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Study of an extreme state of matter
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» Existence of Quark-Gluon Plasma (QGP) at extreme temperatures
* Important for
— the evolution of the Early Universe

— the general understanding of the strong interaction
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Study of an extreme state of matter TI.ITI
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« Study of the QGP in heavy-ion
collisions, e.g. Pb-Pb at the LHC

 Collectivity of
introduced by QGP
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Anisotropic Flow

y ® Beam direction Py 4 dN/dg,
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Anisotropic Flow: Transition from anisotropy in coordinate space to
via thermalized medium
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From initial state
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* Initial state (coordinate space) characterised by C,, = c,¢
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From initial state to final state

Y3 ® Beam direction Py 4 dN/dg,

Thermalized
medium

nd,

* Initial state (coordinate space) characterised by C,, = c,¢

- Final state (momentum space) characterised by V,, = v,,e!"¥»
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From initial state to final state — The QGP response

© Beam direction
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* Initial state (coordinate space) characterised by C),

 Final state (momentum space) characterised by V,,

* Linear and non-linear response,
4y _

Vg€
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From initial state to final state — The QGP response
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Symmetry Plane Correlations (SPC)

 Final state: Measurement of single symmetry planes not possible

— Use Symmetry Plane Correlations, e.g. (cos[4(¥4 — ¥5)])

« Comparison of SPC in the initial and final state is sensitive to linear
and non-linear response, e.g.

(cos{A(W — W) = (coslA(® — @)
(cos[A(4 — W3)]) # {cos[4(@ — @)

— Imprint of the hydrodynamic evolution of the system
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New experimental technique for SPC

* Previous work: Scalar Product (SP)-
Method

STAR Collaboration. PRC 66, 034904, 2002
R. S. Bhalerao, J.-Y. Ollitrault, S. Pal. PRC 88, 024909, 2013

« Example:
(v3vy cos[4(Ty — Ts)])

(vz)(v1)

(cos[4(Wy — V2)])sp =
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New experimental technique for SPC

 Previous work: Scalar Product (SP)-
Method

STAR Collaboration. PRC 66, 034904, 2002
R. S. Bhalerao, J.-Y. Ollitrault, S. Pal. PRC 88, 024909, 2013

« Example:
(v3vy cos[4(Ty — Ts)])

(cos[4(Vy — Uy)])sp = 1\ 7,2
(v2) (Vi)

 Problem:

(vavs) # (v2){v])

* New technique for SPC must be
developed!
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New experimental technique for SPC TI.ITI

* Previous work: Scalar Product (SP)-  New: Gaussian Estimator (GE)

Method

STAR Collaboration. PRC 66, 034904, 2002
R. S. Bhalerao, J.-Y. Ollitrault, S. Pal. PRC 88, 024909, 2013

* Modelling of multi-harmonic flow
fluctuations with 2D Gaussian

« Example: « Example:

(v3vy cos[4(Ty — Ts)]) m  (vsvgcos[4(Py — Ps)])

(cos[4(Wy — WUo))gE =/ —

(cos|4(Uy — Ua)|)sp = 4 (v3vg)

(v3)(v1)
» Details see:
A. Bilandzic, ML, S. F. Taghauvi:
“New estimator for symmetry plane

correlations in anisotropic flow analyses”
PRC 102, 024910 — 2020

 Problem:

(vavs) # (v2){v])

* New technique for SPC must be
developed!
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Gaussian Estimator for SPC

« Comparison of GE to SP and "true” value in
IEBE-VISHNU (Pb-Pb /syny = 2.76 TeV)

« Clear improvement over existing SP-
method

* GE reproduces the “true” value of SPC
extremely well in central to mid-central
collisions!

A. Bilandzic, ML, S. F. Taghavi: “New estimator for symmetry plane
correlations in anisotropic flow analyses”, PRC 102, 024910 — 2020
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First experimental results with GE

TUTI

O
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ATLAS results from: ATLAS
Collaboration, Phys. Rev. C 90,
024905, 2014.
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First experimental results with GE

TUTI

!

No initial anisotropy
in coordinate space

— Symmetry planes
only due to random
fluctuations
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ATLAS results from: ATLAS
Collaboration, Phys. Rev. C 90,
024905, 2014.
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First experimental results with GE

TUTI

!

No initial anisotropy
in coordinate space

— Symmetry planes
only due to random
fluctuations
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ATLAS results from: ATLAS
Collaboration, Phys. Rev. C 90,
024905, 2014.

l

Correlated symmetry
planes

e Correlation from initial

state?

 Impact of non-linear
response?
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Correlations between ¥, and ¢y,

« Comparison of state-of-the-art model
TrENTo + iEBE-VISHNU

J. E. Bernhard, J. S. Moreland, and S. A. Bass, “Bayesian estimation
of the specific shear and bulk viscosity of quark—gluon plasma,”
Nature Phys. 15 no. 11, (2019) 1113-1117.

