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Introduction and motivation

Singles: ZI—];)[ oc |+ szn cosn(¢p—P,)

(@, —D, ) correlations

reliminary | Run 169927 ATLAS Preliminary

= Understanding the v, gives understanding of the nature of initial
geometry and fluctuations in it.

= Complementary information can be obtained by studying correlations
between the phases ®, of the v,.



Origin of the event plane correlations

. i . —ind®
Representation of flow vector: T, = (v, cos n®,,, v, sinnd,,) = v,e """
. . *
Hydro response is linear forv,andv;: v «<cg  and @ =P 1.e
U26—22<I>2 X €2€—z2<I>2 7 ,036—236133 X €3€—z3<I>3

Non-linear terms possible for higher n  p.centricities of initial geometry ~ arXiv:1111.6538

vee” P = o, €jem® L, (e 6_12@2) + ...

Hydrodynamic response to eccentricities
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Similarly correlations can occur between three planes of different orders:
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Quantifying the two-plane correlations

The correlations are entirely described by the differential distribution:

dN
events : k = LCM(ma n)
d(k(® - )

The multiplication by the Lowest common multiple, ‘k’ removes the n/m-fold
ambiguity in ®_/D ..

The distribution can be expanded as a Fourier series.
= The Fourier coefficients V/  quantify the strength of the correlation.

ANewors  _ 1., 2) V) cos(jxk(®, - D,,))
d(k(®, - D ) =

V., =(cos(jxk(®, -®,)))

Observables in general: (cos(c1®1 + 2¢oPs... + 1c;P;))
C1 -+ 2(32... + lCl =0
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Accounting for detector resolution

True planes : @

Measured planes: \Pn (different than true planes due to finite detector resolution)

Measure correlation between EP, followed by a simple resolution correction.

. Observed correlator
Desired correlator

\<cosk(CI)n— <cosk(‘P -¥ )>

P ‘Res{k‘{’ }Fes{k‘{’ !

Res{kw, | - \/<c082 (kw, -k, ) ‘

Resolution for individual planes —>

Three plane correlation
<cos(ncn‘1’n +me ¥ + lcl‘Pl)>
Res{nc ¥ (Res{mc W iRes{lcV }

<cos(ncn(Dn +mec O© + ch(Dl)> =



List of correlators measured

(cos 4(D; — Dy))
Two plane | {cos 8(D2 — ®4))
(cos 12(D, — By))
(cos 6(D; — @3))
(cos 6(D2 — Dg))
(cos 6(P3 — Dg))
(cos 12(D3 — Dy))
(cos 10(Dy — @5))

2357 {COS(2D7 + 3D3 — 5P5))
(cos(—8D, + 3D3 + 5D5))
(cos(2D, + 404 — 6D¢))
(cos(—10D; + 4®4 + 6D¢))
(cos(2D, — 6(1)3 + 4(1)4))
(cos(—10DP, + 6@3 + 4D,))

Three plane 246

“2_3_4”




Weighted correlations : Scalar-Product Method’

= Scalar product method (weighted correlations) is improvement of EP method
that takes into consideration Event-by-Event flow fluctuations

=  Each event is weighted by the flow vector magnitude in that event

Swv
q, = i "= Ollitrault 1209.2323
g, =(q, cosn® ,q sinn® ) q,— EW ,w=E_orp, itrau

= The weighted EP correlations are defined as
<cos(c1<I)1 +2cz(I)2....+ncn(I>n)>%<qf‘q§2...q;" cos(c,®, +....+ncn<I)n)>/\/<q12"‘>\/<q22‘73>...\/<q§c">

= The formula for applying resolution corrections becomes:

arXiv:1307.0980
Desired correlator Observed correlator

\ obs c obs,c,
(4,7 % kg, cos(e ¥, + ..t nc,¥,)

