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* Flow harmonics constrain initial conditions and
transport properties:

* Shear (1/s) and bulk (C/s) viscosity over entropy
density ratios, Equation of State (EoS), freeze-out
conditions

* Higher harmonics are more sensitive

* probe smaller spatial scales

* Testing details of hydrodynamical response of QGP
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Constraining QGP properties
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\w Linear and non-linear response in higher flow harmonics
H. Niemu ef al. Phys. Rev. C 87,054901
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i & en: Initial spatial anistropy

Linear response  Non-linear response

* Vil corresponds to the same order anisotropy
* Vi.NL corresponds to the lower order anisotropies, e.g. €; and/or €3

* VoNL and VL are uncorrelated

Phys.Lett. B773 (2017) 68
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\/w/ Linear and non-linear response in higher flow harmonics
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¢ Magnitude of these non-linear responses in Vi: Vo mk
(V405 cos(4U, — 4Wy))
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\w Linear and non-linear response in higher flow harmonics

* pr-integrated non-linear flow modes: v422, V532, V6222, V633
. 1 e L __ 2 2 L __ 2 2

* pr-integrated linear flow modes: v4l and vsL Vg = \/ Vg = Ug,22 Us = \/ Us = Us,32

** For charged particles: ALICE, Phys.Lett. B773 (2017) 68

IP-Glasma + MUSIC + UrQMD

Pb-Pb \s,,, = 2.76 TeV ALICE
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\w Linear and non-linear response in higher flow harmonics

* pr-integrated non-linear flow modes: va22, V532, V6222, V6233

. 1 3 L __ 2 2 L 2 2
* pr-integrated linear flow modes: v4l and vsL Vg = \/ Vg = Ug,22 Us = \/ Us = Us,32

** For charged particles: ALICE, Phys.Lett. B773 (2017) 68

Pb-Pb \s,,, = 2.76 TeV ALICE IP-Glasma + MUSIC + UrQMD

0.02F 0.2 < P < 5.0 GeV/c Vat [@)v,2} [Ev{2} [§]ve{2} V5
n| <0.8 . Qv Bvs ¥ Ve 20
Bvi [vss Bvess i
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* pr-differential Non-linear modes are more sensitive to: % For different particle species, probe in addition:
¢ Initial state fluctuations * Effects of hadronisation mechanism
* Transport properties (1)/s, C/s) * Effects of hadronic rescattering
ALICE, Phys Lett. B773 (2017) 68 ALICE, JHEP 1609 (2016) 164
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%E/RW Analysis details

NVl

¢ Minimum Bias Pb-Pb data at 5.02 TeV recorded in 2015
“* 45M analysed events
 0-5% - 10-20% and 40-50% centrality intervals

¢ Tracks from TPC acceptance: Ini<0.8

* 2 non-overlapping sub-events: IA1/>0.0 -

S —
: “‘—

(7
[/
e .,

“* RFPs (Reference particles): charged particles
“ 02<pr<50(GeV/c)
» POIs (Particles of Interest):
“ m=, K= and p+p:
» Particle identification from TPC+TOF

........................................................................................................................................

5 04<pr<60 >90%
K= 04<pr<d0  >75%
p+p ~ 04<pr<60  >80%
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%E/RW Analysis details

NVl

¢ Minimum Bias Pb-Pb data at 5.02 TeV recorded in 2015
» 45M analysed events
“ 0-5% - 10-20% and 40-50% centrality intervals
 Tracks from TPC acceptance: Inl<0.8

Pt —— N

\ “‘. '_: u_ - y '
, v illll” L
R ,
_ will /., ,‘,'_,_/1'. .