(cos[4(W4 — W,)]) = (cos[4(Dy — Bs)])
(cos[4(Wy — Wy)]) # (cos[d(Py — Do)])
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Correlations between y,, ¥; and Y-

* Probing of linear and non-linear
response of Ys to Y, and Y,

 Linear response dominates in the
model

* Model describes the data extremely
well

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021
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Correlations between four symmetry planes

 First experimental extraction of SPC
between 4 planes

 Proof of feasibility for higher order SPC

 Large difference between data and
models for higher order flow

— Data presents great opportunity for
model tuning

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021
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Summary

» GE estimates SPC more accurately than other
existing methods

 First experimental results from ALICE using the GE
(in total 9 different combinations)

— Currently under preparation for paper proposal

Further Work:

 First cumulant to probe the correlations between
SPC, see

A. Bilandzic, ML, C. Mordasini, S. F. Taghauvi:
“Multivariate cumulants in flow analyses: The Next
Generation”, arXiv 2101.05619

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021
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THANK YOU!
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Backup
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Symmetry Plane Correlations (SPC)

« Initial state: Higher order participant planes from fluctuations
 Final state: Measurement of single symmetry planes not possible

— Use Symmetry Plane Correlations, e.g. (cos[4(T, — ¥5)])

« Comparison of SPC in the initial and final state is sensitive to linear
and non-linear response, e.g.

2 i4(Uy—T 2, id 2 2
v2veVeY2) 1020, 2oy et (P2 o yoowiE |4 - -

— Imprint of the hydrodynamic evolution of the system
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Scalar Product Method

TUTI

* Previous work: Scalar Product (SP)-Method
(cos (c1 V1 + 2¢oWs + ... + 1y V) PRC 66, 034904, 2002

* Problem:
(vpvn,) # (vg) (o)
(vivivg,) # (W) (W) (vp,

New technique for SPC
must be developed!

)

~ (vT'ug? vt cos (e1 Wy + 2o + .+ V)
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Everything is Gaussian if you are brave enough TI.ITI

 Starting point: Modelling of multi-harmonic flow fluctuations
Re =vpt -+ vpkcos (am Uy, + -+ apng Wy, ) and Ry = vyt - vpksin (a1m Uy, + -+ 4+ axng ¥y,
with a 2D Gaussian

 Use this 2D Gaussian to calculate {(cos (a1n1¥,,, + - -+ axngV,, )

— Gaussian Estimator (GE):

e 2 cos(an V¥V, +---+apnpV¥,
<Cos(a,1n1\IJn1 —i_"'—i_aknk\pnk»GE: n Nk ( 1791 F my k'Yk k:)>

! V@R o2

* Details see:
A. Bilandzic, ML, S. F. Taghavi: “New estimator for symmetry plane correlations in
anisotropic flow analyses”, PRC 102, 024910 — 2020

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021 24



Gaussian Estimator for SPC

5

A. Bilandzic, ML, S. F. Taghavi: “New estimator for symmetry plane
correlations in anisotropic flow analyses”, PRC 102, 024910 — 2020
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ALICE - A Large lon Collider Experiment TI.ITI

* Dedicated heavy ion experiment at the LHC

* Inner Tracking System

» Used for PV determination

» SPD clusters for centrality determination

« Time Projection Chamber Yiids &
 Used as the main detector

for track reconstruction (¢, pr ...)

A. Tauro, “ALICE Schematics” (2017), CERN CDS

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021 26


http://cds.cern.ch/record/2263642

Is this all we can do with Symmetry Planes?

Answer: No, there is more

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021



Cumulants

« Cumulants probe the genuine correlation between variables

« Example: Lowest order, two-variate cumulant

CORIDORIOIO

« Cumulants in flow analyses, e.g. symmetric cumulants:

SClm.n) = (2u) - (03) (03)

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021
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Cumulant of Symmetry Plane Correlation (CSC)

Approach: Use SPC as the statistical observables in the cumulant expansion

X, = eib(wc—md)

_ k(T =T,
« Example: @ I“ @@
\F ,I
CSC (4642, 656.3) = 7,(4(@4 W) +6(W6— \113))>_<€i4(\114—1112)><ei6(\1'6—\113)>

Interpretation:
» SPC as static pictures

» CSC as dynamic picture for the evolution of SPC relative to each other

Details see: A. Bilandzic, ML, C. Mordasini, S. F. Taghavi: “Multivariate cumulants
in flow analyses: The Next Generation”, arXiv 2101.05619

Lesch Marcel, IMPRS Recruiting Workshop, 15.11.2021
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Toy Monte Carlo Studies TI.ITI
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5

First model predictions for CSC

A. Bilandzic, ML, C. Mordasini, S. F. Taghavi: “New estimator for symmetry plane correlations in anisotropic flow analyses”, arXiv 2101.05619
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* Non-trivial signal in the initial and final state

« Indication that symmetry plane correlations are (anti-) correlated to each other
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