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Probe QGP with anisotropic flow %

ALICE Collaboration H L I C E

* QGP created in heavy-ion collisions can be R e
. - - c —- ALICE Pb-Pb Hydrodynamics -

probed via anisotropic flow > 0.15 -5.02 Tev 276 TeV 5.02 TeV, Ref[27] —
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 Comparing data with theoretical models allow E
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U. Heinz et al.
PRC 87 (2013) 3,03491

pr-dependent flow vector fluctuations 1|

» Flow vector may fluctuate with py

—> : 0.8
— ll’l\P I 0 .
V. =ve™"n - : '
n._on- ~_______—>Bothy,and ¥, may : . (ealpr)en)/ TG
e v : Anisotropic flow D : T (cisz(g(\llz( AL P)I;)
e ¥ :Flow symmetry plane angle fluctuate with py! 0.6/, =D (va(pr)va)/ v/ (v3(pr) )03
: - :— = =P, (cos(2(¥2(pr)— ‘1’2)))
0.0 1.0 2.0
 Hydro model predicted additional flow angle pr (GeV)
and flow magnitude fluctuations ALICE, arXiv: 2005.11131
—— C
O
 Cannot be disentangled with current observables R 0.20F ﬁ‘b':L(gEv—_ 5 02 TeV
_ _ A.0.20F = 5.
based on 2-particle correlations S FLs E‘)o - 0a
a0 150 e PromptD", D, average, |y|<0.
. 9D, - Syst. from data
* Non-hydro models does not have these fluctuations S of. I Syst. from B feed-down

* Quantifying additional fluctuations is necessary for

correctly estimating QGP properties with high pr

0.00F
flow measurements -
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Centrality 0-10%
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Example where additional fluctuations can 1
lead to discrepancy between model and data
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Probing flow vector fluctuations with vn{ 21/ vn[2]

Observable to probe flow vector fluctuations ALICE
Standard 2-particle correlation

2y = upn) vicosnl,(pr) — ¥,
—> Flow angle fluctuations S \m

vl21 =1/ 02(pD)

Flow magnitude fluctuations

ALICE Collaboration
JHEP 09 (2017) 032 R un 1
ALICE Pb-Pb Is.. =276 TeV v, 12} has contribution from flow angle and assumes
‘t NN :
' - ~ e

Vi “% factorisation of (v (py) v,) = \/ (v,%(pT))\/ (v?)

& VA2, IANI>0.8}/ v,12,|Ani>0.8] e« Ifv,{2}/v,]2] < 1, it indicates presence of flow vector

=1 v{2}/ v,[2] (MC-Glauber, n/s = 0.08 _
vA2}/ v,[2] (MC-KLN, n/s = 0.20) fluctuations

2
v{2}/ v,[2] (Trento, n/s(T))
“{vA{2}/ v,y[2] (AMPT, n/s = 0.08)

0-5%
0 1 2

 How can we disentangle the two contributions and
quantify each of them?

3 4
p_ (GeV/c)

Emil Gorm Nielsen (NBI) 1S2021 - Fluctuations and correlations of flow



Separating flow angle and flow magnitude fluctuations

ALICE
* New observable to measure flow angle * New observable to measure flow magnitude
fluctuations: fluctuations
Fope, g y - \Cosln@i + @5 = @5 = 1)) ((cosn@f + = pS =) (29 ¥2)
((cosln(@f + @ =@ = @)1 ((cosn(pg — p9)){(cosn(@r — 92))  (RPHY2)

_ {vi(p) vy cos 2n[¥,(p7) — ¥, 1)

(vi(pPvs)

. py-integrated baseline: (v:)/(v?)?

~ (cos2n[¥,(p?) — ¥ )])

F(WV),¥Y ) < 1 indicates pp-dependent Deviations from baseline indicate the presence
of pr-dependent flow magnitude fluctuations

flow angle fluctuations
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Comparing with v, {2}/v, 2] %

* Enable comparison with flow vector ALICE
fluctuations from v, {2}/v, [2]

FOW9W )+ 1
\/ S T2 flcos ¥, (o) — )

Flow magnitude
fluctuations

Flow vector
fluctuations

Flow angle
fluctuations

2

> (cosn[Y¥Y, (p7) —¥,1)

* Provides upper limit on the flow angle
fluctuations (lower limitis v,12}/v,[2])

* How can we probe 1st moment flow
magnitude fluctuations?

