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Introduction

Anisotropic Flow

puv

Initial geometry fluctuations — Transport 6, T

= 0 — final-state particles
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where V, = (™) = v,e™". (experiments, theory -

(theory only - initial state models) hydro+hadronization models with 7/s(T), ¢/s(T)

@ Collectivity as a probe to the properties of the medium — transport properties such as n/s(T), ¢/s(T) ]
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Introduction

Current understanding of the medium properties

Steffen A. Bass et. al, Nature PhySICS (2019’)\ Various parameterizations used in latest hydrodynamic calculations
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k §on © Best fit seems to indicate n/s ~ 0.12 around
. T~ 150 MeV, very close to 1/4m (= 0.08) from string
‘“’ e i B theory' (AdS/CFT correspondence).

© n/s(T) and ¢/s(T) should be constrained further (larger
uncertainties) by separating the effects from the initial
conditions.

© ALICE data on multiplicity, spectra and flow
are key inputs to estimate the properties of
the QGP (including p—Pb data), i.e Global
Bayesian Analysis and other theory groups. !D. T. Son et. al. Phys. Rev. Lett. 94 (2005) 111601
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Introduction

Non-linearity of the higher order flow, €, o< v, holds only for n = 2,3

0.14f clg,.v,) = 0.970 .
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€4 e .
@ v4 response to €4 depends on 1/s as well as the initial conditions.!
@ For a rather minimal value of 77/s = 1/4m, larger contributions from non-linear corrections.?

'H. Niemi et al.,Phys. Rev. C 87, 054901 (2013)
2D.Teaney, L Yan Phys.Rev. C86 (2012) 044908
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Introduction

Non-linearity of the higher order flow and cross-harmonic decomposition

© Decomposition into linear and non-linear contributions

vgel ™t = keg et 41l 5eH%2 vse™5 = kepe® 5 4k’ epc? P2 eq07%3 The magnitude of the Non-linear
e .es contribution and non-linear flow
1 W-€64 1 €5 . .
o4 s mode coefficients:
0.8 i & . /\\’i;“:;m
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T o6 - o 06 4 *+ + v _ %<V4(V2) >
3 2 : i 4,220 = —F———
2 04 s 04 ([Val*)
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~ _
. 0 ~ (va cos(4¢s — 41)2)),
B ¢ ~02 V4,22
02 X422 = —F—.
0 10 20 30 40 50 60 0 10 20 30 40 50 60 ’ < V4>
o contali o contrali VAV2
%cenrality £ ¢ Gardim et al., Phys.Rev. C85, 024908 (2012) ¢ cenrality

Linear part is extracted from the

) al total and non-linear contributions:
Vi = Var + X422V — va20 = xa,22(|V2|")2

2,1 2 2 4
Vs = VL + 532 Vo Vs — ... (IVar)2 = ({IVal") — xa,22(I V2["))
5 5L T X5,32 233 i (3) - :
V6 = VoL + X6,222V5 + X6,33V35 + X6,24 V2 Var AL va Vi NL
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Analysis

Analysis details

THE ALICE DETECTOR amssoeney  Unidentified flow (pr-integrated): Identified flow (pr-differential):
b. ITS SDD (Drift) .

© - R @ TPCHITS tracking (hybrid) ~ © 45M Pb-Pb events in 0-50%

P e. FMD

W— @ 42M Pb-Pb events in 0-60% © 0.0 <|n| <0.8

@ 0.4 <[y <08 Identification:
: m ’ @ =*: purity > 90%,

O 0.2< pr <5.0GeV/c 0.4 < pr < 6.0GeV/c
@ K*: purity > 80%,
0.4 < pr < 4.0GeV/c
@ p + p: purity > 80%,
o

@ ®
-——
— g
Comparison to 2.76 TeV results
—&  from Phys.Lett.B773 (2017) 68

0.4 < pr < 6.0GeV/c
Kg, A+ /_\2, ¢: purity >
80% (reconstruction via
decay products)

