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Valuable information on QGP
properties from flow measurements!

Credits to M. Lesch




@ Which observables?

ALICE

e The sensitivity of observables to model parameter J.E. Parkkila et al., Phys. Lett. B 835, 137485 (2022)

variations depends on Tg [0-00 017 1.05 1.01 0.85 1.25 1.26 1.98 1.44 0.65

(r)/S)SIOpe 0.00 0.14 0.19 0.19 0.18 1.74 1.37 3.03 1.36 0.70

o which harmonics are used T |0:00 025 008 003 0.04 0.80 0.40 0.45 .61 .41 858 1.4 |G

o the order of the largest correlator in the observable  n/s(T,) Joco 0.08 022 021 0.14 258 127 2.85 2.76 1.61
N Greater Sensitivity Of higher—order ﬂOW (r’/S)ch 0.00 0.17 0.05 0.05 0.05 0.40 0.40 0.73 0.75 0.13 1.81 ¢

) (zls)peak 0.01 0.44 1.16 1.01 0.73 0.34 1.59 1.04 1.15 1.49 1.49 2.57 3.74 2.

Observables tO QGP propertleS! (C/S)max 0.00 0.07 1.05 0.96 0.77 0.52 0.64 1.26 0.59 0.44 1.43.3.02

1.41 1.21 1.77

1.58 2.91

. 0.00 0.01 0.20 0.15 0.07 0.39 1.66 1.55 1.35 0.38
(C/S)mdth

TSWitCh 0.01 1.34 0.25 0.21 0.16 3.95 2.42 1.98 1.00 1.96
SET T T RARANA ™ Sy
<X kR ¥ o g 4~ Y G ~ ~ ~< 1N w0
0.30 1 0.06 C 4 F FEFEFQQ oM< < ~ o~ =
9] Q — N S
[ 90% credible region Duke 2019 = ZQ' 3 S .9: Q0O 0O MmmMn s
0.25 |-=——"Posterior median P Calibrated to —40.05 © S N VNN N
F 177515.02 TeV only = PbPb /syy ] =z =2 2 OO0 O
0.20 | - = 2.76 and 5.02 TeV 10.04 N wm
" f ; =z 2 2
~
= 0.15 L
0.10 — O(x)]
0.05F
| (x)]

T (GeV) J.E. Parkkila et al., Phys. Lett. B 835, 137485 (2022)



@ Which observables?

ALICE
e The sensitivity of observables to model parameter J.E. Parkkdla et al, Phys. Lett. B 835, 137485 (2022)
VariationS depends on Ttg |00 017 1.05 1.01 0.85 1.25 1.26 1.98 1.44 0.65
. . (r)/S)Slope 0.00 0.14 0.19 0.19 0.18 1.74 1.37 3.03 1.36 0.70
o which harmonics are used T - 0-00 0.25 0.03 0.03 0.04 0.80 0.40 0.45 0.61 0.41 3.53 1.44

c
o the order of the largest correlator in the observable N/s(T) [o-00 0.08 0.22 021 0.14 253 1.27 2.85 2.76 1.61
N Greater Sensitivity Of higher—order ﬂOW (r’/S)ch 0.00 0.17 0.05 0.05 0.05 0.40 0.40 0.73 0.75 0.13 1.81
) (zls)peak 0.01 0.44 1.16 1.01 0.73 0.34 1.59 1.04 1.15 1.49 1.49 2.57 3.74 2.04
Observables tO QGP propertleS! (C/S)max 0.00 0.07 1.05 0.96 0.77 0.52 0.64 1.26 0.59 0.44 1.43 .3.02 1.58 2.91

- 2
° A broad new Set Of Opportunities tO investigate (C/S)Width 0.00 0.01 0.20 0.15 0.07 0.39 1.66 1.55 1.35 0.38 1.41 1.21 1.77
switch 0.01 1.34 0.25 0.21 0.16 3.95 2.42 1.98 1.00 1.96 N
— New observables: correlations between SSETT T ARJANAN ™ Sy
[l L] " . N - - -

different moments of the flow amplitudes I S R T e
=222 @@ "googmMm¥
— New bias-free estimator of symmetry plane © T 229 S, S, 8
correlations O 0o
=z 2 2



Flow amplitude correlations

ALICE

e Symmetric cumulants (SC)
<7172n7]fr2z>c

o measure the genuine correlations between v_,2 and v,2
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@ Flow amplitude correlations

ALICE

e Symmetric cumulants (SC)
=
<Umvn>0
o measure the genuine correlations between v_,2 and v,2

o sensitivity to n/s(T) previously not accessible
. Niemi et al., Nucl. Phys. A 956, 312-315 (2016)
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@ Flow amplitude correlations

ALICE

e Symmetric cumulants (SC) e Asymmetric cumulants (AC)
B 2 B2
<Ur,2n’Urr2L>c <Umvn>07<vmvn>67 i

e Most general form for two harmonics (a,b: moments)