Fvi.v) = v,{2}/v,[2] - Vv (PPIV,)

\/ rY L [OR(H)/ (R)

* Provides lower Iimit on flow magnitude
fluctuations (upper limit is unity)
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The ALICE experiment %

. . ALICE
* Dedicated heavy-ion
experiment at the LHC
THE ALICE DETECTOR v,/ | a. ITS SPD (Pixel)
- —TOREPENIRENEN OB . 7S SsD (stip)
* Pb-Pb collisions at 2 S 0 and TO

e. FMD

 Data from 2015 Run 2
data taking period

16

_

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker

* VOM for centrality 13. Muon Wall

14, Muon Trigger

. . 15. Dipole M t

estimation 15. Dipole Magne
17. AD

18. ZDC
19. ACORDE

e |TS and TPC detectors
provide tracking
iInformation

©COoNOOTA~WNE
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pr-dependent flow vector fluctuations: V, %

EN 1 o= ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20% AL IC E
< Pb— Pb =5.02 TeV
N nl < o.svs_'““ >ozte
= 1
0.9 Preliminary model calculations
. ¢ TRENT oI, 1s(T), &/s(T) Statistical errors are expected
ﬁm 19 VOM: 20-30% VOM: 30-40% VOM: 40-50%
>
QN
Al
>
1 O =@ m e e Pgueng==== -. -- - ‘-ﬂ‘w-w‘ﬂﬂﬂwm“mgnr - - ; - - - gmmmM 3,. -
0.9
0.8

05 1 15 2 25 3 35 05 1 15 2 25 38 35 05 1 15 2 25 3 35 4
P, (GeV/c) p. (GeV/c) P, (GeV/c)

» Deviations from unity of v,{2}/v,[2] in central collisions — pr-dependent V, flow vector fluctuations

» Deviations are largest at the edge of hydro p range

* High precision Run 2 measurements allow for improved constraints on future model comparisons
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pr-dependent flow vector fluctuations: V;and V, %
vi{2}/v;[2] v {2} /v,[2] ALICE

& o ALCE ey “Vou:510% JE Sy oETAUCE prominary T Lvovsioe JEL
2 - Pb—Pb \s,, =5.02 TeV - 2 - | Po—Pb yfs,, = 5.02 TeV -
N E I/ <0.8 : N = I/ <0.8 [
A 1.1 :— - A 1.1 :— l
s -.- o T L R N RGN S s S R S S D S e o ;: o -| Tt o I- )
R vo(2, |An| > 0.8}/v,[2, |An| > 0.8] | Va2, [AN] > 0.8}V ,[2, |An] > 0.8]
" iEBE-VISHNU s ’ iEBE-VISHNU »
0.8F TRENTo-IC, /s(T), {/s(T) E TRENTo-IC, /s(T), {/s(T) 2
E mm AMPT-IC, n7/s = 0.08 ¥ - B AMPT-IC, /s = 0.08 o
SO ;. N qof ;.
> o . > o 9
&1 ' & 1aF 3
(4p) < S =
> | > I F— _
| i T 3 -égﬁﬁg*@ﬁﬁgm ﬁgﬁ- T "- Bk e SO R TR N -I- -
0.9F a “ 0.9Ff
0.8F - 0.8F
05 1 15 2 25 3 35 05 1 15 2 25 3 35 05 1 156 2 25 3 35 4 05 1 15 2 25 38 35 05 1 15 2 25 3 35 05 1 156 2 25 3 35 4
p- (GeV/c) P, (GeV/c) P, (GeV/c) o (GeV/c) [ (GeV/c) [ (GeV/c)

e 12}/ w[2] and v 12} /v,[2] consistent with unity
 No indication of pr-dependent V; or V,, fluctuations

* Hydro models consistent with unity

* High precision Run 2 measurements allow for improved constraints on future model comparisons
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Flow angle and magnitude fluctuations %