14, Muon Trigger
15. Dipole Magnet
&)

17.AD

19 ACORDE
e Pbo ¥

8 Tev 36<p,<38GoVIc

@ Min. bias Pb—Pb data at 5.02 TeV recorded in 2015
® TPCHITS tracking
© VO centrality determination

@ TOF information for pileup removal
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Analysis

Analysis method

Flow reconstruction by multiparticle correlations, with 2 sub-events around |An| < 0.8 to suppress the non-flow.
@ Integrated flow (for charged unidentified):

<4>rn,k|—m,—k Il e

300X19°
£ ALICE Pre‘limina‘ry ‘¢ NS
V2 _ (<3>n\—m,—k)2 (6) é 250i p-Pb sy =5.02 TeV j
'n,mk = @) B F 0-20% (VOA) ]
m,k|—m,— ol <08, 15<p, <2GeVic ]
@ pr-differential flow (for 7%, K=, p + p): :::md."
3 , 2 150 wswgna\(Er&N—ngner)E
B i(pr) = Lt P R AL i

for which RFPs (reference particles): charged particles in

0.2 < pr <5.0GeV/c

Similar for Pb—Pb non-linear flow modes

@ For decaying particles, min, method is used (K2, A + A, ¢): C;;g:zi +‘ =
( Y, H* ++ §
V2 (pT m ): (<3>:1\7m,7k(pT7minv))2 (8) og;" ot ;“)2 ¥R 1‘0r‘fn“‘)5 1706
n,mk s inv <4>m,k|7m,7k ’ My (GeV/e?)
where ) -
N&e si NEeE bk
(301 m b (i) = e (M )37 (1) + e (i ) (310, (1) (9)
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Results

Anisotropic flow up to vs (unidentified hadrons)

| ALICE Pb-Pb /Sy = 5.02TeV o
0.4 <|n[<0.8, 0.2 < pr <5.0GeV/c
© 1 1 1 1 1 1
©
e
I
8
IS 1 (@)
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0.015 @)
So.010
¥ ALICE v, \ AMPT, n/s=0.08,{/s=0 '\, (@)
00051 & EKRT, /s =0.20, /s=0 |- E= TRENTO, n/s(T), Z/s(T)
E== EKRT, n/s(T), {/s=0 [ IP-Glasma, n/s = 0.095, {/s(T)
0.000|- -
© L (@)
©
§ 1
hal
£ 100 §
7 N,
£ oorskb. 1, 1 I I 19
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ALICE Preliminary

Centrality (%)

Jasper Parkkila

Flow modes in Pb-Pb

Hydrodynamic calculations agree well with the data up to vs.

AMPT (/s = 0.08) describes the data best in

mid-peripheral collisions, but fails to describe the central
collisions for n = 4,5

IP-Glasma, TRENTo: good description for n = 2, 3,
overestimations at n > 4

: best agreement among all model
configurations at n > 4

EKRT (1/s(T)): comparable up to mid-central collisions, but
overestimate the data for peripheral collisions for n = 4,5

As n increases, the sensitivity to model parameterizations gets
larger

Centrality dependence measured up to v (backup).
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Results

Anisotropic flow (unidentified hadrons)

100 E E
- 59 - 0,
0-5% 20 - 30% Pb-Pb /Sy =5.02TeV
102k - L 0.2 <pr<5.0GeV/c
» »
whp Y. L . L
» »
107 | - ALICE Pb-Pb {syy = 5.02 TeV 100k * L [ = 1p-Glasma, n/s=0.095, Zis(T) (x10°)
F L
F 8 0.4<|n|<0.8, 0.2 <pr<5.0GeV/c TRENTo, n/s(T), /s(T) (x101)
F 10 | - L& AMPT, n/s=0.08, {/s=0 (x10%)
l e . L LI ® EKRT, /s(T), g/s =0 (x10%)
F = E 1072 - - E = -+ EKRT, n/s=0.20, {/s =0 (x10%)
o~ "

- - L] . L] .

