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Abstract

We present a measurement of the harmonic flowffomnto, in Pb+Pb collisions at
\/S\w=2.76 TeV using the event plane determined by the Forward Calorimeter (Rcal)
ATLAS which situated symmetrically along the beam line in both the positaed negative
n. Significantv, signals are observed foe2-6 in a broard ranges qiy, centrality and.
We see that th@r dependence of the higher order ffiments (53 and above) has similar
pr dependence ag, namely it increases to about 3-4 GeV and then decreases at Ipigher
however such dependence is quantitatively much stronger than thaedberv,. A simple
scaling relatiory " oc v3/? are found to discribe theseftirentpr dependence rather well.
The centrality dependence of thesuggest that they all increases to mid-central collisions
and then drop towards peripheral collisions. however the level ofalégtvarition is much
smaller forvs — vg than that forv,. We also measured thedependence of tha,, only a
weak decrease within @ || < 2.5 is seen. Suggesting that thgeis almost boost invariant
in a rather larger rapidity window.
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1 Introduction

The central focus of heavy ion program at RHIC and LHC is to undedsttae properties of the strongly
interacting Quark Gluon Plasma (sQGP) created in heavy ion collisions. A cartoobused to study
the properties of the sQGP is the azimuthal anisotropy of particles emitted in tisedrae plane. A
non-zero anisotropy can be traced to the elliptic shape of the initial firebdltlze strong final state
interaction which transfers such spacial asymmetry into the transverse mwm@r) space. Such
final state interactions lead to affextive anisotropic pressure gradient in the overlap region, with a
larger pressure gradient along the short axis of the fireball. Thistamigo pressure gradient drives an
anisotropic collective expansion (or flow) of the fireball, which can beetied via relativistic viscous
hydrodynamic models. The magnitude of the azimuthal anisotropy is sensipivegderties of the sQGP
such as the kinetic viscosity (the ratio of shear viscosity to entropy demsjyand equation of state
(EOS).

Medium
Expansion

Figure 1: The elliptic fireball formed in a heavy-ion collision. There is a g@@ressure gradient along
the minor axis (called reaction plane) than along the major axis. This resultseategyield ofparticles
along the in-plane direction.

If we treat the nucleus a smooth function described by Woods-Saxanaigg then the overlap re-
gion has an almost elliptic shape (see Fig.1). This spatial asymmetry canridiqddy the eccentricity
of of the overlap region.

W2 = (33
- M/ 1
Z T W @
(r2cos a) + (r2sin 2p)
(ré)

where the X, y) and¢ are the position and azimuthal angle of a participating nucleons;’aadck? + 2.
The anisotropy of particles in final momentum space relative to the shortanibe approximated
as

dN/d¢ oc 1 + 2v, coS 2¢ — P2) (2)

WhereW, is the orientation of the short axis(called reaction plane or RPyard cos 2¢—Y¥,)) charac-
terizes the magnitude of the anisotropy. Measurements from RHIC and ugigests that, « e, with
the proportional constant being sensitiveie and EOS. Current best fit of the viscous hydrodynamic
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calculation to RHIC suggestigsto be~ 1-25 timesﬁ, the conjectured lower bound from AT
gravity-gauge dual theory.

Experimentally, the direction of RP is usually estimated using event shapez{thehal distribution
of particles of the whole event). The precision of such estimation depenthedinematic selection of
the particles such asr or n. The estimated direction is known as event plane (EP) to distinguish from
the truth reaction plane.

So far we just considered the elliptic component of the overlap regionernergl, the fireball may
have other higher order shape deformations. This is because edebsiscconsists of finite number of
nucleons whose positions could fluctuate from event to event. Suchdtiarta were shown to lead to
significant event-by-event higher moment shape distortions of the puedgon (see Figure 2).

Figure 2: Fluctuating geometry of an heavy ion collision from Galuber maaleutations.

These shape deformations, similarep can be transferred into higher order azimuthal anisotropy
in the pr space via hydrodynamic evolution. Thus the azimuthal distribution of particégscontains
higher moments of modulation:

dN/dg o< 1+ 2 )" vn cosn(g — W) (3)
n=1

Where¥, is then" order reaction plane and the harmonigs: (cosn(¢ — ¥p)) characterize the strength
of then™ order azimuthal anisotropy.
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Figure 3: Depiction of a heavy-ion collisions showing the elliptic, triangular sgquare anisotropies .
However, instead of the usuel weighting, the deformations relevant fidf order azimuthal anisotropy
were found to take the following form

. = (r"cosng) + {r"sinng)
" (rm

Due to ther" weighting, the higher order harmonics are more sensitive to later stageienad the
fireball, where the fect of the viscosity is more pronounced. The general expectation is thhigher
order harmonic flow should be more strongly damped relative.torhus measurement of thg can
help to constrain the initial geometry and provide independent constraitie &0OS and/s.

Finally, measurement of higher order harmonics also serves very impootand properly interpret
the two-particle correlation results at the RHIC and LHC. These correlatieasurement was aimed
to probe the in-medium modification of jet and dijets in heavy ion collisions. Puswioeasurements
have shown novel long range; correlation structure at the near-side (the ridge) and split double peak
structure at the away-side (the cone). These structures has beel dogreflect medium response to
guenched jets, however they could also be mimicked the presence of bigleercollective harmonic
flow, such a%y, v3, v4. So a direct and detailed measurement ofithalows a systematic decomposition
of medium response from the collective flow.

ATLAS detector is well suited for collective flow measurement in heavy idhisgans. It not only
has an extensive coverage for charged hadromsn(2zimuth and:2.5 units inny) measurement, and
but also provides precision measurement of the event plane (EP) iarbnapidity (33 < n < 4.8).
ATLAS recorded 8b™! high quantity PBPb from last year's heavy ion run. This large high quality
dataset, combined with excellent detector capabilities allow a detailed measticdiarmonic flow to
un-precedented precision. In this note, we present a detaifistteditial measurement of the harmonic
flow v, to vg @s a functionpy, centrality and;. The standard event plane (EP) method with a large
rapidity gap is used.

This note is organized as follows, we first discuss the basic cuts fomditrack selection, we then
present EP measurement, resolution determinatipmeasurement and studies on systematic errors,
followed by the results.

2 Event and Track selections

From Nov6-Dec.6, ATLAS recorded 9.4B ! of Pb+Pb data. The list of runs and cut conditions is
summarized at httpgtwiki.cern.chtwiki/bin/viewauthAtlagHeavylonRunList. In order to select good
events, we also apply some additional cuts to remove background (tleethe aminimum bias cuts):
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e The event must be from a good lumi-block
e The event must pass atleast one of the following triggers (after Ple}sca

MBTS 1.1
MBTS.2.2
MBTS_3_3
MBTS 4.4

L1 ZDC_AND
- L1ZDCAC

e The event must pass LZDC_AND or L1_ZDC_A_C triggers (before prescale)
e It must have good MBTS timing

— |mbtime_timeA| or [mbtime_timeC| must not equal 75 or 0
— |mbtime_timeA — mbtime_timeC| must be less than 3

o |t must have a reconstructed vertex

We also reject small runs (with less thanmd®!). We obtain a total of 45.7 Millons good events
from 34 runs. We also apply [Zix| < 150mm cut and only analyze events wittentrality < 95%
which reduces the number of evente to 37.4M. The list of runs and as=bi@ninosity information is
summarized in Table 1.
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Run Good  Total live events cenb5% &events cert 95% & events
LB Luminosity |z < 250mm |Ztx] < 150mm |Ztx] < 200mm
169045 333 75.6 508461 485299 460903
169136 545 171.7 1158058 1088462 998830
169175 458 376.1 2388525 2240828 2045971
169206 374 186.9 1226132 1144846 1028244
169207 56 76.7 461753 430201 385537
169223 405 378.4 2020777 1865148 1628519
169224 96 45.6 281777 258823 222817
169226 366 257.2 1745883 1630158 1461450
169270 311 298.1 2011015 1873270 1668055
169564 140 123.7 840386 784638 702633
169566 192 126.2 864655 796759 692390
169567 114 69.7 473710 446278 403882
169627 385 364.6 2308700 2131652 1859507
169648 63 66.5 448841 418645 375627
169693 568 396.3 2641298 2446958 2153561
169750 368 199.3 1339548 1255121 1134400
169751 163 96.1 652424 607893 540507
169765 307 161.8 1086637 1014877 907601
169783 63 31.5 211231 199004 183284
169839 222 197.2 1323701 1226869 1077826
169864 240 231.7 1561529 1464078 1325156
169927 575 526.5 3546973 3277671 2869331
169961 326 314.0 2116371 1973672 1749519
169964 93 94.6 636116 600539 543873
169966 121 83.1 550913 518079 468713
170002 462 522.8 3470018 3229078 2839374
170004 409 421.6 2877836 2672519 2347999
170015 161 236.1 1576022 1474166 1306844
170016 206 227.3 1511267 1396119 1205492
170080 27 28.2 188816 178615 162787
170082 117 147.0 982653 922273 824207
170398 380 392.6 2676024 2501053 2218872
170459 295 253.2 1726034 1622258 1457597
170482 212 314.3 2137288 2008045 1802582
Sum 9153 7639.5 49,551,372 46,183,894 41,053,890

Table 1: List of used runs showing the total luminosity, the number of evexssing the trigger cuts
(“events” column).

The centrality class is then defined using the the transverse energytddpo$ Cal to categorize the
event into percentiles. Details of the event centrality selections are doteaierHeavy lon centrality
note. An Example Fcal energy distribution passing the trigger cuts and thesponding centrality
percentile distributions produced using thH&aal centrality definition are shown in Fig. 4.
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Figure 4:E7 distribution if FCal and the corresponding Centrality distribution of events

The charged patrticles used in this analysis are required to pass the fgllouigi(these are the "tight
cuts” also used by the Flow group):

e Number of B-Layer hits- O if expected number of B-layer hitd

Number of Pixel hits> 0

Number of Pixel holes- 0

Number of SCT Hits> 7

Number of SCT Holes2

0.5 < pr < 20GeV

25<n<25
¥2/ndf < 6.0

|dol < 1mm

|Zp X sin@)| < 1mm

3 Methodology

The event plane or EP method involves determining the reaction plane feeainusing one detector and
then measuring the distribution of particles &) about that plane using another detector. A rapidity
gap is required to suppress the auto-correlations between the two deteltterdetailed discussion of
the mathematics of this method is provided in the appendix, here we only ptiesenost relevant steps
and formulas.

The reaction plane angle of a event is defined by the azimuthal anisotfpaytizles in that event;
thus it can be estimated independently using detectors sittingfatetit; region. The large acceptance
and radial segmentation of the ATLAS detectors provide many indepemdgis to measure the EP.
Some of these studies have been documented in he Physics Performpodddtdehe heavy ion group.
This analysis uses the first two layers of the Forward Calorimeter (Fcatde as the reaction plane
detector, which provide reasonable precisiondio vg, while minimizing the auto-correlations with the
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tracks. Once the orientation of thé order reaction plan#, is determined, we then correlate the tracks
reconstructed in the Inner Detector w.r.t this plane to obtaimtivalues.

Figure5 illustrate the idea behind the method. The elongated red blob in this figtive fireball
extended in the; direction. Detector situated atfférentn sees the same collision geometry. Thus
we can use the Fcdédr to measure the orientation of the BR, then correlate the tracks to the EP to
determine the flow cdiicients. Due to flow correlations the- distribution can be expressed as a Fourier
series

inf

dEr/dg = Qo+2 ) [Qulcosn(s - ¥r) @
n=1

where the flow vecto@: can be calculated by summing tEg of individual towers which has a seg-
mentation of L x 0.1 in ¢ andx.

Qn = (Qun. Qun) = (3| Evicos 2. ) Ex,sin25) (5)

The orientation of the Q vector gives the EP angjjg
1 1(%) 1 1(2 ETsin(nqS))

¥, = = tanm = “tam .
"“n T Et sin(ng)

Qun ©

Determine the EP from E- flow in Fcal

Track and Fcal ET are .
cofrelaled o the:same EP Correlate tracks in ID with EP

Figure 5: Schematic description of the event plane method. Both the Reataimndetector, Fcal, and
the tracks are correlated to the same geometry. Thus one can use tlkg Focaheasure the orientation
of the EPY,, then correlate the tracks to the EP to determine the floficants. The rapidity gap
between the two suppress the short range and jet correlations.