AC, p(m,n)
— b — a,
ACa,b(m, n) — </U3ribv7% >c NACa,b(m7 n) — <U72n>a<7)72;>b
o fora,b=1:AC; (m,n) - SC(m,n) A. Bilandzic et al., Phys. Rev. C 105, 024912 (2022)

o easily generalized to more harmonics and moments



Flow amplitude correlations

ALICE

e Symmetric cumulants (SC) e Asymmetric cumulants (AC)

(UmUn)e (UmVn)es{UmUp)es - - -
e Most general form for two harmonics (a,b: moments)
AC, p(m,n)
= 2a,..2b _ a, )
AC, p(m,n) = (vtv:")e NAC,p(m,n) = (v2 Ya(p2)b

A. Bilandzic et al., Phys. Rev. C 105, 024912 (2022)

o fora,b=1:AC; (m,n) - SC(m,n)
o easily generalized to more harmonics and moments
o AC,p(m,n)and AC, ,(m,n): sensitive to different terms of non-linear response

e 34 new measurements with a = 1-4 and b = 1 for the pairs of harmonics
(m,n): (2,3), (2,4) and (3,4)

ALICE, arXiv:2303.13414 (Submitted to Phys. Rev. C)



% AC(2:4) [ New paper ]

ALICE ALICE, arXiv:2303.13414
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ALICE [ New paper ] ALICE, arXiv:2303.13414
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e Initial state predictions required
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@ Symmetry plane correlations (SPC)

ALICE

e Some examples of SPC observables
(cos|4(Wy — Wy)]), {cos[6(Wy — U3))), (cos[2Ws + 3W3 — BW5]), ...
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ALICE
e Some examples of SPC observables
(cos|4(Wy — Wy)]), (cos|6(Wy — Us3)]), (cos[2Ws + 3W3 — BW5]), ...
e Previously: Scalar Product (SP) method!" 2!
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V(05 (v?) < _— Biased measurements

[1] STAR, Phys. Rev. C 66, 034904 (2002)
[2] R.S. Bhalerao et al., Phys. Rev. C 88, 024909 (2013)



@ Symmetry plane correlations (SPC)

ALICE
e Some examples of SPC observables
(cos|4(Wy — Wy)]), (cos|6(Wy — Us3)]), (cos[2Ws + 3W3 — BW5]), ...
e Previously: Scalar Product (SP) method!" 2!

<COS[4(\I}4 . \112)]>SP _ <U§U4 608[4(\114 B \112)]> (Problem:<v§vi> =+ <’U§><Ui>]

V(05 (v?) < _— Biased measurements

e Now: Gaussian Estimator (GE)®!

(cosfA(Ws — W)hap = 1/ 7 2 [?@ - w,)))

— Sensitive only to contributions of symmetry planes

[1] STAR, Phys. Rev. C 66, 034904 (2002)
[2] R.S. Bhalerao et al., Phys. Rev. C 88, 024909 (2013) [3] A. Bilandzic et al., Phys. Rev. C 102, 024910 (2020)



@ Symmetry plane correlations (SPC)

ALICE
e Some examples of SPC observables
(cos|4(Wy — Wy)]), (cos|6(Wy — Us3)]), (cos[2Ws + 3W3 — BW5]), ...
e Previously: Scalar Product (SP) method!" 2!
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V(05 (v?) < _— Biased measurements

e Now: Gaussian Estimator (GE)®!
T (v3vy cos[4(VUy — Wy

A. Bilandzic et al., Phys. Rev. C 102, 024910 (2020)
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— Sensitive only to contributions of symmetry planes 9':. 04 F - 7o © 0 =
e Predictions from MC-Glauber+EBE-VISHNU %’.’ 02 E:_@_% __________________ :E
in Pb—Pb collisions at /syn = 2.76 TeV 8 _O_Z E :
— GE overcomes bias in SP method 04 3
B TR R T R R R T T

[1] STAR, Phys. Rev. C 66, 034904 (2002) : _
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<) New SPC at \/SNN 276 TeV

ALICE ALICE, Eur. Phys. J. C 83, 576 (2023)
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ALICE (a) 1 * (cos[2Wy+ 33 — 5¥5])ax (b)) [ New paper ]
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e First measurements of SPC between two and three symmetry planes with the GE in Pb—Pb
collisions at /sy = 2.76 TeV

ALICE, Eur. Phys. J. C 83, 576 (2023)
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ALICE ALICE, Eur. Phys. J. C 83, 576 (2023)
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e First measurements of SPC between two and three symmetry planes with the GE in Pb—Pb
collisions at /sy = 2.76 TeV

ALICE, Eur. Phys. J. C 83, 576 (2023)

e Magnitudes of SPC depend on the order of the involved correlators
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e Comparison with previous measurements 0.03
with SP method |