<COS(CI(D1+m'+ncn®")>w‘”'ghted B obs,P_obs,N\¢ P_\pN obs,P_obs,N\C, P _\pN
\/<(ql g/ )" cos(e, (¥~ ] ))>\/&1> g ) cos(ne, (7 =)

Resolution for individudl planes (2SE method)



Choice of detectors

Tile barrel Tile extended barrel

ECal+FCal
|r||<4.9

LAr hadronic
end-cap (HEC)
LAr eleciromagnetic 't
end-cap (EMEC) -
>
Inner ~ Default use Calorimeter,
detector ~ IDas cross check
Tracks n|<2.5 N "
LAr electromagnetic <
» y " LAr forward (FCal)

barrel

Subevents used for two-plane correlations and their n coverages
Default ECalFCalp n €(0.5,4.8) ECalFCaly 1 €(-4.8,-0.5)
Cross-check IDp 1 €(0.5,2.5) IDN 1 €(-2.5,-0.5)

Subevents used for three-plane correlations and their n coverages
FCal |n| €(3.3,4.8)|ECaly 1 €(-2.7,-0.5)

ID n €(-1.0,1.0)| IDy 7 €(-2.5,-1.5)

Default ||[ECalp 1 €(0.5,2.7)
IDp 1 €(1.5,2.5)

Cross-check
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Obtaining raw event-plane correlations

Correlation with two planes W _, W

DN cer

wnN’ me LpnP' wmp
ECalFCal -4.8<n<-0.5 ECalFCal 0.5<n<4.8

Each event has two combinations k(W N-w_P) and k(W P-W_N) with the same resolution

So just combine into one measurement

Correlation with three planesW_, W _, W,
WICRURCRUN
| FCal 3.3<|n|<3.8 |

5 [Gap NG Ga» RN Gop| ©

LIJnC' me’ LphC WnA, wmA’ LphA
ECal -2.7<n<-0.5 ECal 0.5<n<2.7

Each event have 3!=6 combinations
A & C are symmetric so only 3 combined measurements: Type 1,2,3

* Gap 1s required to remove autocorrelation, more important for Res.
* Event-mixing to check acceptance effect (planes taken from different events)



Expectations from Glauber model

= Plane directions in configuration space
e =\/<r cos(n¢)> +<r sin(n¢)>

n

r
atan (<r" sin(n¢)> , <r” cos(n¢)>) +7

n

o =

= Expected to be strongly modified by medium
evolution in the final state (qiu and Heinz, arxiv:1208.1200)
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Final-state Correlations
after viscous hydro
evolution

Participant Eccentricities
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Correlation between @, and @,

<cos6(‘{’
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Corrected result

ef’ L ATLAS IIDb+Pb _l_ (cos(Z(bl))wdata I
%N L ASy=2-76TeV g (cos(X®)) data

§ L, =7 ub" (cos(z")), Glauber ]
\/0.0S— — = (cos(Z®*)) Glauber—

|

200

300 400
(N,

Small observed signal, good resolution—=> small corrected signal (<0.02)



Correlation between @, and ®
<c0s4(CI>2 — (I)4 )> <c0s8(CI>2 — (I)4 )> <c0s 12((I>2 — (I>4)>
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= (Coefficients decrease slowly with j, imply a sharp @,-®, correlation.
= Very different from correlations in initial state (Glauber)
= What happens if we include final-state-interactions?



(cos4(CI>2—CI> )

Correlation between @, and ©

<c0s4(CI>2 —(I)4)>
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Correlations beautifully reproduced in AMPT model
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=  AMPT results from arXiv:1307.0980 (Bhalerao et. al.)
"= Model tuned to reproduce v, also reproduces EP correlations
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Correlation of @, or ®, with ©

= | | S I = | | L I
le | ATLAS Pb+Pb —e— (cos(Z0)) data elm FATLAS Pb+Pb =&~ (cos(Zo)) data
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@, and @, weakly correlated, but both strongly correlated with @,.
= They show opposite centrality dependence

= @,-@, correlation may due to average geometry..
= But ®,-D, correlation?