Once then™ order event plan&,, is determined, one then correlate it with the tracks from ID to
obtain the raw harmonic cﬁ"mientvﬁbs. However, due to smearing of thig, around truen” order RP
Yren. The observed, is diluted by a resolution factor Reg,}

3—2 o 1+ 22 uncosn(¢ —WYren) =1+ ZZ mRegcosn(p—¥n) =1+ 22 vﬂbscosn(cp -¥)
n=1 n=1 n=1
where

Reg¥n} = (cos(n(¥n - ¥rrn)))
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Thus the observed the observedftieeent need to be corrected by this dilution factor,

0 (cos(n(¢ — ¥n)))

= — ) 7
Reg¥n} ~ (cos(n(¥n — ¥Yren))) (7)

Un

and the main task in EP analysis involves determining the resolution factgraRdsmeasure the raw
harmonic flow signa#S°s.

4 Data reduction

4.1 Reaction plane detector

The Fcal detectors cover pseudo-rapidity range<3|n| < 4.9, and are consists two symmetric subde-
tectors along the beam direction: one on the postiyEcalp) and the other at the negatiygFcaly).
Each fcal detector has three longitudinal segmentations. The first lagerEd calorimeter and the
second and third layers are hadronic calorimeters. Each layer ar&idelddnto cells with 01 x 0.1
segmentation im and¢. We only use cells from the first two layers, as the third layer contains little
energy and is more susceptable to noises; we also restrict the cells indgee3@r || < 4.8,as the first

n segments overlap with EM endcap detector, and thejlasgment has some non-uniformities.

Each of the two fcal detectors can be used to measure the EP. In thisighalgsemployed two
different, but complimentary ways of measuring the event plane. The first che#iiculate the raw
harmonic flow2"s by correlating tracks ir-2.5 < 5 < 2.5 with the combined EP measured by both both
Fcal detectorsHull-Fcal EP); one then apply the correction for the full Fcal resolution to obtain iz fi
vn accoring to Eq. 7. The second method, tracks are correlated with thel&Rlbad with the Fcal in
the opposite hemisphere, i.e tracks wijtk: O (7 < 0) are correlated with the EP obtained fréoal y
(Fcalp), known asSub-Fcal EP; one then apply the correction for the Sub-Fcal resolution to obtain the
final v, accoring to Eqg. 7. This method is illustrated by Figure 6. This second metleadlygmcreases
the rapidity seperation between the tracks and the EP. In comparision withsthmdithod, the average
gap is increased from about 3 units to about 5 units. ifthus the second method is much lefected
by the non-flow correlations. This is especially useful for measuringahiglity dependence of thg.
The downside with the second method, however, is that it has poor RiBtiespand does not measure
the higher order hamornics very well. In this analysis, we present thésdésm both the Full-Fcal and
Sub-Fcal method.

ST B i e T

. S/
. 7 '

4-5 units separation in n

Figure 6: lllustraction of the second EP (Sub-Fcal) method. The tragissitive hemisphere is corre-
lated withFcaly and thos in negative hemisphere withalp.

4.2 Reaction plane calibration

We shall use the Full-Fcal detector to illustrate the calibration procedutesmEthodology discussed
in section 3 assumes an ideal reaction plane detector, that is the azimutloéogyiof the FcaEr

distribution is caused by the physical flow, instead of detecfi@ces. Since the RP direction varies
randomly event to event, such anisotropy should not be correlated wihtdegeometry, thus should
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be averaged out in the ATLAS lab frame. On the other hand, the detdftatsesuch as dead modules
or inefficiencies would lead to false modulation of tBe flow which, after averaged over many events
in the lab frame (so real flow drops out), can be expanded into a Foeriess

dE N . " e
(o) = Q+2) (QF)costw) + Q) sin(e) = Qo+2 ) QA cos(n(@ ~ @n)  (8)
n=1 n=1
where
__ 1, ((QF
= K R 0= st (] ©

Note thatQ[@ should be zero for an ideal detector. A non-z&@” would bias the measured event
plane towards some fixed directidn,.

Figure 7 shows the event averaged ZEP map, or acceptance function, of Full-Fcal#grandz.
Some detector structures are clearly visible. We then project this 2-D distrilmntog axis and expand
itinto a Fourier series according to Eq. 8. Each Fouriefftment can be calculated directly via Discrete
Fourier Transformation. The left panel of Figure 8 shows the 1-D@eaoee function, and the first six
Fourier moments plotted individually around the mean values of the histograeth&vgvith the sum of
all terms up ton = 6 (dashed line). The phases of eax;hb,, are drawn as vertical bars on the same
figure.The Fcal acceptance function shows a significant modulatior-for2)4 and are relatively small
for other moments.

E; (au) °

ll{llulr I||"|'I ||I II| ||1r |||| I| ]

AM.« m

Figure 7: FCal layer 1&ZE+ distribution, intergated from 0-70% centrality range for positive (left) and
negativen(right). The first and lasj slices centered &t/=3.25 andrn|=4.85 are not used in this analysis
and has been excluded from the figures.

n (P side)
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Figure 8: Left: FCalEr layer 1&2 distribution integrated from 0-70% centrality range and overthe
range. Right: same plot obtained from ATLAS GEANT simulations with HIJING.

The right panel of Figure 8 shows the same plot obtained from ATLASN@GJsimulati on, it only
shows a significant#al component and even that is somewhat out of phase with what is ot Sesue
the data. This suggests that more tuning of FCal simulation is required intorgesperly represent the
structures seen in the data.

To eliminate the EP biases due to detectfe@s, we use a standard procedure of re-centering and
flattening methods employed by the RHIC experiments (see Appendix 7.5 te4tentering step, the
flow vectors are shifted and normalized by its mean and width

- = QR

Qx,n =—, Qy,n =

e oQw

(10)

Any residual high order distortion can be removed using the flattening meithodyich the reaction
plane angle calculated after the re-centeriffg, = tan*l(%), is corrected by a angl@¥, that is a
function of the¥, itself: ’

¥, — Yo+, (11)
o 2

ne¥, = D [—(sinkn¥},)) coskn¥p) + (coskn¥y)) sin(kn¥y)]
k=1

this procedure basically force the final distribution to be uniform (sincedisgibution true reaction
plane angle is distribution uniform in azimuth. ) at a small cost of the resofutie chooSémax = 10

in this analysis. We tried othd¢,x values, the results are essentially identical. So we conclude no
systematic uncertainty due to choicekpf, is necessary.

The detector biases on the EP, if purely due to detector acceptancéi@ieney, should be large in-
dependent of the occupancy. On the other hand, the biases couldsésioam detector mis-calibrations,
such as residual non-linearity or noises that might depend on the ouupeso total energy of the Fcal
also fluctuate event to event, thus the amount €fft’ would also be multiplicity dependent. Thus we
apply the re-centering and flattening corrections in 1% centrality bins amdgttoeip them into larger
centrality bins. These calibration procedure is also done independentgaéb harmonic plane. Fig-
ure 9 shows the second to sixth event plane distributions for FCal with @hdut’the re-centering and
flattening calibration. Most of the corrections arises from the a singleméedng procedure, while the
flattening step has very littleffect. This suggests that the raw Q vector distribution has no additional

1There are many ways to make the EP distribution to be flat, each would ppéesgnted by its own resolution, and
subsequently its own measurggsignal for tracks. In principle one can apply the flattening procedureowitre-centering,
but that would worsen the resolution.
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anomalies other than a simple global shift from origin. Such anomaly would, dasexample, if the
detector has higherigciency atng andng + = which would stretch the Q vector distribution to be an
elliptic shape pointing tog, but has no net shift.
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Figure 9: The f&ects of the reaction plane angle calibration for Full-Fcal detector fiea2 ton = 6.
A central bin (top) and mid-central bin (bottom) are used. One can seththatost of the calibration
arises from the re-centering step.

If the most of the corrections arises from a global shift of the Q vectshadtld be correlated among

different centrality, Figure 10 shows tk‘@@) values obtained fon = 1 — 6 in 5% centrality bin steps.
Left panel show a very nice correlations between directions of the éhiftifferent centrality selections
(the points for given color corresponds tdfdrent centrality) for alin values. The relative spacing
between the this and next centrality point are also highly correlated amdliegedtn values (right
panel), suggesting that the magnitude of the shift is proportional to totatifacsverse energy. This
correlation of shift direction betweenftkrent centrality can be better seen in Figure 11, where we plot
directly the magnitude of the shift versus the direction of the shift. We alsdayvevith the direction
obtained directly from Fourier analysis of tl&g map as shown in Figure 8. We see they agree very
well with the directions obtained in the calibration procedure. Small deviaties ddses in peripheral
collisions, especially fon = 5. On the other hand, this is the region where the magnitude of the average
shift (@) is less than 1 GeV (usually 100 MeV) where it is start to be sensitive to detewiges and
residual calibrations. It is actually amazing to see that we can pick up thisagndependent detector
effects, which is only« 1% level of the totaEr in peripheral collisions.
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Figure 10: Left: the average flow vector for six harmonievg, each one has 10-18 points each cor-
responding to a 5% centrality bin. Right: the average flow vector dividethéynost central bin 5%
result.
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Figure 11: The average flow vector plotted in polar coordinate systemnfindg vs the angle). Left:
nd,, right ®,. The lines indicates those obtained directly from Esemap shown in the left panel of
Figure 8.

Looking at Figure 11 and 9 together, we can make the following interestisgradtions. First we
see the peak position of the raw event plane direction in 9 are tightly codelatie the direction of
the average shift vectom¥,,, order by order. However the magnitude of the peak strongly depends o
nvalue. This is because the magnitude of the peak depends on the relagjtre déthe physical flow
vector and average shift of the flow vector. The flow vector is largest &£ 2 and are small fon > 4.

On the other hand the magnitude of the average shift, hence the accegffanteas shown by the left
panel of the Figurell is large for = 4 and 1, thus they have the strongefeet for Q1 and Q4. In
the left panel of Figurell, the magnitude of the false flow vector relatiaéoage valueQi&’/Qo, is
1.45%, 0.5%, 0.2%, 1.1%, 0.08%, and 0.25%rfer 1 — 6, respectively.

We check the stability of the Fcal detector and its influence on the reactioa plaasurement by
checking the run by run dependenchﬁ” and¥/?”. They are shown in Figure 12. As one see they are
stable throughout the runs.
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Figure 12: Run dependence of the average shift in Q vectors for @fpanels) and 25-30% (bottom
panels) centrality selections.

After the calibration is applied, the Q vector angle should be uniformly distbint¢éhe transverse
plane, centered at the origin. One can think it as a vector with finite lengttingpteandomly event
by event around the origin (thus the mean value of the X,y projections sheutdro). Thus when the
resolution is good, the Q vector distribution should appear a ring centeveddorigin as illustrated
by Figurel3. The magnitude of the Q vector relative to the width of the ritfigcts the precision with
which we can measure the Q vector. This ratio is caflednd directly relates to the resolution factor
ReqW¥,}. Figure 14 shows the Q vector distribution obtained from data for the ful &etector for
n = 2. We clearly see that the mean radial position of Q vector is non zero addrraorientation
gives rise to the ring like structure. This is the first time that we have everaeiag like structure in
Heavy ion collisions, thanks to the excellent detector resolution provideélddaXTLAS. The method of
determining the reaction plane resolution is centered around calculatinglties wdy and estimating
the associated systematic errors.
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Figure 13: Cartoon showing the Q vector that has finite length but randiemtation.
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Figure 14: The experimentally measured Q vector distributions from Full-fe€a = 2 and several
centrality selections, they are normalized according to Eg.10

4.3 Methods for calculating reaction plane resolution

All the results in this section are derived in the appendix section 7.6. Helj@swenention the final
formulae. As mentioned earliey,is the single most important parameter in determining the resolution
caorrection. Since it is given by the ratio of strength of the flow divided Iflilctuation term, we expect
 is proportional to average flow strength of each and the square rooinaber of particles in the Fcal
acceptance.

x o« vn VN (12)

It was shown that if fluctuations of the spread particle flow around the melue is Gaussian, the
resolution factor for a detector is related to jhealue as (see Eq. 61) :
Req®,} = (COSPA®,,) = X—*/_ 7 [Io( )+ (X )] (13)
x can be obtained from thevo-sub-event method which divides a given reaction plane detector into
two sub-detectors covering equal but oppositanges, one in positive and one in negative hemisphere,
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such that the two sub-detectors have the same resolution. The symmetogiween the positive and
negative side of Fcal provide such a natural division. The distributidifference of the two event plane
angles¥;, = ¥F —¥N, can be parametrized with an analytical function of the sub-detggtse= v/ V2)
as (see Eq.63) :

dN e Xab

dany;, 2

21442 + 2062 + Lo@) + (112 + Li2) (14

Wherez = Xgub cosfiAYy), I, is the modified Bessel functions of the first kind angdis the modified
Struve function.