L [ [
] 107 ! ! | ! ! 1l =) ! ! ! | ! i =) ! ! ! ! ! !
2 3 4 55 6 7 82 3 4 5 6 7 82 3 4 5 6 7 8

1072

E e © Power spectra is measured up to vg in various centrality bins.
B [
[ - . . R B .
| Centrality Centrality &] @ Clear decrease in magnitude v, o e~ %" (viscous damping?)

n=2...6 n=7...9 . .
MmN mlfon H B is observed as n increases

® 5-10% W 20-60% . . .
1073 |- 4z B © Clear damping also observed in hydrodynamical
I 20-30% .
[ % 30a0% calculations
LR oo @ Slope of the calculations is dependent on the model
I | ‘ ‘ ‘ ‘ ‘ ‘ ‘ parameterizations
2 3 4 5 6 7 8 9

@ Interesting feature predicted in acoustic model? for n > 7 can

n ALICE Preliminary be further investigated with 2018 data

LE. Shuryak, PRC84,044912 (2011), R. Lacey et. al. arXiv:1301.0165
2E. Shuryak, PRC84,044912 (2011), Universe 3 (2017) no.4, 75
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Results

Linear and non-linear decomposition up to 7" order

0.0175 |-—VaL Wva Wva, 22 mvaljél76l)£| |E| VsL MVs MVs 23 ¢V5|E|76E|
rm
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0.0100 [~ ] . .
o= J“~'\/ central collisions
0.0075 |- ot i /I o N i . incl
00050l K o on-linear component increasingly
¢ ALICE Pb-Pb Sy =5.02TeV L/ dominant in mid-central to
0.0025 0.4<|n|<0.8,0.2<pr<5.0GeV/c / ) .
>': \-.-w | L L | L | L L \:w-.-w | L | L | L L n perlpheral COIlISIonS
WV ¥Ve, 33 hVe, 24 Ve (2.76) vy MV7, 223 Y7 hs Av7,34 ® Strength of the non-linear flow
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0.002 Measured quantities v, and v, », from which
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Results

Non-linear flow mode cofficients (unidentified hadrons), hydrodynamic predictions

Vo= Vf+ xa.22(V2)?

Vs = VE+ x5.02Vo Vs

Xa,22

E===1 EKRT, n/s=0.20, {/s=0
=3 EKRT, n/s(T), {/s=0
E=1 AMPT, n/s=0.08, {/s=0
E===1 TRENTo, n/s(T), /s(T)
=1 IP-Glasma, n/s = 0.095, Z/s(T)

| I TR TR ST N

ALICE 5.02 TeV
@ 2.76 TeV (Phys.Lett.B773 68-80)
ALICE Pb-Pb {/syy =5.02TeV \
0.4<|n|<0.8,0.2<pr<5.0GeV/q\

i;;?z;i?%“*’“

-2
-3 =~k
-

50
Centrality (%)

Jasper Parkkila

|
60 0

20 30 40 50 60

ALICE Preliminary

10

Clear centrality dependence
forn=4,5

Non-linear response at n =5
larger than for n =4

Large disagreements between
the data and the models for
X5,23-

Model parameterizations
need further tuning to
capture the magnitude and
the centrality dependence.

Higher orders (6,33, X6,222) in backup.