¢ 2 non-overlapping sub-events: |A1>0.0
* RFPs (Reference particles): charged particles
“* 0.2<pr<5.0(GeV/c)
» POIs (Particles of Interest):
% K9, A+A and ¢:
“* Reconstruction via decay products:
* Particle Identification: purity > 80%

» Constraining decay topology

pos. track
—— _._.XQ.Y.QFE?%‘;. >0 IDCA
pointing angle 6 R
g
primary **
vertex
neq. track
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Reference Particles %E‘é%

$1(pr) ¢2  P3 ALICE
Y

c\m Analysis method POI

N/ S

* pr-differential vi422, V532, V633 and ve222: ALICE, Phys. Lett. B773 (2017) 68
* a multi-particle correlation technique A B
“* 2 non-overlapping sub-events = 1]
0.8 I I T [ +0.8
dn,mk (pT) N —~ o1 ¢2 O3 ¢4 Ref 1cl
Unomis (DT) = for 7=, K+ and p+p eference particles
| \/ Cmk,mk
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C\E/RW Analysis method POI

7/ Reference Particles

$1(pr) ¢2  P3 ALICE
Y

* pr-differential vi422, V532, V633 and ve222: ALICE, Phys. Lett. B773 (2017) 68
* a multi-particle correlation technique A B
“* 2 non-overlapping sub-events = 1]
0.8 I I T [ +0.8
dn,mk (pT) N —~ o1 ¢2 ®3 ¢4 Ref 1cl
Un.mk (PT) = for 7o, K* and p+p s+ Reference particles
| \/ Cmk mk «10°

4(2300 | lllllllll]]]_l
5 - ALICE Prellmlnary o > K +K j
O
O

ALICE, JHEP 06 (2015) 190 :
oeoF PP {5y, =5.02 TeV

“* For decaying particles: vnmk is calculated with the mi,y method: L 0-20% (VOA) Similar for non-linear
soob- Ml <0.8,1.5< p. < 2 GeV/c flow modes
d m _ : —&— data :
/Un mk (pT7 mlnv) — namk (pT7 an) fOI' KOS, A+A and q) 150:_ combined fit E
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N/ S

Analysis method

* pr-differential vi422, V532, V633 and ve222: ALICE, Phys. Lett. B773 (2017) 68
* a multi-particle correlation technique

“* 2 non-overlapping sub-events

dn,mk (pT)
\/ka,mk

Un.mk (pT) — for 7+, K+ and p+p

ALICE, JHEP 06 (2015) 190
“* For decaying particles: vnmk is calculated with the mi,y method:

dn,mk (pTa minv)
\/ka,mk

for KO, A+A and ¢

Un,mk (pT 9 minv) —

bk
(i )+~ (g )APE (i)
Ntot Miny n,mk ' Ntot Minv n,mk TMinv

dn,mk (minv) —

* Non-flow effects suppressed largely by multi-particle correlations

* Residual tested with various gaps between the sub-events

* Included in the systematic uncertainties

13/7/2019

dn,mk
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/) Measurement of v4.22(pr) for identified particles

ALICE

» Clear centrality dependence
* Most-central collisions:
» Small value for all particle species

§0.05F S §
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ﬁm Measurement of v422(pr) for identified particles

N4

» Clear centrality dependence ALICE
“* Most-central collisions:

» Small value for all particle species
» Non-central collisions:

** Mass ordering in the low pr region (pr<2.5 GeV/c): Interplay of radial flow with non-linear modes

» Particle type grouping in the intermediate pr region (pr>2.5 GeV/c): Quark coalescence(?) as dominant particle production

mechanism
> Pb-Pb | 5,,=5.02 TeV 10-20%
0.06[~ ALICE Preliminary
ml<0.8
oT?
0.04)- =K "} §
. + & J <
:& g|t> . < Particle type grouping
: a)
Mass ordering A+A . :ﬂé i v +
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%E/RW Measurement of vs32(pr) for identified particles

NVl

» Clear centrality dependence
** Most-central collisions:

» Small value for all particle species
¢ Non-central collisions:

** Mass ordering in the low pr region (pr<2.5 GeV/c): Interplay of radial flow with non-linear modes

i

ALICE

» Particle type grouping in the intermediate pr region (pr>2.5 GeV/c): Quark coalescence(?) as dominant particle production

mechanism
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NS

Measurement of ve33(pr) for identified particles

» The magnitude does not exhibit a strong centrality dependence

» Indication of similar features (mass ordering and particle type grouping)
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ﬁw Measurement of ve222(pr) for identified particles

NS

ALICE

» Clear centrality dependence
“* Most central collisions:
» Compatible with zero
* Non-central collisions:
* Same features (mass ordering and particle type grouping)

N0.03F §0.05F Y
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@ Hydrodynamic predictions: va(pr) of identified particles

NS
ALICE, JHEP09(2018)006 ALICE
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< AMPT: Better agreement with v, measurements
< TRENTo: Agreement up to slightly lower transverse momenta depending on the centrality interval
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http://inspirehep.net/author/profile/Zhao%2C%20Wenbin?recid=1520876&ln=en

CERN

. Hydrodynamic predictions: v422(p1) and vs32(pr) of identified hadrons
7/
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CERN

. Hydrodynamic predictions: ve33(pr) and ve222(pr) of identified hadrons
N/ S
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CERN
\W Summary

/7
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* First results on non-linear flow modes of e ! n1<0.8
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\ Summary

~7_/
80.05F &
> Pb-Pb | 5,,=5.02 TeV 0-5% > Pb-Pb | s,,=5.02 TeV 10-20% H I- I C E
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¢ For all flow harmonics at non-central collisions i 2 3 4 5

* Mass ordering in low pr

% Particle type grouping in the intermediate pr Mass ordering  Particle type grouping
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CERN
\W Summary

NS
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¢ For all flow harmonics at non-central collisions 1 R L L 2.3 4 BGevio
'
3
* Mass ordering in low pr
] o . . Pb-Pb |5, = 5.02 TeV 40-50%
» Particle type grouping in the intermediate pr 0.08|— [EBE-VISHNU (AMPT IC)  ALICE Preliminary
Tt o Tt
mK* = K"

mp+P 4 p+P
*1IEBE-VISHNU: AMPT and TRENTo initial conditions
with different sets of parameters
o AMPT (1)/s=0.08 and (/s=0) reproduces v, and vpmk
measurements slightly better than TRENTo (n/s(T) and
U/s(T)) %
» Models require a bit more work to describe the details that >
data reveal

V530
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ALICE

Thank you
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CE/RW Mathematical background

\
NS

Phys.Lett. B773 (2017) 68 H I. IC E

N L L :
V., = Vn -+ Vn (n>3) Assuming V,NL and V,L are uncorrelated

2\ 2

NI L 2 L ; idd, iAdD 3<7" > 2 4P

V4 — V4 -+ V4 — X4,22(V2) -+ V4 546 4 = E4€ 4 I A 826 2
Phys.Lett. B773 (2017) 68 <T >

V5 — V5NL -+ V5L — X5,23V2V3 -+ V5L

Vo = V&V + Vi = x6.222(Va)? + x6.33(V3)? + x6.24Vo V" + Vi
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C\E/RW Analysis method

N/ S

Using 2 sub-event method with |An[>0.0: ALICE, Phys. Lett. B773 (2017) 68

((cos(4pi (pT) — 2905 — 205)))

({cos 290114 + 2@5‘ — 2@? — 2¢f)>> POI Reterence Particles
¢1(pr) G2 P

(
((cos(5¢7 (pT) — 305 — 207))) l l ./

A

”04,22(]9T) — \/

A
v —

532PT) = 10 os(3oi + 208 — 305 — 200)))

A B

ol (pr) — ({(cos(6p1 (pT) — 395 — 30%))) | —

88 ({cos(3pft + 304 — 30F — 30F))) 08 ] ] ] [ 08
0?222 (pT) _ <<COS(6¢?(pT) _ 2905 — 290?];3) _ 2904]?)» . G1 P2 P33 P4

| V/ ({cos(2p + 205 + 208 — 28 — 208 — 208))) Reference particles

*® Vnmk combination of vy mk® and vpmkB

“* Non-flow effects suppressed largely by multi-particle correlations in the numerator and denominator
* Residual non-flow tested with various gaps between the sub-events

* Included in the systematic uncertainties
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CERN
\w Are VoL and V- uncorrelated?