We can derivey value directly by fitting the measuretN/dAW}, distribution; or we first calculate
the sub-event resolution frodN/dAY;, distribution (see Eq.68):

(cosOIPE™ — Wrpal)) = |/ (COSOLTE — WA,

This resolution can be directly used in the Sub-Rrgalnalysis. However if we want to do the Full-Fcal
vy analysis, we need to calculate thgy value for the sub-event with Eq.13, and then obtain the full
eventy asy = V2yab. Oncey is obtained, we then plug back it into Eq.13 to obtain the full event
resolution.

The two-sub-event method has the disadvantage that it relies on the dissuthpt the two sub-
detectors have the same resolution. The second method, kndWwreassub-event method calculates
Regq¥,} of a given detectoA directly from the correlation of its event plane with those of two other
detectors sitting at ¢fierenty windowsB andC,

(cos(n(wh - B))) (cos(n (¥4 - ¥F)))
(oo )

We denote the resolution obtained this way as A-B-C three-sub-event meffiuel three-sub-event
method does not require to determine thénstead Re&A} is obtained directly, one can then calculate
they using EqQ. 13. The second advantage of the three-sub-event methat] fettla given detectok, we
can have many choices 8fandC, which provide independent estimates. The drawback though is that
the precision with which one can determine the {#g$now also depends on the reference detectors we
choose, that is, if we choose reference detectors with poor resolthiemthe RedF,\} obtained would
have large systematic errors.

We now present results from the two-subevent and three-subeudigsof reaction plane resolution
for both the Full-Fcal and Sub-Fcal.

Reg¥4) = (cosq(¥h — Pren))) = (15)

4.4 Resolution from two-sub-event method

In Fig.15 we show some of th&s — ¥\ distributions for the FCal. Also shown are the fits to the
functional form in Eg.14. One can obtained the Sub-Fcal resolution dithrarfit (obtainy g, then use
Eq.68) or calculate it directly via Eq. 15. For the Full-Fcal resolution, ve ¢ialculate thg ¢, directly
from the Eq 15 or obtain it from this fit. After that the= V2y« for Full-Fcal is calculated, and its
resolution can be obtained from Eq.68.
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Figure 15:¥p — Wy distributions for FCal for two dferent 10% centrality bins. Also shown is the fit to
the functional form in Eq.14 used to obtain the valug gf,

Figure 16 show the ratio of the full-Fcal resolution obtained using these lighttlg different ap-
proaches; the same comparison for sub-Fcal resolution is shown ineFigurThe results agree with
each other very well for al, only a 0.5% (1%) systematic deviation is observedifer2 in mid-central
collisions for Full-Fcal(Sub-Fcal), with the fitting method giving a higher valllas is the region where
Yp — ¥y distribution deviates from the fit. We shall include thigfelience in the final systematic error
table.
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Figure 16: The ratio of the full Fcal resolution for two methods of obtainirfgFcal y: fitting of the
two sub-event distribution or calculating via Eq 15 .
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Figure 17: The ratio of the Sub-Fcal resolution between fitting of the tweeseht distribution or
calculating directly via Eq 15 .

The two sub-event method is our main method for obtainingytla@d hence the resolution of the
FCal. The resolution that we obtain from this method is the resolution that wéousaculate our
final results. However, we have carried out a detailed study of thrieegent method to estimate the
systematic uncertainty associated with the FCal resolution.

45 Resolution from three-sub-event methods

As we said earlier, the main advantage of three-sub-event method is that

¢ |t makes no assumptions about the functional form of the dispersion distritof ¥, relative to
‘I’RPJ‘]

e We can directly calculate the resolution of the full FCal, as opposed to theutwveveent method,
which gave us the resolution of the sub-deteckCélp/FCaly) which we used to obtain the full
resolution

On the other hand, the three detectors has to be well separatethinrder to minimize the auto-
correlations. also the reference detec®r(dC) themselves must have good resolution, otherwise the
resolution for detectof obtained from this method would have large statistical and systematic error.

4.5.1 Detectors used for three sub-event study

The large coverage of the ATLAS Electro-magnetic Calorimeter (EMCatgrysncluding Barral EM-
Cal (n| < 1.5) and Endcap (b < |n| < 3.2) with fine segmentation, allows a very flexible choices of
the B andC. For the three-sub-event study, we choose the EM barrel calorintdeteote as EMB), EM
endcap calorimeter (denote as EMC), and tracks from Inner deteetoot@as ID) as the nominal set of
reference detectors. These detectors are then divided into a setdémctors each covering 0.5 unitin
n. In total we have 22 calorimeter segments and 10 inner detector segmeaetsreldtive positions in

n are illustrated by Figure 18. The naming convention for the detectors ueddtad in Table 2. The
names refer to detector with both the positivend negativey segments. When just one side is used we
add a subscript, for exampkeM By would refer to the EMcal barrel detector on the negaiive
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Fcal N HM barre EM endcap| | Fcal P
Tracks friom Jnnef detector 3.2 3.3 4.8

1.5 2.5

Figure 18: A schematic representation of the detectors(besides the B€dljruthe three sub-event
calculations. See Table.2 for the descriptions. The detectors areesfgedy red-lines. The other two
detectors are : EMB (all grey boxes) EMEC (all purple boxes).

| Detector|  Name | Description | Il coverage] Calorimeter-Layers \
1 EMBO EMcal Barrel 0-0.5 presamplayerl,2
2 EMB1 EMcal Barrel 0.5-15 presamplayerl,2
3 EMB2 EM Barrel 0-15 sum of Detectors 1 and 2
4 EMEO EMcal End Cap 1.5-21 presamplayerl,2
5 EME1 EMcal End Cap 1.5-2.7 Detector 4+
presamplayerl,2,3for 2L < n < 2.7
6 EME2 EMcal End Cap 1.5-3.2 Detector 4
presamplayerl,2 for 27 < n < 3.2
7 EMB1EMEO | EM Barrel+ End Cap| 0.5-2.1 sum of Detectors 2 and 4
8 IDO Inner Detector 0.5-2.0 charged particlepr > 0.5 GeV
9 ID1 Inner Detector 0-2.5 charged particlepr > 0.5 GeV

Table 2: Detectors used in the three sub-event method to determine FulaR€8lub-Fcal resolution.
If only one side of the detector is used, we use a substript “N” or “P” técatd the either negative or
the positiven.

4.5.2 Three types of three-sub-event studies

To suppress the short range correlations, a minimum 1 unit separationasing the three detectors.
We have performed many three-sub-event studies, and they candigydivided in to three types. In
Type-I analysisA is chosen to be the Full Fcal, alandC are chosen such as to be symmetrie-in
and -7, one example ig;| < 0.5 for B and 15 < || < 2.0 for C. The list of combinations used are listed
in Table 3.Note the choice @ andC are such that they totally symmetric with respectialy and
Fcalp. The advantage of this type is that we can calculate the resolution for fallelitectly. However
by definition this method is not designed for Sub-Fcal method.
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Type-I checks
Checkl FCal- EMBO - EMEO
Check2 FCal- EMB1p - EMB1y
Check3| FCal- EMB1EMEG - EMB1EMEQ\
Check4 FCal- EMEOr — EMEOQy

Table 3: A list of Type-l combinations, they can only be used for Full-Feablution. See Table.2 for
description of the detectors.

Fig.19 shows the Full-Fcal resolution for= 2 — 6 obtained for thdé-cal for various Type-1 combi-
nations as a function of centrality. We also show the resolution obtainedifretwo sub-event method.
The diferent combinations have been given smékets on the x-axis so that they can be clearly seen.
Fig.20 shows the ratios to the two-sub-event method resultsn Foe, the ratios is systematicall be-
low one in central collisions by up to 5% and then become about 1% in mid-tealiigions, then the
ratio spread out in peripheral collisions by aba#%. Forn = 3 and 4, we see a small systematically
increasing trend of the ratio towards peripheral collisions, but the ehsngithin 3%. Fom = 5, the
ratio is systematicall above one and increases toward more peripherabaosllis about 5-10%. For
n = 6, we see there is a large spead of the ratios with ab80% variation, and in some cases, the ratio
is systematically lower than 1.
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Figure 19: The full-fcal resolutions fap — vg obtained for the fulFcal from Type-I combinations. The
full-fcal resolution obtained from the two sub-event method is also showeomparison. Error bars are
statistical only.
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Figure 20: The ratio of Full-Fcal resolutions fer— vg obtained for the fulFCal from Type-lI combina-

tions to the ones obtained from the two sub-event method. Error bartasistical errors. The vertical
dashed red line indicates the centrality range over which we will quote olirdisualts.

In Type-Il analysis, we chosA andB as FcalN and FcalP, and chaSgrom the list of reference
detectors. DetectofS has am separation- 1 form bothFcalp/y and is symmetrically placed in between
them. This allow us to calculate the resolution Faralp from Eq. 15. We then swap thandB while
keep the sam€ and calculate the resolution féicaly. We then calculatg values for the FcalN and

FcalP according to Eq 13, then combine them to get the full fcal ,/)(ﬁcalN +X§ca|p- Finally use

Eq 13 again to obtain the resolution for Full-Fcal. In total 5 Type-Il chee&re performed as listed in
Table 4. Note that sincEcalp or Fcaly resolution is calculated at the intermediate step, it can also used
for the Sub-Fcal method.

Type-Il checks
Checkl FCalk — EMBO - FCab and FCa — EMBO - FCal
Check2 FCak - EMB1 - FCab and FCa — EMB1 - FCal
Check3 FCal — EME1- FCab and FCa - EME1 - FCaly
Check4 FCal - EMB2 - FCab and FCa — EMB2 - FCal
Check5| FCaly — EMB1EMEO- FCab and FCa - EMB1EMEOQO- FCaly

Table 4: A list of Type-ll combinations, they can be used to calulate resaoltdidoth the Full-Fcal and
Sub-Fcal. See Table 2 for description of the detectors.

This method is similar to the two-sub-event method, as one can see from thverfigllequation,

cqpreny _ | ACoS(n(¥n™ — ¥R))) (cos(n(#n = - wn "))
Red¥ "} \ <cos(n (‘PrﬁcalN ~ ‘PE)» (16)

(cos(n(¥hN — wE))) (cos(n (WFP — wieN)))

\ (cos(n (W - wB)))

In fact cogn (5™ - ¥8)) and cogn(¥{*” - ¥E)) would cancel out with each other if their resolu-
tion are the same, and the end results would be identical to the two-subteweata Eq. 15. However

Req¥h @) (17)
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the main advantage here is that we do not need to assume the FcalN and Fealf same resolution
explicitly.