ALICE
Flow angle fluctuations Flow magnitude fluctuations

F(P4,¥,) = (cos 2n[W,(p%) — ¥,]) VIRV (VEPLYY (V)
NEW

5 [ ALICE Preliminary | VOM: 0-5% 'ALICE Preliminary| vou: 0-5%
s & 1 L Po-Pb {sy=5.02TeV i .Pb—Pb ys,,, = 5.02 TeV e AV AP () | ]
- - ; L = (V)Y Hvo)®
1:"."5"'0"""3 """""" ¢
| ¢
0.9¢ +
0.8F '- '- - | . | . o
' 02<p"<50GeVic ¢ | I : 1.4F 0.2 < p¥ < 5.0 GeV/c A A A R S A
1 FPET] PP PEET] PRI PEET] PO PPET O 1 Leaaadosnslosalon e dunnslonnalonna bolosnalonsalonnalonnslonnslosaslonses] 1 PP PETTE P PEETY PPETE PrET Perrl S ER AR SRR RA RU RN RN AR AR RA RRRRE RN AR AT FRRTA CRETI CRETARRATANRRTA RAATE RUATE
05 1 15 2 25 3 35 05 1 15 2 25 3 35 05 1 15 2 25 3 35 4 05 115 2 25 3 35 05 1 15 2 25 3 35 05 1 15 2 25 3 35 4
p2 (GeVic) p? (GeV/ce) pi (GeV/ce) pz (GeVic) pi (GeV/ce) pi (GeV/ce)
» Deviation from unity — p-dependent flow + Deviation from (v;/)/{v?)*— p-dependent
angle fluctuations flow magnitude fluctuations
» > 50 significance in most centralities « ~ 50 significance in most central collisions

Discovery of both flow angle and flow magnitude fluctuations in most central collisions!
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v.12}/v_ [2], flow angle and flow magnitude

ALICE

Pb—Pb Y5y = 5.02 TeV

Flow fluctuations

Limits on fluctuations from 2-pc

0.2 < p7 < 5.0 GeVic Flow angle upper limit:
05 115 2 25 3 35 05 1 15 2 25 3 35 05 1 15 2 25 3 35 4 FOV5 ¥ +1 W ()
p? (GeVic) p* (GeV/c) p* (GeV/c) y = {eosnl¥alpp) — o))
Flow angle lower limit:
. L v, {2}/v, |2
* Only possible to extract limits of flow angle and flow S nitu’;{ej ”;[”]imit_
magnitude fluctuations in 2-particle correlation T J Un':’ts '
L _ . Flow magnitude lower limit:
* Effects most significant in central collisions Fovt vy < PO
V2,V2 S

NCETEONGE
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v.12}/v_ [2], flow angle and flow magnitude
l,VEW ALICE

 Significant flow angle and flow £ o, F_ ALICE Preliminary 3.0 < p? < 4.0 GeV/c_-
magnitude fluctuations observed in 2 "7 Pb-Pb ysy, =5.02 TeV -
central collisions § - + @ Flow angle fluctuations (lower limit) -
@O 15— m Flow magnitude fluctuations (upper limit) e

= N ¢ Flow vector fluctuations =

] . wr . ® - -

* Flow angle fluctuations significant in 2 01 +‘ —
most centralities 1, -
0.05 |- z‘ -

: : — ¢ N

* Flow magnitude fluctuations only - e fnJ f:‘ te -
. " . . e e o A e i A W ---- —
significant in most central collisions BT : | : : S B

5 1.2F L

_ R e -

New flow picture S .o T
0 B —

. . . > — -

* Flow angle fluctuations not included inmany & ¢ # Tl 1 t e
O T = -

theoretical models for high py calculations = 1y T+ ;1 il E

* Future flow modelling should include flow 0.2 - 'L E
angle fluctuations for more accurate extraction b

0 5 10 15 20 25 30 35 40

of QGP properties Centrality (%

N
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Flow with event-shape-engineering
Correlations of flow