Flow modes in Pb-Pb
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Results

) of identified hadrons, hydrodynamic predictions

< FE WGW ALICE o 6 ©°o © o
A E R4 0“0
::1 0.2 =43 = MUSIC + IP-Glasma IC + UrQMD C o
< 01sE {EBE-VISHNU + AMPT IC + UrQMD
;& ; = + = iEBE-VISHNU + TRENTO IC + UrQMD
0.1
E e e 4 . B
*PEgeo00® A 10-20% 40-50% 7t identified flow (ALICE,
EE I?W@me i -vag*g"g”g’g”g”g”&”’é'%ﬁgﬁ’ﬁ'”ﬁ"""&”é”é’”&”’g JHEP09(2018)006)
05 = E . . .
5 . Fowe oo s v . © Larger discrepancies in
it higher centrality classes
>005F ) e L e © TRENTO overestimates the
[ \,’O' ke 7 . . .
[ 5o /Qof’o /g"'o data in mid-peripheral
I L PV P T collisions at high pr
I T  N  Sl B  RR A &
05E 3 _F 8 6 4 @ AMPT agrees better than
go.osj— 0-5% "';:qv- 10-20% > p s _
Zook a3 o Ol 0 TRENTo — v tc.> V4.
Soof reproduced qualitatively
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(7%

Va2

0.06

0.04

0.02

2(pr) (identified hadrons)

Vi = Vi + xa20(V2)? = v

Results

1
= xa2(|Va[*)?

Pb-Pb [5,y=5.02 TeV 1020% | > Pb-Pb |Sy=5.02 TeV 40-50%

[ AEI(_)E_PLeIlmi_nziry _________ ALICE Preliminary

mi<0.8 ."I | Ii<0.8

[ 1 ! 01

o 1 - 1 e @

7: nK* : 1 oy 1 uK* =
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1 7K s . 1! K, * !
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|1+0 4 M ® g 1| oos v o i % o ge

1 .: : 1 ! * + ! | ]

1 °y * 1 : ! °%

1 . L] 1 . 1 T .l
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Lig ==n * ! ! " l

1 1 : ! oF L I

1 | [ | | ! | | | | |

1 1 2 '3 4 ! 1 2 3 5

' L : p, (GeV/e) p, (GeVic)

N\

Jasper Parkkila

Flow modes in Pb—Pb

© Mass ordering in low pr

region: v(n¥) > v(K) >
v(p), v(A), v(¢)

Particle type grouping in
pr > 2.5GeV/c: quark
coalescence as primary
particle production
mechanism, as v(A), v(p) >
v(m ), v(K), v(9)

Clear centrality dependence,
larger for peripheral
collisions.
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vs.23(pr) (identified hadrons)

Results

1
Vs = ViE + x5.32Va Vs — vs.03 = x5.23(| Va|?| V5]?) 2

Vs 32

0.08

0.06

0.04

0.02

Jasper Parkkila

Pb-Pb [5,y=5.02 TeV 1020% | > 0.4 Pb-Pb (5y=5.02 TeV 40-50%
L ALICE Preliminary ALICE Preliminary
________ e mm e mm e m - =

/nl<0.8 i 'l oogl Mi<08

| =K 1 : ! nK*

' ap+p h 8 | 0% apsp gl #
Ly vK? " s B K

1| A+A |: L] + : 0.04F +A+A

1 1

. iy 0 & 1
H RN TR 0.02
- 1 . I

! onfl % I @ + 1

1 oy L 1

1 _em® ® ! ! °s
riflgaes |: ! o- £ 57°

1 | [ | | ! | | | | |

1 1 2 '3 ! 1 2 3

' N P, (GeV/t) P, (GeV/c)

Flow modes in Pb—Pb

Mass ordering in low pr
region:

v(nt) > v(K) > v(p), v(A)
Particle type grouping in
pr > 2.5GeV/c: quark
coalescence as primary
particle production
mechanism, as

v(A), v(p) > v(7*), v(K)
Clear centrality dependence,
small value in central
collisions
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odynamic predictions

Results

Pb-Pb |5, = 5.02 TeV 10-20% Pb-Pb 5, = 5.02 TeV 40-50%
D,ngusse -VISHNU (AMPT 10)  ALICE Preliminary 0.08[— [EBE-VISHNU (AMPT IC)  ALICE Preliminary
=K 3
B oo B —pip
0.06— 0.06—
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L S 3%
0.02 et
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go.mf """@:ﬁééan bodpdy
D —0.01F o muigs mewTo 0 e L] 5 o 4 4
15 2 15 2
p, (GeVic) p, (GeVic)
Pb-Pb Sy = 5.02 TeV 10-20% Pb-Pb sy, = 5.02 TeV 40-50%