= v, dominated by non-linear contribution: v,3, v;? ?



Correlation of @
(c0s6(, - ,))
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" Final state interactions reproduce the correlations




O, vs O

(cole(CDz—(I)A»

] L) L) L) L) l L) L) L) L) l L) L] L) L) '
r ATLAS Pb+Pb <@~ (cos(Z®)) data

- Y5276 TeV g {cos(Z®)) data

L, =7ub’ e {cOS(Z®")) Glauber 4

(cos1 2(@3-04 )

O
N
1
|
'

{cos(Z®*)) Glauber=

B

0.2+~ -

|

A A A A A A A l
0 100

A A A A l l
200

300 400
N

and ®,vs O

(cole((D,—(I)<)>

—

(cos10(® -®,))
o 2
N

L ' L] L] L)
- ATLAS Pb+Pb

[ Y5.=276TeV g

L.=7upb’

Ll I L] L} L} L]
(cos(Z@); data

—

{cos(Z@%)), Glauber=

{cos(Z®*)} Glauber .

' L L) L] L] l‘

cos(Z®)) data

—

0

100

correlations are weak (< few %)

200

300 400
(N_

part



(cos(20,_+30,-50,))
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Three-plane : “2-3-5" correlation
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»= O, and @, are individually weakly correlated with @,
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20, i3,

Vi€

(~8D, +3D, + 50, )= 3(D, - D,) + 5(0;—D,)

= But (2D, +3D,-5D. ) correlation is non-zero

= Glauber geometry does not match the correlation
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Three-plane : “2-3-5" correlation
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= Glauber geometry does not match the correlation
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Three-plane : “2-3-4” correlation
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Alternative parameterization of initial geometry

Typically initial geometry in Heavy-lon collisions is quantified by the eccentricities €_:

. <rn AN >
5,!Cm¢,“ -
(rm)

In a recent paper (arXiv:1206.1905) Teaney and Yan have pointed out that it
might be better to quantify the initial geometry by cumulants c,

The cumulants are related to the eccentricities by:

—
[
[
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= rei‘z’
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=
W NS

o
(\
&
I
|
e e
™
— | ~—

=5
&3

C.xti“m‘ = — (: [ > 3(22>2] ,
o™ = - s [(2%) —~10() ()]
o7 [~ 15 () — 1042)" + 3022

Cee't?t = —

Is this parameterization better?
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Correlations In initial geometry
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Compare correlation between cumulants to the ATLAS EP correlations

1. Do much better job than the correlations between the €,

See also
arXiv:1312.3689
Teaney & Yan

2. Indicative that when we define initial geometry in terms of €., we have to take into consideration a large

degree on non-linear response in generation of the v,

v e o< g ' + significant non-linear contribution from &, (m < n)

D i® . . .
v e o< ¢ e +small non-linear contribution from ¢, (m < n)
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Dependence on n gap : EP method

Correlation with two planes W _, W
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Dependence on n gap : SP method

Correlation with two planes W _, W
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Event plane correlations: Summary

= ATLAS has measured correlations between two and three event planes
= Significant correlations are observed for

(cos (4(@, —@,))), (cos(8(®, - D,))), (cos (12(P, —®,))), (cos (6(®, —D,))), (cos(6(D, - P,)))
(cos (2D, +3®, —5D5))), (cos (20, +4D, —6®,))) and (cos(~10D, +4®, +6D6)))

= Correlation is very small but nonzero for (cos(6(®,—®,)))
= Correlation is negative for<cos(2cI>2 — 6D, +4cI>4))>

Completely new flow observable

Most non-zero correlations very different than Glauber model € correlations.
Indicate that these are generated dynamically via hydrodynamic evolution.

Qiu and Heinz, arXiv:1208.1200
Teaney and Yan, arXiv:1206.1905

= This measurement provides new constraints for models.
= Further constraints on n/s, initial geometry

Indicate that cumulants might be better parameterization of initial geometry