* Event-shape-engineering (ESE) allows for 0.040 | | ] | , , | ]
selection of initial geometry ALICE Preliminary
0.035F Ph-Pb /sy =5.02 TeV, |n| < 0.8 f
. . _ . 0.2 <pr <5.0 GeV/e
« Select high (low) €, resulting in higher (lower)  *%°[ g7c-selection Y
values of flow 0.025 - i
5\ 0.020 -
* Probe correlations between different order < p—
harmonics with ESE = _Raaakae ¥ $5-10%
0.010 |- oy | o et 10-20% 7
« Positive correlation between v, and v, 0.005 | Rt
¢ 30-40%
0.000 |- 4+40-50% _
Unbiased Centrality VOM: +4+50-60%
=20 0.02 0.0 0.06 0.08 0.1 0.12 0.14 0.16 0.18

0212, |An| > 1}

See back-up for more information
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Flow with event-shape-engineering
Linear and non-linear flow modes

e Extract linear and non-linear flow modes with

: _ 2 2N\2
flt V4 — CO + (Cle) — T T T T O
ALICE Preliminary ¢ Non-linear
o.ozo-PR;(_Pb \.i'T-t\:s.OQTeV. In| <0.8 <+ — 3 Linear
giPC-selection
L NL A 0.2 < pr<5.0GeV/e 1 i) I
« So how does v, and v, Coupletoqzandtoﬁ ! S 8HBEHsAEE |PAEREREERE
each other? oo FEEBHEEHEE - I m
V4 — V4IJ + v41-\IL | Rt} ™ T % |- e ® g ® T I LU | - W
& &, & omot P o7t Tomose)y, C,, [owsedr
’? 1 4 1 $ 1 4 t + t 4 1 1 + 1 + 1 + 1 4 ettt H]
DN 0.020 X o + .
€ € €
4 4 2 0.015 - CR 0 i 10 . Ej [
< H E] E B H H g o |° B ’ e n g = - E
. Non-linearincreaseinVFLwhiIev}is bt mmBHU*BEQNMN*%@@HE@”~
. - @
unaffected — va and vff must be entirely 7| =
uncorrelated ! Lo 20300y
0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
q.'.)ll’(‘ (%) qzl'l'(‘ (o/o) q.'“,l'l'(' (%)

See back-up for more information
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Summary

ALICE

 New precision measurements of v, {2}/v, 2] show py-dependent V,, fluctuations

* No indication of V5 or V, fluctuations

* Novel observables allow for disentanglement of flow angle and flow magnitude fluctuations
* First time measured separately. Discovery of both effects in most central collisions

* These discoveries give a new flow picture! Can quantify both the flow angle and flow
magnitude fluctuations and give limits on their contribution to the 2-particle
correlation flow vector fluctuations

* Crucial examinations on the theoretical models, it will significantly improve the overall
understanding of the initial fluctuations and also the dynamical expansion of the QGP

* Event-shape-engineering provides a useful tool to study correlation between different order
flow harmonics and to extract linear and non-linear flow modes of v,

Thank you for your attention!
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Phys.Lett.B 719 (2013) 394-398

Event-shape-engineering 2 Conay 3035%
: e Ity ALICE

* Event-shape-engineering (ESE) allows for s

selection of initial geometry £
 Select high (low) €, resulting in higher

(lower) values of flow i ‘

'\
— ‘ Qn‘ 2 3 4 5 I 7lé9110

4n

W Y

 The reduced (J-vector g, can be

constructed in different detectors to avoid
self-correlations

(2}

Select ¢, — change eccentricity

—e— n=2, centr 20-25%
—e— n=2, centr 0-5%
—+— n=3, centr 20-25%
—o6— n=3, centr 0-5%
N T .