Fig.21 shows the ratio of Full-Fcal resolutions foe 2 — 6 obtained for~cal from Type-ll combi-
nations to the ones obtained from the two sub-event method as a functientadlity. Same ratios are
also shown for Sub-Fcal resolutions in Figure 22. We see that agrééoné&iull-Fcal are very good for
all harmonics and we do not see any systematic variation of the ratios witkaligniFhe only noticible
difference is about 1% downward shift of the ratiosrioe 3 and 5, and a 2% downward shift of the
ratios forn = 4. The agreements for the Sub-Fcal resolutions are even better faralbhics, and we
do not see any visible fiernces. This suggest the assumption assumption made in the two sub-event
method thatcalp andFCaly have identical resolution is justified.
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Figure 21: The ratio of Full-Fcal resolutions far — vs obtained forFCal, from Type-ll combinations
to the ones obtained from the two sub-event method. Error bars are sahestars.
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Figure 22: The ratio of Sub-Fcal resolutions fer— v obtained forFCal, from Type-Il combinations
to the ones obtained from the two sub-event method. Error bars are sthestars.

In Type Il analysis, the Sub-Fcal resolution is calculated for two siddscal separately in two
separate three sub-event studies, and then combined according totteerdfarmula Eq.13 and 15 that
relates the two sub-detector resolution to the the full detector resolution. thiiteetector® andC
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are any two detectors that haverpseparation greater than 1.0 from the first detedt@d] , or FCalp)

and from each other. The mainfldirence from Type-Il check is that the reference detector B and C are
chosen to be just half at either P or N side, but the choice are total symnuetticef two cases. As
listed in Table 5, a total of 6 Type-Ill checks were performed. Againesiealp or Fcaly resolution is
calculated at the intermediate step, it can also used for the Sub-Fcal method.

Type-lll checks
Checkl FCap — EMB2p — EME2y and FCal - EMB2y — EME2
Check2 FCak - EMB1p — EME2\ and FCal - EMB1y — EME2p
Check3| FCap - EMB1EMEG> - EMB1EME1y and FCa| - EMB1EMEQy - EMB1EME1
Check4 FCab - EMB1EMEG®: - IDOy and FCal - EMB1EMEQ\ — IDOp
Check5 FCab — ID1p — EMB1EMEQ\ and FCa\, — ID1y - EMB1EMEQG>
Check6 FCab — IDOp — EMEy and FCa\, — IDOy — EMEp

Table 5: A list of Type-Ill combinations where eithEcalp or Fcaly is chosen as the first detector (but
they are not used at the same time as in Type-Il case). They can be usddl&be resolution for both
the Full-Fcal and Sub-Fcal. See Table 2 for description of the detectors.

Figure 23 shows the ratio of Full-Fcal resolutions foe 2 — 6 obtained forFcal from Type-ll|
combinations to the ones obtained from the two sub-event method as a fuottentrality.We see
extremely good agreement with the two sub-event values fer 2 except in peripheral events. For
n = 3 andn = 4, the three sub-event values are systematically higher than the two sabvalues
but are within~ 4% in the chosen region. For= 5, we see that the ratio is systematically larger than
one by about 10% in peripheral collisions, Fot 6, the three-sub-event results are now systematically
lower than those obtained from two-sub-event methods by as much as 30ib-aentral and peripheral
collisions. Same ratios for Sub-Fcal resolutions are shown in Figure@4y#tematic trends as function
of centrality are quite similar as the Full-Fcal case. However we see thaetteidn for =2, 3 and 4
are somewhat larger (but remains independent of centrality), reaahimg 5% for both a3 and r=4.
The level of deviation for 85 and 6, however are quite similar to that for the Full-Fcal case.
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Figure 23: The ratio of Full-Fcal resolutions far— v obtained forFCal, from Type-lll combinations
to the ones obtained from the two sub-event method. Error bars are shhgstars.
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Figure 24: The ratio of Sub-Fcal resolutions fier- ve obtained forFCal, from Type-Ill combinations
to the ones obtained from the two sub-event method. Error bars are sthéstars.

To put all these results together we compiled an systematic error table in TafflkeSerror are
chosen, such that it covers the systematics for both the Full-Fcal an&&liimethods. In general, the
spread of these flerent estimates is less than 5% foe 2 — 4, grow to about 5-7% fon = 5 and about
30% forn = 6. To account for the systematic and sizablgedence between the three and two sub-event
methods fom = 5 and 6, we apply a 5% upward correction foe 5 and a 15% downward correction
for n = 6 on the two-sub-event resolution to particially account for this systemdiereinces. Also note
that the size of the speard between three and two sub-event methodtelsoide the range in centrality

425

426

427

428

429

430

we used to present our final results. It is 0-80% ifgr0-70% forvsz andv4, and 0-50% fows anduvg
beyond which the error becomes too large.

centrality | 0-20% 20-40% 40-50% | 50-70% | 70-80%
n=2 0.05-0.02| 0.015-0.01| 0.015-0.02| 0.03-0.04| 0.04-0.06
n=3 0.03 0.03 0.03 0.03-0.05
n=4 0.04 0.04 0.04 0.04-0.05
n=5 0.1 0.1 0.1
n=6 0.3 0.3 0.3

Table 6: Summary of the systematic errors for the reaction plane resolutom®th Full-Fcal and
Sub-Fcal method.

Figure 25 summarize the R&4,} andy values together with the systematic errors for the Full-fcal

detector. similar plot for the Sub-Fcal detector is shown in Figure 26. Natdlhhb statistical errors on

the Full-fcal and Sub-Fcal resolution are almost identical, as they arerated from the same two-sub-

event resolution (but the error ofPS is larger for sub-fcal than for Full-fcal).
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Figure 25: The final resolution (left) and (right) values for the full-Fcal detector together with the
syetmatic error band.
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Figure 26: The final resolution (left) angd (right) values for the sub-Fcal detector together with the
syetmatic error band.

4.6 Determination of the rawu, (12>)

In this section, we describe how the rayw(u2) is calculated, and we shall use the Full-Fcal to illustrate
the procedure. As explained in the Appendix (7.3), &ff is the value of then™ order harmonic
calculated by directly measuring the distribution of the particles abouttteeder event plane. This has
to be corrected by the reaction plane resolution to obtain thejtrualue.

For each event, we calculate the corrected event plane @fydier a given reaction plane detector.
Then we bin the azimuthal angle relative to the BB & ¢ —¥,,) and obtain the distributiodN/d (nAg).
Note that we multiply byn such that the full distribution is a even periodical function with a unit range
from —r to 7. Examples of such distribution in 2nd, 3rd and 4th event plane (foldedname time into
0 - 7 since it is an even function) are shown in Figure 27. We have 48 binsifrgriane fA¢ = 0) to
the out of plane directiomA¢ = 7). The raw flow signal can be obtained by expanding the distribution
with a Fourier series.

dN/dA¢ = A(L + 203°S cosnAg + 2032 cos DA + ..) (18)
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WhereA¢y = ¢ — ¥n. However, instead of a least chi square fit, we calculate the Fourigiaieets
directly via Discrete Fourier Transformation (DFT) as :

obs 2o Ci cOsknAg;
n Z|4:80 G

k=1,23. (19)

whereC; is the number of counts in a giveéy®; bin, a small bin shift correction has been applied as well.

Note that higher order harmonic flow can appear at lower order evené glue to physical corre-
lations between dlierent order of plane. In general, one can measutedwer flow inn" order plane
wherek = 1,2, 3...... This higher moments in a fix order plane are so called mixed harmonics, which is
not a topic of current study. We just show its existance in the harmoniesnederization

dN/dgp o< 1+ 2 )" v COSkn(g — ) (20)
k=1

See the appendix (section 7.4) for a brief discussion on the mixed harmonics

We noticed that the meaky of charged hadron in a given bin is not necessarily located at the center
of the bin. This leads to a bin shift correction, defined as the ratio of thexgeeyield to the expected
yield at the bin center. This correction4sc 1% for k value up to 3, but wgwnevertheless applied it. The
final vy, is then obtained by applying the resolution correlatiom@s= %&,km) for each centrality and
pr selections and values of k and n.
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Figure 27: The azimuthal distribution of charged patrticles in 2-3 @eMative to theV, determined by
the FCall2 for 20-30%.

To see the contributions fromfiirent order of mixed harmonics to the. We calculate the expected
distributions using the valueg, values but truncated the formula Eq. 18 to include only the first few
harmonics. The red line in Figure 27 shows the distribution including only thedbarder (k1) term,

i.e. only thev, term inn" harmonic plane, while the black line include the contributions up=t8.R\e
can see that the mixed harmonic contribution in the 2nd order event planaily clequired. However
higher order contribution in the 3rd order event plane is already veryl,samd it becomes negligible in
the 4th order event plane.

4.7 Residuaksin(ng — ¥,)) values in¥, plane

The flattening procedure applied to the event plane is to ensure the distributienflat, and removes
any detector #iect. One way to check wether there are any residual deteffemnt® that may lead to
artifical correlation between tracks and the EP is to calcualte the sin compafntbiet distribution of
tracks with respect to the EP:

S = (sinn(g — Pn)) (21)
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This term should vanish since the reaction plane seen by the tracks is thplsameas measured by the
Full-Fcal or Sub-Fcal. We quanty this residual sin term by taking the rat&§®®fto the observed cos
term charactorized by thé&s,

The results for this check are shown in Figure 28 and 31 for severabtiéy selections for Full-Fcal
(Since the same two-sub-event method are used. This residual sin témost mentical for Sub-Fcal).
One does see small but significant sin signal for particle relative to theumeebEP. Thet®s signal rel-
ative tou2s seems to be independgmt, suggesting that this is a residu#fleets of the EP determination
that dfects all particles indepndent of their momentum. However, we do not seebaigus centrality
dependence for such shifts, suggesting if may arise from the residualation between the Inner De-
tector and Fcal (for example deadarea appearing at the gdmoation). A conservative estimate of the
shift is about 0.5% , 1% , 2% and 4% far= 2, 3, 4, and 5 respectively and they are always show a
negative value. However far= 6 shift is significantly larger and it is positive with an average deviation
of about 10%.
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Figure 28: The ratio of raw observed sin terg’f) to the cos term:£*S) as function ofpr for 0-5%
centrality
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Figure 29: The ratio of raw observed sin tergf’f) to the cos termu£S) as function ofpr for 20-30%
centrality
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Figure 30: The ratio of raw observed sin tergf’f) to the cos termu°s) as function ofpr for 30-40%
centrality
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Figure 31: The ratio of raw observed sin tergff) to the cos termigS) for n = 2 — 4 as function ofpr
for 50-60% (top) and 60-70% (bottom) centrality

5 Systematic errors discussion

5.1 Resolution correction andsSs

Sincevu, is calcualted as the ratio mﬂbs to the resolution factor R@¥,}, so the all the systematic
uncertainty arise from these two factors. The systematic error on thkitiesocorrection has been
evaluated with the three sub-event method, while those forJtfeare evaluated by the sin term for
distribution of tracks relative to the EP. Both of these two sources of Ba®been discussed and final
uncertainty has been obtained. However in addition to these studies, we stigo check the stablity
of the results against the track and event selection we used in this andlyaisnclude the track cuts,
centrality selection, and run by run variation of thhe We only use the Full-Fcal results for this check,
since the results are essentially the same for Sub-Fcal. We shall focussersiburces of uncertainty in
this section.

5.2 Hfect of Tracking Cuts onuvy,

As we did with the correlation analysis, we check to see if the cutgdor sin(d) anddO affect the
measured flow harmonics or not. As before, we choose thfesreht classes of cuts:

1. The standart “Tight cuts”’d0 < Immandz0 < 1mm
2. 350 cuts :d0 < 3.504p andz0 sin) < 3.50z
3. 100 cuts :d0 < og4g andz0 sin) < ozo

whereoqo,0 are given by:

0do

0182 \?

2
0.252 ) (22)
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ThedgUt andzgUt are momentum dependent 1 standard deviation value dfthedz, distributions. They
are obtained by fitting thdy andzy distributions inpr slices with double Gauss. The fit results for a
representative central and peripheral bins are shown in Figure 32.

z0sin(B) (mm)

TR TR TR TR TR TN I
5 10 15 20 25 30 35 40 45 5
pTGeV/c

R
P, GeV/c

oo | SEeeS FEETE P

5 10 15 20 25 30

Figure 32:d0 andz0sin(9) distributions for tracks as a function pf.. The red curves indicate the
dependent cuts (used on top of them cuts).