ATLAS, Phys. Rev. C 90, 024905 (2014)
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o GE: compatible with zero within uncertainties % 0.00 -
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@ Correlations between W, and W,

ALICE

e Comparison with predictions from ALICE, Eur. Phys. J. C 83, 576 (2023)
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@ Correlations between W, and W,

ALICE

e Comparison with predictions from ALICE, Eur. Phys. J. C 83, 576 (2023)
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@ Summary

ALICE

e Broad set of first measurements of new higher-order observables in Pb—Pb collisions

o 34 two-harmonic (N)AC ALICE, arxiv:2303.13414 (Submitted to Phys. Rev. C) B RO B 708
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o 9 two-, three- and four-symmetry planes SPC ’\ 1 '7\4‘
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e New look at the interplay between the different phases N [T —
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— Impact of hydro evolution on initial state correlations lagd R e
e Deviations between data and state-of-the-art model op L AT L
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predictions a
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ALICE

e Broad set of first measurements of new higher-order observables in Pb—Pb collisions
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Summary

e Broad set of first measurements of new higher-order observables in Pb—Pb collisions

o 34 two-harmonic (N)AC ALICE, arxiv:2303.13414 (Submitted to Phys. Rev. C)

o 9 two-, three- and four-symmetry planes SPC
with new GE method ALICE, Eur. Phys. J. C 83, 576 (2023)

e New look at the interplay between the different phases

of the collision

— Impact of hydro evolution on initial state correlations

e Deviations between data and state-of-the-art model

predictions

— New constraints on the initial state and QGP properties

in future Bayesian analyses

e Stay tuned: future Run 3 Pb—Pb collisions are incoming!

See also

Mingrui: Talk 05.09 at 15:10
Ante: Poster 246 05.09 at 17:30
Emil: Poster 455 05.09 at 17:30

Thank you for
your attention!

0.1

0.0

Correlations

|
\ B
[ Pb—Pb ySwy = 5.02 Tev 1T B
0.2<pr<5.0GeV/c
Il 11l Il Il Il |
T T

T T
(é) NSC(3,11) (@a=1) l "1 (b)a=2

Inl<0.8
|

0.5

0.0

-0.5

-1.0

ALICE

® NSC(3,4) (PLB 818 (2021) 136354)
® NAC,,1(3,4)

1 o NACy.(3,4)

TRENTO-+EBE-VISHNU

= NAC,, 1(3, 4) (Duke 2019)

] === NAC, 1(3, 4) (Jyvaskyla 2022)

B8 NAC,, 5(3, 4) (Duke 2019)
= NAC,, 5(3, 4) (Jyvaskyla 2022)

! 1 1 1 111 1 1 I !
0 15 30 45 60 0 15 30 45 60

Centrality percentile

0.06

(cos[6(Vy — U3)|)ar

0.04F PbPb /Eun = 2.76 Tev
0.2 < pr <5.0GeV/c

0.02f <08
O_oo | . o O R . - - e e e . ............ ’ AT
_o.02f e ALICE

—0.04F == TRENTo (eccentricities)

== TRENTo (cummulants)

== TRENTo + VISH2+1 + UrQMD

Centrality percentile



@ Additional slides

ALICE



ALICE

v, 12}

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

Flow amplitude measurements

centrality [%)]

| [ | I [ | I L]
— 1n/s=0.20 $ ALICEv, {2}
= f/a=poreml LHC 2.76 TeV Pb+Pb |
— 1/s =param?2
i pr =[0.2...5.0] GeV _]
— 1/s=param3
n/s =paramA a
| | | l | | | |
0 10 20 30 40 50 60 70 80

'02/3{2}; '04{3}

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

0

[ I [ I I

— /s =0.20 RHIC ¢
— 1/s =paraml Au+Au ¢
— n/s=param? 200 GeV {
—— 1/8 =param3

n/s =parami

_g-%g | |

10 20 30 40 50

centrality [%]

H. Niemi et al., Nucl. Phys. A 956, 312-315 (2016)

pr=[0.15...2.0] GeV |

| | T
STAR v, {2}

STAR v, {2} |
STAR v, {3}

60 70 80



@ NAC(2,3)

ALICE
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e Comparisons with the previous measurements with SP method

o ATLAS, Phys. Rev. C 90, 024905 (2014)

Comparison with previous measurements

ALICE, Eur. Phys. J. C 83, 576 (2023)
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@ 2-harmonic SPC

ALICE
e Comparison with predictions from TRENTo-VISH2+1-UrQMDI"!

° Correlations between 1;[}2 and ALICE, Eur. Phys. J. C 83, 576 (2023)
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3-harmonic SPC

e Comparison with predictions from

TrRENTo-VISH2+1-UrQMDI"!

[1] J.E. Bernhard et al., Nature Phys. 15, 1113-1117 (2019)
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