3 4 5 6
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C I t- f fI 0‘045 1 1 | I I 1 1 |
orreiations or 110w ALICE Preliminary
0.040 - Pb-Pb Vv SNN = 5.02 TeV, |7]| < 0.8 g
' 0.2 < pr < 5.0 GeV/e
g FC-selection H L IC E
. . 0.035F —
* Correlations between different order n .
: : A
harmonics with ESE £ 00%F i -
o 4 0-5%
Tz 0.025F sifsiien s @ 4 5-10% T
: : 10-20%
®
Negative correlation between v, and I i )
- : 4+ 30-40%
V3, and positive correlation between v, 4 20-50%
d il Unbiased Centrality VOM: 4 50-60% |
an V4 0 O.IOZ 0.104 0.106 0.;)8 Ofl 0.!.12 0.1.14 0.116
'U2{2, |An| > 1}
0.040 T T T T T T T T
ALICE Preliminary
0.035F pb-Pb /sny =5.02 TeV, |n] <0.8 3
|:><:| 0.2<pr <50 GeVie
focie ) ¢, "C-selection 1
0.025 4
_7\; 0.020+ | -
i !
o 0.015 3 -§-< 0-5%
S . i di 445-10%
0.010 |- Mﬂ v 10-20% 7
' ¢ 30-40%
0.000 |- 4+ 40-50% _
Unbiased Centrality VOM: +450-60%
—0'0050 0.62 0.64 0.66 0.2)8 Ofl 0.;[2 0.;.4 0.116 0.18

'02{23 |AU| > 1}
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Linear and non-linear flow modes

e Extract linear and non-linear

contributions from v,-v, correlation
with fit:

vy = \/Co + ((:11/2)2

 Good agreement between fit and
multi-particle correlation

e SO how does V4L and Vy

¢, and to each other?

NL couple to

NL
V4 = V4 +

0 U 3

64 H€2

(V)

0.025

0.020 -

0.015

0.010

0.005

0.000 |

—0.005 L

- ¢ Unbiased 4 vy Multi-particle correlation -
- W Fit linear ESE & o) Multi-particle correlation j
- M Fit non-linear ESE i
. m EI B i i !
: N //;//’ 8 777 rssSRa NN\ :
.— [1 7 /II/II it ‘4"0‘0, .v - .‘ — a7 A .’.’!IIII':'. i’”" -
i l ALICE Preliminary i
' = Pb-Pb /sxx =5.02 TeV, |5 <0.8 j

0.2 <pr <5 GeV/e :
= TPC | t -
_ g, -selection ‘

|An| > 1 :
1111111111 QINQHE giiiglify Bighl il Py | W Sial | B Bl giifo!t o B i ify | Py o QiFp ol gl ol Ng 8 gify By BN N Foll R ISinpilgliial o o BIRN Ly Foliipligily Boiligl o 1-:
0 10 20 30 40 50

VOM Centrality (%)
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Linear and non-linear flow modes

L NL

« Vv, and vy, as function of g,
DEFCENTIES et e 01 AL LA R SRR A
ALICE Preliminary ¢ Non-linear
o.ozo-Plb};(Eb Vaxy =5.02TeV, | <08 <+ - s Linear
- - . ONL s ) <o <5.0 GeVic
« Non-linear increase in v, while DREe IR SR 1 i _
" . ® . o o o E B El B [; o
vilsunaﬁectedavf]“andv} ool I B gEe [ BEEEEEEEER] " HEH-
must be entirely uncorrelated 0.005 | ! T AT
+ 0§0§0’°‘ @o"’. N ¥
_ _ , prcd il - VOM: 0-5% VOM: 5-10% T VOM: 10-20% "
* This conclusion was reached In O A o ot o B Ao
a previous study, albeit with Bz T o T i
stronger assumptions 0015 ¢4 i |-
SRR g ° s 22
Phys.Lett.B 773 (2017) 68-80 S| MMH#_B@ TLEEEERTE N HEETLELD
w 1 0 (@] “ ) E
0.005F i
L NL
V4 = Vy + Vg 0.000 - VOM: 20-30% T VOM: 30-40% T VOM: 40-50%
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
0 O G g (%) a:"C (%) 43¢ (%)
/
€4 €4 %&2
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Particle selection %

 Particles are selected from different ALICE
subevents to separate flow angle and

flow magnitude fluctuations
POl from same subevent'

Flow angle fluctuations: IA ‘
s,y _ Eot + 08 01— 00 ——-——---;H« " i

((cos[n(@pf + @y — @§ — @4)]))
\ POI from different subevents
Flow magnitude fluctuations:

<V3(PT) V;%) ((cosn(@p] + @, — @3 — @y))) ——» j |A77\ »H_»

(V2(p9)(v3) ((COSH(% @9))){{cosn(g, — @4))) i
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