Figure 33-36 summarize the varation of theas functionpr for several centrality selections. The
variation is quantified in terms of the ratios betweendheith the matching cuts and without matching
cut. We see in general the variation is small for @l centrality selections fon = 2,3 and 4, but are
somewhat larger fon = 5 and 6. We also notice a small but significgmt dependence especially at
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Figure 33: Ratios of the Full-Fca}, for tracks with matching cuts to those without matching cudgo
andzp sind. This is for 0-5% most central events.

pr < 2 GeV in most central collisions. Such variation can be up to 2%rat 0.5 GeV, suggesting
that thev,s are slightly smaller when a tight cut is used. This can be understood feosh#nging of
the particle mixture when a tight matching is used. Namely, the protons and tewh$o have large
multiple scattering than that for charged pions, so they tends to have brmatighing distribution and
wold be preferablely removed when a tigher cut is used. In addition, #eedewn contribution also
tends to have larger matching distribution as well. If these particle specieaHtaxgew,, then a tighter
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matching cut tends to throw them away, leading to a smalleHowever thispr dependence seems is

only significant for 0-5% most central collisions.
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Figure 34: Ratios of the Full-Fca}, for tracks with matching cuts to those without matching cudgo
andzp sind. This is for 20-30% most central events.

Ratios to Tight cuts
30-40% centrality
—@— 3.50/Tight
—&— 1o/Tight

V, ratios

imrmrmi

v, ratios

Vg ratios

1.03F

1.02F

0.98F

Vv, ratios

Vv ratios

1.03F
1.02F

1.01F

0.99F

0.98F

1.6F
14F

1.2F

0.8F

s
15

L
2 25

p. (GeV)

s
3

L
35

hal

Figure 35: Ratios of the Full-Fca}, for tracks with matching cuts to those without matching cudgo
andzp sind. This is for 30-40% most central events.



‘ Not reviewed, for internal circulation only ‘

514

515

516

517

518

519

520

521

522

523

January 15, 2012 - 17: 08

F T T T T =
P Ratios to Tight cuts =
1'06: 50-60% centrality 1
1.04F =@~ 3.50/Tight 4
r -~ 1o/Tight ]
g Loz
© o
~ 1
> E
0.98[
0.96f
L I 1 1 I I I
0 1 2 3 4 5 6
p. (GeV)
F Ratios to Tight cuts E
1.1 60-70% centrality a
“E -@— 3.50/Tight E
-5~ 10/Tight
(%]
R}
@
o
0.9F =

I - m—"
p. (GeV)

L L
5 6

V3 ratios

V3 ratios

1.06F
1.04F

1.02F

0.98F
0.96F

v, ratios

1.1E
1.08]
1.06
1.04
1.02

0.98F
0.96F
0.94F
0.92E

L L
0 1 2

I S
p. (Gev)

v, ratios

o
~F
N

12
1.15f
LI
1.05F
0.95f

0.9F

osst | ||
0TS

3 4
p. (Gev)

L L
5 6

Figure 36: Ratios of the Full-Fcaj — v4 for tracks with matching cuts to those without matching cut to
do andzy sing for 50-60% (top) and 60-70% (bottom) centrality selections.

In other centrality bins the variations are always less than 0.5%fandvs, it becomes about 2%
for v4, 3% foruvs and up to 10% forg. In Table 7 list the final systeamtic error we quote on the results.

The systematic error due to track cuts
Centrality | pr<1GeV | 1< pr<2GeV| 2< pr GeV

v2 | 0-10% 2% 0.5% 0.2%
¢10% 0.5% 0.5% 0.2%

v3 | 0-10% 2% 0.5% 0.2%
¢10% 0.5% 0.5% 1%

vg | 0-40% 2% 1% 1%
¢40% 2% 2% 2%

vs | 0-50% 3% 3% 3%

vs | 0-50% 10% 10% 10%

Table 7: Summary of systematic errors for thexssociated with track cuts

5.3 Run by run variations of v,

The ATLAS detector performance could also vary from run to run. Siahation in principle should
largely be smoothed out when we present the results for the full datisisttheless, it is important to
see whether the detector is stable over the time of the whole heavy ion ruanohow much change

it translate into they, in the correlation analysis. Since such check severely lowers eventissatige
organize all the runs into 4 filerent running periods or groups with approximately the same statistics.
The run ranges and corresponding luminosity are listed in Table 8. Themsaysed to check the
variation is by taking the ratio of thg, obtained in each run group with those for the full statistics.

| Runrange

[ 169405-169270 169564-169839 169864-170004 170004-170483

| luminosityb™) |

18663 |

18329 |

17727 |

18733 |

Table 8: The four run groups and corresponding integrated luminosity.
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Figure 37-40 shows the dependence ofitheariation onpr for several centrality selections. Overall
we do not see a clear dependence on the tgrgebr centrality, although the ratios shows larger spread
due to increasing statistical error. The levelpgfand centrality dependent deviations beyond statistical
fluctuation is abouk 0.5%, 1%, 2%, 3% and 10% fap — v, respectively.
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Figure 37: pt dependence of the run by run variation of the full-fegglobtained for four run groups.
From top to bottom they are for 0-10% centrality selections.
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Figure 38: pt dependence of the run by run variation of the full-fegalobtained for four run groups.
From top to bottom they are for 20-30% centrality selections.
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Figure 39: pr dependence of the run by run variation of the full-feglobtained for four run groups.
From top to bottom they are for 40-50% centrality selections.
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Figure 40: pr dependence of the run by run variation of the full-fegalobtained for four run groups.
From top to bottom they are for 60-70% centrality selections.

5.4 Monte Carlo studies

A detailed Monte-Carlo study of the flow analysis method had been done ipthgroup forv, mea-
surements using HIJING with an afterburner that implement4lsgnal before the GEANT simulation.
In general a good agreement has been observed between themgcieds, value and those at the truth
level. This is shown by Figure 41 directly copied from their note.
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533 Since this is the first time the higher order harmonic is measured. No suclktpbignal has been

s introduced in the ATLAS Monte Carlo simulation. So we did not check the drpribility of the v, in
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MC. However we expect the performance should be quite similar. Aticustage we do not quote any
systematic error associated with therom MC.

5.5 Data driven cross-checks with Fcal sub-detectors

One advantage of flow analysis in ATLAS is the fine segmentation of the detdlcie measurement of

un using event plane determined by manffetient detectors. We have seen the demontration of this in the
section where determine the Fcal resolution by correlating it with the EP detsirhinother detectors.

In this section, we are going to divide Fcal into several sub-detectorsn@asure the, indpendently.

In this study we use the following set of sub-detectors

e FCal layer one (FCall)

FCal layer two (FCal2)

FCal layer three (FCal3)

FCal layer one at.3 < || < 4.0 (FCall-low)

FCal layer one at.@ < || < 4.8 (FCall-high)
e FCal layer one and two (FCal12)

Where the last one is our default analysis which have discussed inlgnegh so far. The analysis
procedure for the first five cases are exactly the same as those fafthétdIncluding the calibration
and fattening of the event plane, and resolution correction. We then certtpa, results with those
obtained by the full Fcal layerl and layer2 (our default results).

The first three checks are useful in the sense that they are situateaitty ¢he same rapidity, thus
they are suppose to measure the same underlying reaction plane. So lariogrtipese three cases, we
can check how well we can reproduce the Note that tee composition of particles that contribute to
the Et in the three layers of the FCal are expected to be somewfiatetit ° contribute mostly to first
layer, while charged hadron can contribute to all layers. The last twekstare useful because they have
different rapidity gap from the inner detectors, thus a comparison betwetmatlaiows use to quantify
the dfects of auto-correlations, especally those from jets.

Figure 44 compare the resolutions obtained by the thrfferdnt layers of the Fcal fo¥, — ¥s
together with Fcall2. We see that Fcall has the best much better resolutiparecto Fcal2 which in
turn is much better than FCal3. F8f; and W5 the Fcal3 resolution is very poor hence was not used
in the analysis. We see than the resolution for Fcall2 which is obatined burdgogBcall and Fcal2
is only slightly better than Fcall. In Figure 45, we make similar comparisons batiw€all-low and
FCall-high to FCall (which is the combination of FCall-low and FCall-highg.s@é that fon = 2
the resolutions between FCall-low and FCall-high are comparable,rthigfeer order harmonics the
resolution of FCall-high drops much lower than FCall-high.
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Figure 44: The centrality dependence of tifereaction plane resolution factor foe8 to 5, compared
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Figures 46-49 show the ratios of thgusing the EPs measured byfdrent parts of the FCal de-
tectors. The top panels show the comparisom,drom FCall, FCal2 and FCal3 relative to Fcall2.
The lower panels show comparison of FCall-low and FCall-high to FCallu,alues compared in
Figure 46, we see that FCall and FCal2 adree within 1%, while the resutisH@al3 are a few per-
cent higher. This is not unexpected, as the FCal3 resolution is verygmabwe expect it has its own
addtional systematics. Fog values (figure 47 we also have good agreement within-28%6, here we
dont show the values for FCal3 in the 6070% bin as the resolution is very poor. Figures 48 and 49
show comparisons fay, andvs, we exclude FCal3 from here because it has very poor resolutiom, For
andus also we see good agreement wherever the statistics alow us make suchisonspa
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Figure 49: Same as previous figure, butder

In general, the summary of these checks are that they have shown ttsisteenatic fects due
to reaction plane determination and autocorrelation are quite small (j5%@rdustightly diferent for
different order of harmonic flow. However, asncrease, the precision of measurement decreases,
and the systematic errors increases, especially in the cage @ne caveat with this comparision is
that diferent detectors has their own set of associated systemtics. The systemmatidar detectors
with poor resolution should be larger. For example FCal2has a smaller weighinbined EP plane for
FCall2, but in general has poor performance compare to the first(ayge noise and worse energy
resolution, the shower profile is also larger). However, the fact thaettletectors can have up to factor
4 difference in their resolution correction, while still agree with each other witHif%-is amazing.
This also give us confidence to our results.

Table 9 summarize the systematiffeience seen betweertfdrent measuremnents f@r— vs.Most
likely this difference comes from the detectors with poor resolution, thus not repatigerof the true
resolution of the combined detector Fcall2. So we shall treat the study iretttisrsas cross checks
and do not include them in the final systematic error table.

