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Flow harmonics
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The imp

ortance of fluctuations

| I 1 I I | 1 I | | I 1
| ATLAS Preliminary

40-50% j

>Two-particle cumulant ~ V(<v,>%+0?)

- 5 e ATLAS: v, {2} $
| 0 % ATLAS:v, Event Plane
O GI\J’IS:%.«2 Event Plane

0 5 10
p. [GeV]

1-EP Method in between <v,> and

V(<v,>2+02)

Four-particle cumulant ~ V(<v,>2-0?)

{ Measuring the full distribution of EbE v, distribution

completely supercedes these measurements.

Not only do we get the <v > and o but also the full
shape of the distribution.

Large amount of information regarding the initial
geometry and hydrodynamic expansion.



Event by Event flow measurements
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The large acceptance of the ATLAS detector and large multiplicity at LHC makes EbE v,
measurements possible for the first time.
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Azimuthal distribution in single event

= |deal detector:

1+Zv cos(ng—nY¥ )= 1+Z(v cos(ng)+v, sm(n¢))

v, =(cos(ng)), v, =/(sin(ng))

|2 2
= V2, +v




Azimuthal distribution in single event °

= |deal detector:

= Correct for acceptance:

det
Vn,x —> Vn’x —V

n,x

det
Vn’y — Vn’y — Vn’y



Azimuthal distribution in single event

= |deal detector:

= Correct for acceptance:

det
Vn,x —> Vn’x —V

n,x

det
Vn’y — Vn’y — Vn’y

= Correct for efficiency by weighting tracks by 8(771p j



Flow vector distribution & smearing
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Flow vector distribution & smearing
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The v,°°s will differ from the true v, due

to finite multiplicity in the events
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Determining response function

The measured v, vector will fluctuate about the true vector due to finite
number of tracks

The fluctuation will be a 2D Gaussian

Response function will be known if the width of the Gaussian fluctuation
can be determined



Determining response function

Divide the event into two sub-events with roughly equal number of tracks
The fluctuation in each sub-event will be V2 times larger than the full

event
If we take difference between the flow vectors for the two sub-events,

the signal will cancel and we will get the size of the fluctuation



Determining response function

= Estimated by the correlation between “symmetric” subevents
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Use Bayesian unfolding to correct measured v,, distributions
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Basic unfolding performance: v,, 20-25% *
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Dependence on prlor v4 20 25%
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= Despite different initial distribution, all converge for N, =64

= Wide prior converges from above, narrow prior converges from
below.



V)V, probablllty dlstrlbutlons
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Unfoldlng in dlfferent o ranges 20- 25%
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Comparlson to Event- plane v values
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Comparlson to Event- plane v values
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Comparlson to Event- plane v values
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Comparlson to Event- plane v values
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Measuring the hydrodynamic response: v,
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Summary

Measured event-by-event probability distribution of v,-v, in various
centrality bins.

The v, distribution is radial projection of 2D Gaussian in most
central events.
= But significant deviation is seen for >5%

For v,, v, the distributions are consistent with 2D Gaussian for all
centralities

The reduced shape of v, distributions has no p; dependence =»
hydro response independent of p;

p(v,) is inconsistent with p(g,) from Glauber &MC-KLN model.
Also measured a large set of two and three-plane correlations
Both measurements are the first of their kind.

= Provide direct constraints on the hydrodynamic response to initial geometry
fluctuations.
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ATLAS Detector

Tile barrel Tile extended barrel

g% _EM Calorimeters
B -4.9<n<4.9

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

Inner detector

| T] | <2 . 5 LAr electromqgneﬁcm'
barrel

3.2<|Nn|<4.9

= Tracking coverage : [n|<2.5
FCal coverage : 3.2<|n|<4.9 (used to determine Event Planes)

For reaction plane correlations use entire EM calorimeters (-4.9 <n< 4.9 )

ATLAS Collaboration

Stony Brook University

Soumya Mohapatra




Events

Basic unfolding performance: v,, 20-25% *
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Measuring the hydrodynamic response: v,
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Measuring the hydrodynamic response: v,

C ge9ea | ATLAS  Prelifinary F ea ATLAS Pleliminary 7 " ATLAS Preliminary 3
Pb-Pbys,,=2.76 TeV - Pb-Pbys,,=2.76 TeV- Pb-Pbys,,~2.76 TeV]
I-|nt= B !-"b-1 Lnl= B Hb-1 i Lmt= 8 “b-1 T
10 10 4 3
— ] &
> i J
o1 ; T :
0-5% v, 5-10% v, 1 10-15% v, =
1 = ]
—a data pr:-D.S GeV - -8 data pr:-D.S GeV 3 -8 data pT:.-D.E GeV ]
107 = Glauber 0.12¢, L — Glauber 0.1, ; = Glauber 0.10e, ’
- f -1 f—
— MC-KLN 0.12¢, — MC-KLN 0.11¢, 10— MCKLNO.10e, E
MM B B B | 10we o 1 ] —] M B .
0 0.01 0.02 0.03 0.04 0 0.02 0.04 0 0.02 0.04
" oewes.  ATLAS ' Preliminary 7 F e, ATLAS Prelinfinary 1 ATLAS Preliminary ]
Pb-Pbys,,=2.76 TeV o - Pb-Pb §5,,=2.76 Tev Pb-Pby5,,=2.76 TeV]
I—|n|:= S !"‘b-1 | i Lnt= E' L’lb-1 ’ Llnt= 8 I‘lb-1 ’
10 = 10 = 10 =
> 1 ; ) ]
o 20-25% v, 30-35% v, 40-45% v, .
1 3 1F - 1 . -
-e- datap >0.5 GeV . ; -»- data p >0.5 GeV E -e-data p >0.5 GeV L] ;
= Glauber 0.09¢, : [ = Glauber 0.07=, % ] = Glauber 0.06¢, L .
107! — MC-KLM 0.08¢, » = | — MC-KLN 0.08¢, ] — MC-KLN 0.05¢, . 1
| | a1 10°E | 1 i 10" ] ] I =
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06
Vy Vy Vy



EbE distributions
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EbE distributions
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Bayesian unfolding

= Unfolding implemented using RooUnfold package
— True (“cause” corv,) vs measured distribution (“effect” e or v,°s)

Denote response function Aﬁ = P(ﬁ'jlﬂi)

— Unfolding matrix M is determined via iterative procedure

. . . A ;oiter
A o A ‘ﬂ.
c“e”l = Mmre, M:;er = : —_
Zm,k Ami 1jkck

— Prior, c%, can be chosen as input v,°® distribution or it can be chosen to be
closer to the truth by a simple rescaling according to the EP v,



Measuring the two-plane correlations

W _is measured here Y is measured here
DN G
-4.9<n<-0.5 -0.5<n<0.5 0.5<n<4.9

Correlations are measured using EM+Forward calorimerers (-4.9<n<-4.9)

If ¥ is measured in negative half (-4.9<n<-0.5), then ¥ is measured in
positive half of calorimeters (and vice versa).

= Thus same particles are not used in measuring both ¥_and V...

= Removes auto-correlation

There is a An gap of 1 units between the two halves to remove any non-
flow correlations
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Measuring the three-plane correlations

¥y
B [Gap [NNNCHNN Gor NNANEN Gap| B
-4.8<n<-3.3 -2.7<n<-0.5 0.5<n<2.7 3.3<n<4.8
¥ ¥

m

= Y W _and WY, are measured in different parts of the calorimeter.

= Thus same particles are not used in measuring any of the W’s.
= Thus there is no auto-correlation

= Thereis a An gap between any two of the detectors
=  Event mixing is used to remove detector effects



