T
<] _
B o086 2<py9<4GeV;1<pF<2GeV
3
g 0.84
Z
- 0.82
2
S 0.80
=
«— 0.78
PE— . § G & BB agod A
A
Initial state Final state
(Color glass condensate)? (Hydrodynamic models)?
Phys. Rev. D 87, (2013) 094034 .\ | \veber (CERN) - WPCF 2014 - 25.08.2014 16
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ALICE

Collectivity in smaller systems?

“Ridge” in p-Pb collisions
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Phys. Lett. B 726 (2013), 164

Michael Weber (CERN) - WPCF 2014 - 25.08.2014

17



% Collectivity in smaller systems?
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Collectivity in smaller systems?

e — - N —
0.18F p-Pb5.02TeV ALICE Data 0-20% - O S
0.16 - r b o m
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Described by Hydrodynamic models
—> Collectivity in small systems?
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Collectivity in smaller systems?
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 Measured correlations in p-Pb between few (e.g. 2) or more particles =

collectivity in p-Pb?

* Quantitative comparison between p-Pb and Pb-Pb at the same multiplicity

e  Origin of odd harmonics in p-Pb similar as in Pb-Pb?

arXiv:1406.2474 [nucl-ex]
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 Measured correlations in p-Pb between few (e.g. 2) or more particles =
collectivity in p-Pb?

* Quantitative comparison between p-Pb and Pb-Pb at the same multiplicity

e  Origin of odd harmonics in p-Pb similar as in Pb-Pb?

Qualitative similar picture in p-Pb and Pb-Pb but magnitude significantly different

arXiv:1406.2474 [nucl-ex]
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CoIIecth|ty in smaIIer systems?
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* Correlations in p-Pb more than a 2-particle effect

* But difference in strength of v, between p-Pb and Pb-Pb
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Higher orders
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* v;is similar for both systems at same multiplicity
* Driven by fluctuations?
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1 dependence of ridge in p-Pb
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* v, depends on eta (particle density dependence)
* Can this distinguish between CGC and Hydro?
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What about heavy flavours?
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Correlations with heavy flavour particles:

Trigger particles: heavy flavour (c,b)
decay electron, 1.0-2.0 GeV/c
Associated particle: charged hadrons,
0.5-2.0 GeV/c
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What about heavy flavours?
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Correlations with heavy flavour particles:  Subtraction:
* Trigger particles: heavy flavour (c,b) * Double-ridge also in HF correlations
decay electron, 1.0-2.0 GeV/c * Mechanism affects also HF particles

* Associated particle: charged hadrons,
0.5-2.0 GeV/c
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* At high multiplicity, even at high p;: v, >0
* In Pb-Pb this addressed to jet medium interactions (R, for
charged hadrons in this p; range found to be one)

Michael Weber (CERN) - WPCF 2014 - 25.08.2014

ATLAS-CONF-2014-021

T I T |
o T ATLAS Prellmlnary 220 <N <260 .
[ \sp=5-02 TeV 1< p: <3GeV, jAn|>2]
0.15 Limz28nb1 —@— n=2 )
- p+Pb —5— n=3 i
i .."" —4— n=4 i
- e, —&— n=5 -
i bd " o i
0.1 CMS, 220<N ;<260 |
V,, N2 <20 sub.
© — Vg, N*"<20 sub. |
0.05 % —
L l l o
OO 5 10
P [GeV]

24



proton

proton
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High multiplicity pp collisions
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JHEP 09 (2010) 091 -

Long range correlations also in pp collisions
at high multiplicities observed
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Summary
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More surprises to come?
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Backup
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Flow methods

* Event plane method:

e (Qvector:
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e 2-particle correlations:
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