Table 9: Summary of the cross-checksdgmeasurements usingfiirent EP detectors

Layerl vs Layer2 Low vs highn
central mid-central peripheralcentral mid-central peripheral
v2 | 2% 1% 3% 1-5% 1% < 5% atpr < 4 GeV
v3 | 2% 2% 3% 2% 3% 3%
vg | 1% 1% 1% 3% 1% 1%
vs | 3% 2% 3% 3% 3% 3%
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5.6 Summary of the systematic uncertainties

Table 10-14 summarize the list of systematic errors.0A vg measurement for Full-Fcal and Sub-Fcal
methods for various centrality ranges. They are quoted nominally for 5fbatiéy bins. For example
0-20% refer to 0-5, 5-10, 10-15, and 15-20% bins, the correspgredrors refer the range of errors for
that four bins. For example an 5-2% error would mean that the error$8% @entrality bin is 5% and
that for 15-20% centrality bin is 2%. We also quote the error for a speel@b@entrality bin, which
usually has the same systematic errors as that for 0-5%. However it hamigatistical uncertainty for
the resolution correction, which can become very big§or

Error type comment Centrality
0-20% 20-40% | 40-50% | 50-70% | 70-80%
Resolution Sys. 5-2% 15-1% | 1.5-2% 3-4% 4-6%
stat. 0.06-0.1%| 0.01% 0.02% | 0.04-0.1%| 0.2-0.4%
track cut pr <1GeV 2% 0.5% 0.5% 0.5% 1%
1< pr<2GeV 0.5% 0.5% 0.5% 0.5% 1%
2 < pr GeV 0.1% 0.1% 0.1% 0.5% 1%
residual sin term 0.8% 0.6% 0.6% 0.5% 0.2%
run-by-run variation 0.2% 0.1% 0.2% 0.5% 1%
Total pr <1 GeV 55-3% | 1.3-1.7%)| 1.3-2.2%| 3.2-4.1% | 4.3-6.2%
1< pr GeV 1% 1.3-1.7%| 1.3-2.2%| 3.2-4.1% | 4.3-6.2%

Table 10: Summary of systematic errors for thdor both full-FCal and sub-FCal

Error type comment Centrality
0-20% | 20-40% | 40-50% | 50-70%
Resolution Sys. 3% 3% 3% 3-5%
stat. 0.09% | 0.1-0.17%| 0.3% | 0.4-2.6%
track cut pr<1GeV| 2% 0.5% 0.5% 0.5%
1< prGeVv| 0.5% 0.5% 0.5% 2%
residual sin term 1% 1% 1% 1.5%
run-by-run variation 0.5% 0.5% 1.5% 2%
Total pr<1GeV| 3.8% 3.4% 3.7% | 4-6.2%
l<prGeV| 3.3% 3.4% 3.7% | 4.4-6.5%

Table 11: Summary of systematic errors for thdor both full-FCal and sub-FCal
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Error type comment Centrality

0-1% ] 0-20% | 20-40% | 40-50% | 50-60% | 60-70%

Resolution Sys. 4% 4 5%
stat. 0.7% | 0.3% | 0.3-0.5%| 0.7-1.1%| 1.8-3.2 | 5.9-15%

track cut 1% 1% 1% 2% 4% 4%

residual sin term 2% 2% 2% 2% 3% 5%

run-by-run variation 1% 1% 1.5% 2% 4% 4%
Total 48% | 4.7% 4.9% 54% | 7.8-8.2%| 11-17.5

Table 12: Summary of systematic errors for thdor both full-FCal and sub-FCal

Error type comment Centrality
0-1% [ 0-20% | 20-40%]| 40-50%
Resolution Sys. 10%
stat. 4% 2% 2-4% | 5-20%
track cut 1% 1% 1% 2%
residual sinterm | pr <1 GeV 5%
pr >1GeV| 2% 2% 5% 2%
run-by-run variation 2% 2% 2% 4%
Total 12.3%| 11.8%| 13% | 13-23%

Table 13: Summary of systematic errors for thdor both full-FCal and sub-FCal

Error type comment Centrality bins

0-1% ] 0-20% | 20-40% | 40-50%

Resolution Sys. 30%
stat. 50% \ 16-7%\ 6-9% \ 12-23%

track cut 10%

residual sin term 10%

run-by-run variation 10%
Total 61% \ 38-35 \ 36% \ 37-42%

Table 14: Summary of systematic errors for tgdor both full-FCal and sub-FCal

s 0 Results

s0 Letus quickly summarize the process used to obtaimtialues. The whole process has been discussed
so1 previously, here we doa quick recap. The analysis involved two paissagyh the data and one final
s02 analysis:

o

603 e First Pass : This pass is used for obtaining the correation factors f@-treetors for each order

604 which include(Q"@) and the flattening corrections. The calibration constants obtained in this
605 pass are used in the second pass.

606 e Second Pass : In this pass, for each event theQawectors for each harmonic are measured after

607 the shifting and flattening corrections are applied. Theectors are then used to determine the
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event plane orientation. Finally the distribution of the charged particles we.evént plane¥,)

are stored in bins opr , n (of track) and centrality(of event). Also the correlations between the
event planes obtained by the the positive and negative sides of theileC#T - ¥N) are stored

for all centrality bins. This correlation will be used to obtain the reaction ptagelution.

e Final Analysis : The correlation betwe#f} — ¥} is used to obtain the reaction plane resolution
for each harmonic. Also by taking the fourier transformation of the partid#ibutions about
the event plane, the raw values are obtained. The rawvalues are corrected to account for the
reaction plane resolution to obtain the final correatedalues.

e Systematic Errors : For estimating the various systematic errors discussesl texth usually
specialized analysis similar to the one above are run with the necessamgparésuch as tracking
cut or reaction plane detector) appropriately modified. For the finaltrdba systematic errors
from the various sources are put together (as discussed in the systematizsection).

6.1 ndependence

Then dependence af, is more sensitive to jet influence, especially at higlihere the track is close to
the FCal. Hence a resonabjegap is necessary between the tracks and the detector used to determine
the reaction plane. The Full-Fcal has a minimum 0.8 unit seperation from ties tndnile the Sub-Fcal
has a minimum of 3.3 unit seperation from the track. Figure 50-54 summarizeddygendence of the

un for selected centrality angr. In each panel the results from Full-Fcal(top two rows) and Sub-Fcal
(bottom two rows) are always shown together to illustract tfiects of the auto-corrleations. We see
the results for Sub-Fcal has a slight decrease ofithtewards large; by about 5%; Since the EP is in
opposite hemisphere relative to tracks, largémplies a even larger rapidity seperation (so it reaches
5.8 unit seperation at = 2.5). The Full-Fcal also show a small decrease in some cases, but irabener
much flatter than the sub-fcal results. These few #fedénce between the two methods could indicate
the level of auto-correlations.

Based on this observation, we decide to use the Sub-Fcal to presepntddpendence, while use
the Full-Fcal for thepr and centrality dependence study. The reason for this is that The fullfaSa
better resolution that the Sub-FCal. This is especially importanisfandvg measurements where the
resolution is very low (in which case the full FCal hasV?2 times higher resolution. Theftrence
between Full-Fcal and sub-fcal fgrintegrated, results difers by about 2.5% on average.
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Figure 51: same as previous figure except for 1-2 GeV
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Figure 52: same as previous figure except for 2-3 GeV
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Figure 53: same as previous figure except for 3-4 GeV
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Figure 54: same as previous figure except for 4-8 GeV
6.2 v, VSpr

Figure55 shows ther dependence ak-vs for several centrality selections. We see that they all show a
similar pt dependence trend, namely, they first increase wittio about 3-4 GeV, then decrease with

pr. However, the overall magnitude of thegenerally decrease for largerexcept in most central bins
where thevs seems to be the largest.
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Figure 55:pr dependence af,. Each panel corresponds to ddient centrality class.

We notice that the rate with which thg reach the corresponding maximum also depends. di
has been argued that theis controlled by the eccentricity, and it has been shown that thescales
asr". Thus we calculate;’", and scale it relative tey’>. The result is shown in Figure 56. We see
that the ratios only depend weakly @s, suggesting that the that this scaling properly account for the
pr dependence (with in 10%). However the magnitude of the ratios seem tshginyly with n and

centrality.
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6.3 v, VS centrality

Figure57 shows the centrality dependence ofuthfor severalpr bins. The centrality bins are 5% in
width, but we have a special bin for the top 1% most central events. This loimportance, when we
compare the results obtained here to the ones obtained from the two-pantielaton analysis. Similar
results for 10% centrality binning is shown in Figure58. Going from cemdrakripherial collisionsy,
firstincreases, reaches maximum at around 30-40% centrality, andeberasesiz shows a similar but
much weaker centrality dependence; whijevs almost show no clear centrality dependence trend. We
also see that the tail end of the centrality dependence (that is at petipbants), again increases. And
the higher inpt we go, the earlier (in centrality) this upward appears. This tail indicatesrédaktiown
of collective behavior and the emergence of the jet influence. We sethibdtending near the tail is
much less prominent for other harmonics. This is because the jet shapenhagab; in it (due to its
back-to-back nature), but doesnot hayev, etc.

We also notice that in general is much larger than the other harmonics. This is because the fireball
produced in the collisiosn has a natugalwhich translates into large. However, in the most central
events (in the top 5% and more so in the top 1%) which correspond to (almogpjete overlap between
the colliding nuclei, there is no natural present in the fireball. In these events, all eccentricities come
from fluctuations in the initial shape of the fireball. A very interesting thing a&fsom the centrality
plots in that for these top 5% most central eventssthealues are larger than the , and in somepr
bins, evervs andus are larger tham,.
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Figure 57:v, as a function of centrality for éierentpy bins in 5% centrality steps plus a 0-1% most
central bin. The right-hand end of the X-axis corresponds to mostatemtd the origin corresponds to
peripheral events.
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Figure 58:v, as a function of centrality for dierentpr bins in 10% centrality steps. The right-hand end
of the X-axis corresponds to most central and the origin correspormisifgheral events.

6.4 Comparision between results for full FCal and FCab,

Figure shows the ratios of, obtained from from FCaly) to those obtained full FCal for various cen-
trality selections. The FCgl results are higher than those from full FCal forby about 5%, but
the diference decreases towards mid-central collsions to about 2%. Howlesatiferene is almost
independent opr, except for most central 0-5% and peripheral collisiong0%).

vg Ratial

o TR L
L A T A R R E R
p, (Gev)

Figure 59: Ratios ob, obtained from FCa}y) to those obtained from full FCal for various centrality
selections (0-40% for top panels and 40-80% in the bottom panels). Ffolo teght, they are; — vs.

To further dissect these systematiffeiiences. In Figure 60, we plot thgratios between FCaly)
and full FCal as function of for 1-2 GeV and for various centrality selections. Again we see that the
FCabn) results are sytematically higher than those from full FCal. (zpthe ratios decrease slightly
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with n suggesting that the full FCal has weakkedependence; in most peripheral collisions (eg 70-
80%), the ratio drops by amost 20%, this just reflects the fact that thefzChbs a much stronger
dependence while full FCal has none. The reason as we explainae iefiue to the fact that the full
FCal has more influence from di-jet which bias the RP measurement duerallers; gap between 1D
and full FCal. Fom > 2, we see the ratios drops wiitby about 10% indepdent of centrality selections,
again suggesting that FGal) has stronger; dependence. Similar comparisonsmpflependence for
other prt bins can be found in Appendix. However based on these observatiertyncluded that the
differences between the full FCal and Fegal are within 1-5% fom integrated results, the only outlier
would be they; in 0-5% central collisions which shows about 5% elience.
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Figure 60: Ratios of the, from FCab, to those obtained from full FCal for 1-2 GeV for various
centrality selections. From the left to right they agevs, va, vs andug, respectively.

6.5 Comparision with thev, from the elliptic flow paper

There is an independent analysigtarried out by the Krakow flow group. They employed fiatient
EP calibration procedure, in which they re-weight the tower energy oF@e& to make the EP to be
flat, instead of applying a shifting and flattening procedure used in olysasaThe other dierence is
that we include events invertex in range ofzx| < 150mm while the Krakow group only use events in
|Zx] < 100mm. So the natural question is how well our measurement compare with theins.e Fad
plot the ratio of thev, obtained from our analysis to those from the flow paper (ATLAS-HIGN
05-001). The green band indicate our systematic error on the reagtiama resolution estimated by
comparison between two sub-event-method and three-sub-event mefiieasvo measrements show
excellent agreements within errors.
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Figure 61: comparison @b from this analysis for FCajy) with flower paper (ATLAS-HION-2011-05-
001) results ing| < 1 (top), 1< || < 2 (middle) and Djn| < 2.5 (bottom).
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Figure 62: Ratios of the, from the full FCal to that for the FCajy, for 2-3 GeV for various centrality
selections. From the left to right they arg vs, v4, v5 andug, respectively.