N7
(Va(V5)%v3) — (v3) o
Vi(V5)2) (v3)  (v5)(v2
If yes then we should have < 4( 2) ><2}2> <U2> UQ>
(VsVaVaud) _ (vivd) 2
(VsV5 Vo) (vg)  (vivg)(v3)

BV, (VRVE) IV, (VR () F ROV, Vit Vo vE ) T (Y, Vgt V) (V2

(v, )/ (vy) (V) ¢ (vavE) 1 (vyvE) (V)

"

ALICE Pb-Pb Vs, =2.76 TeV

O 10 20 30 40 50 60 O 10 20 30 40 50 60
Centrality percentile Centrality percentile

Phys.Lett. B773 (2017) 68
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CERN

. Particle Identification
NS
Time Projection Chamber (TPC) Time of Flight (TOF) ALICE
dE/dx : the specific energy loss P=Track length/arrival time
Resolution: O4g/ax = 5% Resolution: otor = 86 ps for Pb-Pb collisions
g { 3He ALICE performance E‘ B 1 ! .
g Pb-Pb |s,, =5.02 TeV O i Z
g — E i
a8 _
s 0.9 -
3 : :
— 0.8f= =
T .r-; :
O 102 0.7H8 _
a : .
- -
0.6 ~
ALICE Performance
055 Pb-Pb | Sy = 5.02TeV 3
1 10
p/z (GeV/c) p (GeV/c)
% p<0.5 GeV/c TPC (dE/dx signal) (TPCno < 3) ¢ g Ty ¥

* p>0.5 GeV TPC+TOF combined signals (pT dependent)

Combination of TPC and TOF used for PID
7t+ . Purity > 90% up to pr<6 GeV/c

K=*: Purity >75% up to pr<4 GeV/c

p+p: Purity >80% up to pr<6 GeV/c
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(iE/RW Analysis details

NVl

ALICE

“* Reconstruction of K%, A and ¢:
¢ Via decay products on statistical basis T e e T
* Particle Identification for the decay products: purity > 80%

» Constraining decay topology

— — — | —

KS%W++7T_
¢ — K™+ K~

A(A) = p(P) + 7 (77)

[l
(/8
Y/ .

pos. track
S, . b i . ) IDCA
pointing angle 8 i
o
primary **
vertex
neg. track
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cérn) . -
/) Hydrodynamic predictions:

1IEBE-VISHNU hybrid model (Eur.Phys.J. C77 (2017) no.9, 645, Zhao, Wenbin et al.):

* 2+1 dimensional viscous hydrodynamics (VISH2+1) coupled to hadron cascade model
(UrQMD)

* Two initial conditions: AMPT, TRENTO

“ Parameters for TRENTo Phys. Rev. C 94, 024907 (2016), JE Bernhard et al.

“ Reproduce multiplicity distributions in Pb+Pb, p+Pb, and Au+Au collisions at various
collision energies
% Temperature dependant specific shear viscosity 1/s(T) and specific bulk viscosity C/s(T)
% Entropy deposition: p=0
 Tswitech = 148 MeV, 10 = 0.6 Im/c
% Parameters for AMPT.:
% 1/s(=0.08) and C/s(=0)
% Tswiten = 148 MeV, 190 = 0.6 fm/c
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Hydrodynamic predictions: v, of pions

o ALICE ALICE Pb-Pb \ s, = 5.02 TeV
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13/7/2019

Hydrodynamic predictions: v, of kaons

¢

1.5

2

0.5 1 1.5 > 2.
p (GeV/c) ?GeV/c
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CERN
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Hydrodynamic predictions: v, of protons
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