0.08—EBE-VISHNU (AMPT IC) ~ ALICE Preliminary
K KS

A A

0.06
N iEBE-VISHNU (TRENTo IC)
P [§
> 0.04—A

Inl<0.8
0.02
0 L L

o 0021 Saamaton T
S0
S p—

1 1.5 2
P, (GeV/c)

Jasper Parkkila

Vaze

0.08—EBE-VISHNU (AMPT IC) ALICE Preliminary
K K

A A
0.06;
{EBE-VISHNU (TRENTO IC)
K2
0.04-1A
il <08
0.02]
0 :
0.02 s RAPT
0
0.02} o exo
5 1 1.5 2

Flow modes in Pb-Pb

AMPT: minor overestimation in central
collisions, very good agreement in
mid-peripheral collisions
AMPT reproduces v,(pr
simultaneously

) and va22(pr)

TRENTOo overestimates higher pr in
mid-peripheral collisions.

AMPT vs TRENTo: AMPT has a
better overall agreement, especially in
mid-peripheral collisions. In central
collisions, TRENTo estimates the data
slightly better.

Mass ordering reproduced by both
models.
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odynamic predictions

Results

Pb-Pb 5, = 5.02 TeV 10-20%
0.08[—IEBE-VISHNU (AMPT IC)  ALICE Preliminary
= e
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0.04
o iEBE-VISHNU (TRENTo IC)
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0.02/-7/<0.8
0
o 0.02 Soimaters T ! !
¥ 0
< _0.02 s TRENTo
15 2
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Jasper Parkkila

o
&
BN

Pb-Pb {5 = 5.02 TeV. 40-50%
0.08| IEBE-VISHNU (AMPT IC)  ALICE Preliminary
=k o3
mpp —psp
0.06—
iEBE-VISHNU (TRENTo IC)
I
.
0.04(-3p+p =
Inl <08
0.02—
o™= \‘ = L L L
0.01F ST mE "
0 T I O Y . )
~0.01k_opmm maers TaENTo 0 LI
75 3
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0.06 Pb-Pb |5, = 5.02 TeV 40-50%
{EBE-VISHNU (AMPT IC)  ALICE Preliminary.
K K
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0.04]
IEBE-VISHNU (TRENTo IC)
@
A
0.02}-/<0.8
0
0.02f s T
0
~0.02 o TRENTo
0.5 1 1.5 2

Flow modes in Pb—Pb

AMPT: minor overestimation in central
collisions, very good agreement in
mid-peripheral collisions

AMPT reproduces v,(pr) and vs 23(pr)
simultaneously

TRENTOo overestimates higher pr in
mid-peripheral collisions.

AMPT vs TRENTo: AMPT has a
better overall agreement, especially in
mid-peripheral collisions. In central
collisions, TRENTo estimates the data
slightly better.

Mass ordering reproduced by both
models.
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Results

Summary

General:

© The flow coefficients, flow modes and non-linear flow mode coefficients of the charged and identified
hadrons are measured up to the 9t and 7t harmonic, respectively.

@ Cross harmonic decomposition: higher order harmonic non-linear flow mode is more sensitive 7/s, /s
parameterizations.

@ Better constraints on initial conditions and n/s(T), ¢/s(T) with improved precision and extended harmonic
orders.

@ Additional constraint from the mass dependence of non-linear flow mode for identified particles (7+, K+,
p+p, K&, A+ AL, ¢)

Hydrodynamic models:

© Good agreement for low order harmonic v,. However, higher orders and higher pr v, are not well
reproduced.

@ Good simultaneous description of v,(pr) and v, mk(pr) for identified particles with AMPT initial conditions.
@ Mass ordering reproduced for identified particles. Discrepancies observed for intermediate pp-region.