“m%m Mﬁﬁ% L § 1) % -

i

v, Ratio

3

v, Ratio

|
I
I 1
]
|__m‘_| Tl
v, Ratio

lan| [an] [an| [an

Figure 63: Ratios of the, from the full FCal to that for the FCgly) for 3-4 GeV for various centrality
selections. From the left to right they arg v, vs, v5s andug, respectively.
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Figure 64. Ratios of the, from the full FCal to that for the FCgly) for 4-8 GeV for various centrality
selections. From the left to right they arg vs, va, v5 andug, respectively.
7.2 Determining the reaction plane angle

Here we explain the method used for determining the reaction plane anglemédseired anisotropy for
a given detector, where the RP angle is estimated, can be expressedusieageries,

2rdN/d¢p = Qo+ Z (Qxncosng + Q, nsinng)
= Qo+ 2”1 Qncosn(¢ — ¥n), (23)
= Qo(L+ Z 205> cosn(g ~ ¥)).
with

Qun = ), wi COSNGi, Qun = ) wisinng,

1. _1(Qyn
Qh=Q%n+ Qo Wn= ~tan 1(&) (24)
and
obs _ Qn _ Q
= oo = 73w -<003(n(¢ ¥n))). (25)

w; is the appropriate weight for each detector channel, be it number ojexhgrarticles, or total
transverse energ¥,, is n'th order event plane (EP) defined by thi¢th order flow vector

Qn = (Qxns Qyn) = (Qncosn¥p, Qnsinn¥y), (26)

and the usual definition of raw flow cfiient v, is simply the magnitude of the flow vectq,
normalized by twice of the total weight (or twice number of particles;i= 1). ¥, could be diferent
from the n'th order true reaction planelrp,, due to finite multiplicity fluctuations. One may also
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measure thé&n'th order@>1 andv‘lgrt]’S from n'th order event plan&’,, for any natural numbek. This is
because of dierent order of harmonics flow may correlated with each other, and sucslation may
result in measureable higher order flow relative to the lower ordemﬁﬁﬂ?ietermined this way is known
as the mixed harmonics flow ciheient.

Once the event plane anglg, is determined using forward detectors, the flow signal for tracks at
mid-rapidity, can be expressed as (similar to Eq.25),

dN/dg = AL +2 )" 13Pcosn(g — Pn)) (27)

7.3 Reaction plane resolution

Due to finite statistics in the determination of the reaction plan€Xervector), the measured reaction
plane is diferent than the true reaction plane. We now consider how tfiereince between the true
reaction plane and the observed reaction pldfece the measured harmonics and how we can correct
for this. For deriving most of the results in this section, we follow the wonkedim [REFERENCES].

We denote the true’'th order reaction plane by"'® and the observed reaction plane ¥§S. The
distribution of particles can now be written as:

No (1+ 2uncos(n(¢ — P519)))

No (1 + 2uncos(n(g — P&) — n(¥ePs — wiie)))

No (1 + 2unc08(n(¢ — ) cos(n(E - ¥ie)))

#No (2unsin g — ¥ sin (¥ - #51) 8)

N(4)

Note that by®%S we mean the observed reaction plane that has been corrected fortathatis
detector &ects. Thus any dlierence betweeif%®s andP!'“€ is purely because of the finite statistics used
in the determination dP!*®. Assuming that the fluctuations of the observed reaction plane about¢he tru
reaction plane are independent of the true reaction plane[REFEREKDEHY not necessary], that is,
the AW (= WS — PUe) distribution is independent oFY'¢, we have:

<cos(n(¢ - \Pgbs)) Cos(n(\};gbs _ ‘I’}{“e)»
(sin(no 45 stz 1)

(cos(n(g — w3™))) (cos(n(P - ¥h9)))  (29)
(sin(n(g — ) (sin(n(¥e*s - w5U)))  (30)

Now, since the fluctuations of the observed reaction plane about thegagtan plane must be
symmetric (that is, the probability &3S — YU to be+A¥, and—AY, are the same), when averaged
over many events we must have:

(sin(n(we’ - ¥§9))) = 0 (31)

Thus the particle yield averaged over many events can be written as:

N(#) = No (1+ 2uq x {cos(n(¥ - ¥}i*9))) x cos(n(g — ¥2*))) (32)

We see that the ffierence between the observed reaction plane and the true reactionfpdatieady
reduces the measured valuewvgfby a factor of(cos(n(‘l’ﬁbs— ‘I’,E,r“e)». We define this factor as the
reaction plane resolution (for theh-order harmonic) of the detector:
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Resolution = (cos(n(¥5™® - i) (33)

729 Once the resolution is determined, the true value,ofan me obtained by dividing the observed

730 value by the resolution. That is:
Ugbs

(cos(n(wePs - wie)))

(34)

Un =

= 7.4 Mixed harmonics

72 Here we explain the concept of mixed harmonics. Mixed harmonics mean lilne othem™ order

7z harmonic in then™ order plane. For example the measured in th&, plane is a mixed harmonic
734 (which will be smaller than, about¥, plane). Let us start with our master equation for the particle
735 distribution and write it about th&,, plane.

[ee)

‘;—2 = No [1 + mzl 20mCoS(M(¢ — Wim))
= Np (1 + 2vpcos(N(¢ — ¥p)) + Z 2vomcos(m(¢p — ¥n) — MW — ¥Pn)) (35)
m#n
736 When averaged over many events, the n terms become:
(cos(M(¢p — ¥n) — M(¥m — ¥n))) = (cos(M(¢ — ¥n))) (coS(M(¥'m — ¥n))) (36)

Figure 65: The elliptic, triangular and square anisotropies. Notice the tldal&generacy i, three
fold degeneracy irz and four fold degeneracy iy, .

737 Now ¥, has anm — fold ambiguity (or degeneracy) in its defenition (see fig.65) wHiljehas an

738 N-fold ambiguity. While picking theéP,, (or ¥,,) plane, we get at random one of thesg@r m) values. If

7 then different values of the reaction platig are represented B, with (i = 1,2, ...n) thenmx P!, will

0 differ from each other by a multiple ofr2f mis an exact multiple of. Thus ifm = kn (wherek is an

1 integer),cos(m(¥p, — P1,)) will be the same no matter which of thé, we pick. However, ifn # kn, then

12 cos(m(¥m — P1)) will be different for each?!, and will be average to zero (when averaged over many
743 events).

744 Thus the particle distribution averaged over many events aboittiiane can be written as (keep-
75 ing only them = kn terms):
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d—N = No (1 + 2vncos(n(¢ — n)) + i 2vn (cOS(M(¥, — ¥'n))) cos(nk(¢ — Pn))

d¢ k=2
= No (1 + ) Ziacos(kn(@ ~ ¥n) (37)
k=1
Where
’U\kn = Ukn (COS(m(‘*Pm - lI’n))) (38)

Fork = 1 obviouslyuk, = vh. From EQ.38, we see that the mixed harmonics directly measure the
correlation of the¥, plane with the?,, plane. And also that the mixed harmonig will always be
smaller thany, as(cos(m(¥mn — ¥n))) < 1.

7.5 Event plane flattening [put references here]

The distribution of the true reaction plane should be flat. This means that aseeaged over many
events, the reaction plane (or tkg— vector) doesnt have any preferred direction. However due to
detecter fects such as irfgcienciegdead-regionot-regions, the raw event-plane distribution is not
flat. For example, if the Forward calorimeter has a few towers with highesdghan the rest, then the
Q — vectors will get more contribution from these towers, and will have a tendency to al@ng them.
Similarly dead modules in the pixel detectors will result in @e vector having less contribution fomr
these regions and will be aligned opposite to these modules. In order treéopthese detectoffiects
on the on the&) — vector (and in turn on the reaction plane), a recentering-flattening procedursad to
correct the reaction plane distribution.

In order to deomstrate the non-flatness of the raw EP (denot#f?43 we plot the distributions of
‘PE""“’ and‘Pg""w obatined from the FCal for a few centralities in Fig.66. (Note by FCal, waydwnean
layers 1 and 2 of the FCal amdk (3.3, 4.8)).

g=raa
10-15%

— 30-35%

— 60-65%

15000 34000

32000

30000
30000

28000

26000
25000

Events
Events

24000

22000
20000

20000

18000

15000

w+\\\‘ T
w:r\\\‘\\‘\I‘\H‘IH‘HI'\H|\HHIIH4

16000+ .\ .

Figure 66: The Event Plane distribution NﬂzRaw and\Pgaw obatined from FCal for four dierent cen-
tralities. The error bars should b@Ng,ents and are suppressed for calrity.
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7.5.1 Recentering and rescaling of th€ — vector

As mentioned before, the tru@ — vector distribution distribution doesnot have any prefered direction.
Thus, we must have :

(Qnx) = {Qny) =0 (39)

Since the ranwQ — vector s averaged over many events, havandy components, th€ — vector is
recentered at (0,0) by subtracting these out. This recentering preceddone order by order for all
Q — vector s. Also since the mean values of the r@w- vector sdepend on the centrality, this recentering
in done is narrow bins of centrality (5% bins in our case).

recentered  _ Raw Raw
n,x nx <an >

recentered - QRaw — (Qfa) (40)

Further, theQ — vector s are renormalized to have a mean value of 1.0. This is acheieved by scaling

the recentere@ — vector by theoy,, of the rawQ — vector distribution. As with the recentering, the
rescaling is again done in narrow centrality bins. The rescaling dDtheector doesnot have anytlect
on the reaction plane and is only for plotting purposes and for comparirtidtnibutions across tferent
centralities. We denote th®@ — vector obatined after the recentering and rescalin@@€*s. Thus the
whole recentering and rescaling procedure can be written as:

gf(as = (QW‘(QW)) /onx

Qreas = (QRa - (QRa)) /o, (41)

7.5.2 Flattening of the event plane

After recentering th& — vector the event-plane distributionB*® are almost flat. Further corrections
involve shifting the event plane by small angi&,:

Kimax
AY, = Z % (—(sin(kn¥]7¥%)ycos(kn¥ %) + (cos(kn¥[**°)) sin(kn¥ %)) (42)
k=1
Wherekmax = 12 in our analysis. Finally the fully corrected reaction plane is obtained as :

\Pn = ‘{Jrneas + A‘I’n (43)

In Fig.67 we plot the raw, recentered and flattened Event planes for iff@raht centralities for
n=23,4,5,6. From the plots itis clear that the recentering take care of most of thdalet@isotropies
and the flattening only makes minor modifications.
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Figure 67: The raw, recentered and flattened distribution®’$avbatined using FCal (layerlayer2)

7.5.3 Meaning of the shifts(QR&»

nX/y

We not take a detailed look at the Shlfl@ e First we explain what thesz X),) mean physi-
cally. Measured with a calorimeter, the Q- vectors are simply the azimuthal dtmmtof the transverse
energyEr). The Q-vector in a particular event can be written as a function of phi as

Q"™(¢) = Qo|1+ > 2un cOSfip — )
n=1

However the measured raw energy distribution will ifieeted by the detectoffeciencye, and we
have:

QR (4) = Q(¢) x e(Q"™(¢). ) (44)

Where we have assumed that tifBagency is both a function of the true deposited ene@d{“®(¢)
and the angle. If we relax this assumption to make th&ieiency only a function of, then we have:

Q™ (9) = Q"™(¢) x e(9) (45)

Now the dficiency function can be expanded in a Fourier series (whose form egedimilar to our
flow expansion):

€(9) = e (1 + i 2en cOShe — n(l)n)] (46)
n=1

Substituting this into the expansion of the Raw vector, we get:

QRaw

Qo (1 + i 2ury cOSY'$ — n’l//n’)] x €(9)

Qo (1 + Z 2vy cosfy¢ — n wnf)) X € [1 + Z 2ey cosf’¢ — ' d)nf,)]

=1 n’=1

€0Qo [1 + Z 2vy cOSfYp — N'Yy) + Z 26 cOSfY'p — ' D) + Oy vnu)) (47)

n’=1
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Where we have ignored terms of Ord®(eyvy) in the above formula (Note that these terms are
actually handled by the flattening procedure). This gives uQff’ andQRa”

Raw
Qn,x

f Q) x cOS(6)dd = Qo (26 COSEWr) + 260 COSODY)) (48)

Raw
Qny

f Q) x SN(@)d = €0Qo (2enSN() + 2ensin(nDy)) (49)

were we to calculate the reaction plane angldrom the rawQ, values, we would get :
1 EOQO (ZUnS' n(n',bn) + 26nSi n(n(Dn)) (Uns. n(nlpn) + Ens' n(nq)n))
€0Qo (2vncos(ny/n) + 2encos(ndy)) (vnCOS(Nyrn) + encos(nd®y))

Now we explain how the recentering corrects this. When averaged ovsr ewants, as the reaction
plane anglesy,) are completely random, we get:

YR = tan ) = tan™(

) #Yn  (50)

(Q7) = eoQ0(1+ Z 26y COSQ' ¢ — N Dpyr) (51)
n’=1
This gives us:
(@) = [ (@) x cos8)ds = eoQo (26n cosrn)
(@) = [ Q™) x sinte)ds = coQo 2ensin(ndn) (52)

Equations.51 and 52 also give us the physical meanir(qgﬁf'”>.Up to a normalization constant

Qo(independent of), <Q§a’” measures the nth harmonic ¢deent in the Fourier expansion of the
detector €iciencye(¢). When we go from one centrality to anoth€g will change, bute, e, and @,
will remain same. This means that the while the magnitud(a(ﬁa‘”) changes from one centrality to
another, the direction will remain fixed. Further@gis independent af, the magnitudes of theflierent
(QRe») will scale by the same amount going from one centrality to another. That {Q§") | change

by a factor of X’ going from centrality-1 to centrality-2, thQIéQzR?L;/ 4...> |will also change by a factor of
'X.