Our data can help to further constrain 77/s and ¢/s in model calculations.
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Backup

Backup
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Backup

Anisotropic flow @ /sy =5.02 TeV (the total contribution of all flow modes)

msorTey
© Phys.Rev.Lett. 116, 132302 (2016)
0.08 AWPT 5,02 TeV, s = parom2

— ~TRENTO 5,02 Tev.

0.010

£0.008
>

0.006

© TRENTo — overestimating vs and vs

0.004

© AMPT - good agreement in every case.

00021 (x1.50 +0.00)
| | |

Vg
ALICE Pb-Pb Sy =5.02TeV

o (x1.30) | 0.4<[n|<0.8,0.2 <pr<5.0GeV/c

(XZ:850.00)
I I

0.0025
0.0020
0.0015
0.0010

0.0005

~0.0005 I I I ul 1
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60

Centrality[%] ALICE Preliminary
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Non-linear flow mode coefficients

Xn, mk

Backup

X5,23
(x0.60 +0.30)
o=

Xe6,222
(x0.25 +1.15)

X6,24
(x0.75 — 0.40)

ALICE Pb-Pb /Syn =5.02 TeV
0.4<|n| <0.8, 0.2 <pr<5.0GeV/c

Jasper Parkkila

Centrality[%]

ALICE Preliminary
Flow modes in Pb-Pb

No energy dependence between
measurements or model calculations

TRENTo: overall good agreement with
the data

AMPT: same, except for
underestimation of xs 23
IP-Glasma: overestimation in
mid-peripheral collisions
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Backup

v6,33(pr) (identified hadrons)

Ve = ViE+ x6.222(V2)® + x6.33(V3)? = V6,33 = X6,33(] V3|4>%

80.05F 8
= Pb-Pb {Sy=5.02 TeV 10-20% | > 0,081 Pb-PP (5y=5.02 TeV 40-50%
0.0a. ALICE Prefiminary —__________ | ALICE Preliminary © Mass ordering in low pr
| ‘mi<0.8 .‘I ' Inl<0.8 region:
0.037: 'T; :: oo "IZ v(rn®) > v(K) > v(p), v(A)
| =K 1 nK™
1 up+p 1" X Ap+P @ Particle type grouping in
0021, Tk :: % v 004 Ko pr > 2.5GeV/c: quark
A+A A+A .
VO :: éw ! * % I coalescence as primary
0om] . u i+ ' |00z . ‘ H particle production
\ L %, ' i % mechanism, as
o g ¥ 1 ; uw Bl
A | o gt | v(N), v(p) > v(r*), v(K)
1
T e ) S I B
' N P, (GeV/t) P, (GeV/c)
{ Y
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Backup

ve.222(pr) (identified hadrons)

Vs = V& + x6.222(V2)? + x6,33(V3)? — V6,33 = X6,222(] V2|6>%

§0.05F 8 © Mass ordering in low pr
» Pb-Pb {Sy=5.02 TeV 10-20% | 5 (ol Pb-Pb [5,,=5.02TeV 40-50% region:

ALICE Preliminar ALICE Preliminar
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1 1 [

0.0aLt ox ! ! 0.08F , . o Part|c|2e t;gevgroupmg l|(n
! 1 > 2.5GeV /c: quar
o " : - pr /e q

002! N o004k coalescence as primary

Ve . 1 . — . .
1 AP+P " ! Ap+p B $ particle production

L " ! I mechanism, as

0.01m AP Jr 1| 0.02- +
1 2t !l: a ud é : ° : [ éi V(A)a V(p) > V(ﬂ- )7 V(K)
1 8 1 b | .

O ® 8 % = " | ob e it * % © Clear centrality dependence,
: ‘ Lo ‘ ‘ i O ‘ ‘ ‘ ‘ small value in central
1 2 '3 4 5 ! 1 2 3 4 5 ..

' " p, (GeV/e) p, (GeVic) collisions
% V] 7

Jasper Parkkila Flow modes in Pb—Pb 06.10.2019 22/22



	Introduction
	Analysis
	Results
	Backup