Now lets see how accounting for tfé@ﬁa“’> corrects the measurement of the reaction plane. The
recentered (or shifted), x,, are given by:

n.x = €0Qo (2vn cOSEwn)) (53)
Qpecentered = QRar _ (QRa”) = Qo (2vnSin(nyn)) (54)

and calculating thé, from the recentere® — vector, we get:

recentered _ ~Raw __ QRaw
n,x n,x

Qpecentered €0Qo (2unsin(nyn))
recentered _ -1, <Ny _ -1, €00 \&ln n _
/n - en (Qﬁ?femered) - (GoQo (20n COS@%))) =¥n (55)

We see that the recenter€d- vector sgive us the correct reaction plane. We once again note that in
Eq.47, we had ignored terms Ofey vn), Had we kept those terms, EQ.55 would be further modified by
the term in Eq.42. These terms are accounted for by the flattening precedur



‘ Not reviewed, for internal circulation only ‘

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

January 15, 2012 - 17: 08 DRAFT 62

7.5.4 Shifts(Q™ ) for the FCal

n,x/y

Now we do a study of the shlft@Raw y for the FCal. This is also presented in the main text, but we
show them here again for contlnuny We will analyze one run only(rurd@2pso that any run-by-run
changes in the detector acceptance do fietaour observations. in Fig.68, we plot kj@fﬁf;M)vs(Qn’x
distributions forFCal — Layer1 for n=1,2,3,4,5,6. Each harmonic is represented byfadint color and
the different points for a particular harmonic are foffdient centralities (20 bins of 5% centrality with
the most central one having the highest magnitude). On the right plot, veerbagaled the Q-vectors
such that the point corresponding to the most central events (0-5%)rhagnitude of 1.0.

From these figures, we can see the two scaling relations that we hadeskjrethe last section.
We see that as the centrality bin changes, the magnitude of the shifts claanipey should), but the
direction is extremely stable. We also see the expected scaling in the magnithagsis evident from
the right plot. When the most central class has been scaled tg@&% = 1.0, we see that the other
classes have roughly the same magnitude independent of

L e R R R A R lJHH 7
C runl70002, Fcal Layerl ——n=1 ] 3
30 e o F
C n=2 1 L
E ~n=3 § © |
S 20{ ——n=4 ] g osp ]
© 10t D -
) E —n=6 3 £ L -
A or s 4 O 0 - + "
F 1 c L AN JEX IR
éi—‘ E 1 - F h 7
O 10 = ;A F
v F 18
C = -0.5
-20F 1 O U3
F 1V L
-30— = r
T, ST N N Ll it A T
-40 30 20 10 0 10 20 30 4 -1 -0.5 0 1
raw raw H
<Q,n > (GeV) <Q,, >, normalized

Figure 68:<QW> vs( §§w> forn = 2,3,4,5,6. Left Plot is unscaled, right plot is scaled such that the
most central(0-5%) bin hagQfe”) | = 1.0.

In Fig. we plot this information again but in polar co-ordinates. The left islq)(Qﬁa’“>| VS n®p,
right plot is| (Qﬁa’“>| vs @,. We see that the angles are stable independent of centrality. There is some

fluctuations in the more peripheral bins, this is because the magrjiﬁ@ﬁé’“ﬁ is very small, so the
angle is susceptible to fluctuations.
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Figure 69| <Q,Ffa‘”> | vs angle((Qﬁa‘U>) forn=2,3,4,5,6. Left plot is vsn®y, right plot is vs®,

The angle%,, can be directly calculated from the (¢) distribution in the calorimeter averaged over
all centralities:

<%> = €0Qo+ ), 2Q" cosfip — ny)
n=1

Where QR means (weighted) average @F” over all events (in all centralities). We plot this
in the left panel of Fig. 70, the vertical lines in the plot show the anglescagsd with the dierent
harmonics. In the right plot, we show the comparison of these angles abtajribe direct Fourier fit of
Er to the ones obtained during the recentering procedure (from Figs.da@®anWe see extremely good
agreement between the values. Also from EyeFourier fit, we see that=¥ harmonic is the second
largest component (after=l), in fact the background modulation is larger than the twusignal(PUT
REFERENCE TO VN PLOT HERE). We also note that the positions ohthgvalues obtained match
exactly with the position of the peaks of th#R plotted in Fig.67.

—*—n=1

——n=3

L e A B e e
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SobwNRT
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()=
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wLH\‘HH‘X\“\T\

Figure 70: Left plot: Fourier fit to th&r deposited in FCal(Layer-1), the vertical lines show the angles
associated with the fierent harmonics. Right plot: Comparison between the angles obtainedesy dir
Fourier fit(vertical lines), to the ones obtained from calibration(circutémts, each point represents one
centrality bin of 5% width).

All the results that we showed in this section pertain to run 170002 only. Asioned before, we
took only one run into consideration so that any run-by-run changesidetector acceptance do not
affect our results. Finally, in Fig. we show the run dependence of theaepters (both the magnitude
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and the direction oQRe") for two different centralities for all 34 runs that we use in our analysis. As is
evident from this plot, there is only a small variation in the acceptafit@ency of the FCal across the
34 runs.
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Figure 71: Run by run dependence @f2”| andnd, for two different centralities

7.6 Determining the detector resolution

Event plane determination: As mentioned before, due to the finite number of particles of the system, the
measured flow vector fluctuates around its true value. Defining the direaftithe true flow vector as

the x-axis, such dispersion distribution can be expressed as (assumirgylg@udistribution which is

true when multiplicity is large: central-limit theorem)

dN 1 Qn = (Qn)
= exp|-———| 56
00xdQyn 702 P T 2 (0)
with equal variance ix andy direction,
N <w2> o2
2_ 2 _ 2 o _
o, =0%= Z w? cog ng; = 5 = ?n (57)

where(w?) represent the average of the quadrature weightNaiscthe number of particles. We can
also rewrite the dispersion equation 56 in termafand relative angl¥, = ¥,, — Yrpn between
measured and mean flow vector as
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dN 1 o
QndQnd (NAY) B 71'0'%
) 2
exp(— Qf +(Qn) 2Q2n<Qn> COSI’]A‘I’n)’

Ohn

(58)

Equations 56-57 show that the precision with which we deterffindepends only on the magnitude
of (Qn) relative to its variance,,

Xn = %a (59)
On
In fact, integrating out th&), in Eq. 58, gives the expression for the dispersion distribution for the
reaction plane angle,

dN  exp(x

2
T ) {1+zVr[1+erf(2)] exp@))

(60)

with z = Xﬁ cosnAY,. BecausgQ,) is proportional to average flow signél,) andN, (Qn) =
N{(vn)w?), assumingw)? = (w?), we haveyn = V2N(uy). This implies that if we increase the multi-
plicity by factor of 2,y,, would increase by a factor of/2. This is the bases for the two sub-event and
three sub-event methods for calculating the reaction plane resolution.

Reaction plane resolution: The general expression for reaction plane resolution can be detived
rectly from Eq. 60,

XA

2

Nl:l\)

(coskAn¥,) = e

2
Xn\/% X Xn
> hea (5) + e (

(61)

where thel, is the modified Bessel functions of the first kind. However, in order toutate the reso-
lution, we first need to know,, which can not be obtained from distribution Eq. 60, since we do not
know Wrpn. Instead, we employ the two-subevent method and three-subevent nietbaidulate the
resolution.

7.6.1 Two sub-event method

In order to determing we use the two subevent method. This involves dividing the detector into two
sub-detectors having nearly (possibly exactly) equal acceptande datermine the event plane for each
of them. We call the two reaction planes obtained from the two sub-detest&§ and¥S. Both of
these will fluctuate about the true reaction plane according to Eq.60 but witalue V2 smaller that
that of the full detector. This is becaugescales with number of particles asVN and each of the two
sub-detectors have half the number of particles than the full detector iégedihe sub-event by ys.

Thus we have :

2
Using Eq.60, we can determine the distribution of the relative atgi#, = n(¥A — ¥5):

Xsub = XA =XC = L\/_ (62)
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- frl]\l% _ e*);mb ;(1 +x2p) + 2102 + Lo(2) + x2,5(11(2) + L1(2) (63)

Wherez = Xgubcos(An‘P;]) andLg andL; are modified Sturve functions. This distribution is normal-

ized between 0 and. This distribution can be experimentally measured and then fitted with Eq.63 to

obtainy . from which we can obtain the full detectogs(by multiplying by v2) and the use Eq.61 to
obtain the full resolution.

In our analysis, we use the Fcal for determining the reaction plane. WesehibeA — Side FCal as
one of the sub detectors and thie- Side FCal as the other. The distribution &%}, is similarly obtained
with P2 being the reaction plane obtained with A side FCal #jdthe reaction plane obtained with C
side FCal. The sub detectpg,, values are then calculated by fitting the distributiorAdf;, with Eq.63.
Then Eq.61 us used with= 2y to obtain the full resolution.

There is another method of obtaining the sub-detector resolution. Cotisidewsine oh(¥A —¥5):

cos(n(¥h - ¥5)) = cos(n(¥h - i) — n(¥S — "))
cos(n(‘Pﬁ - ‘Pl”‘e)) cos(n(‘I’ﬁ - ‘Pl“‘e))
+sin(n(¥) - P19)) sin (n(¥S - i) (64)

Since the individual fluctuations it — ¥]"€) and @S - ¥]"€) are independent of each other,
averaging over many events, we have:

<cos(n(‘Pﬁ - ‘Pl“‘e)) cos(n(‘Pﬁ - ‘Pl“‘e))) = (cos(n(‘l’ﬁ - ‘I’I“‘e)» <cos(n(‘}’ﬁ - ‘I’Ir“e)» (65)
(sin(n(wh - wi")) sin(n(¥s - P1™9))) (sin(n(¥h - w3"))) (sin(n(P5 - ¥7™9))) (66)

Now, since the fluctuations of the observed reaction plane about thegagtan plane must be
symmetric (that is, the probability &ifa’" — Wire to be+AW, and—A¥, are the same), when averaged
over many events we must have:

(sin(n(wn/© - wi))) = 0 (67)

Thus Eqg. averaged over many events becomes:
(cos(n(wp - ¥5))) = (cos(n(wh — 1)) (cos(n(¥S — i) = (cos(n(¥r'® - ‘PP”‘*)))Z (68)
The last equality in Eq.68 follows from the fact thabs(n(¥;’" - 1)) which are the resolu-

tions of sub-detectoh andC repectively, are equal to each other. Thus we get the sub deteaturties
as:

(cos(n(wp'® - wie))) = \/<cos(n(‘Pﬁ -¥9))) (69)

The RHS of the above equation is experimentally evaluated and from whiciamvebtain the sub-
detector resolution. We can then use this resolution in the LHS of Eq.61 to ¢héasub-detectopgp.
Form which we obtain the full detectgras V2ygp. In principle, both the fit method (Eq.63) and the
(cos) method (Eq.69 and Eq.61) should give us the same valyg©fand hence same value gf. Any
difference in between the two values can be used as a systematic error actlumnelane resolution.
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7.6.2 Three sub-event method

The three-subevent method does not require knowledgg. dhstead, we directly calculate the resolu-
tion of a given detectof by using its correlation with the event planes from two other dete@ansdC
sitting at diferentp windows.

(cos(kn (¥ - ¥E))) (cos(kn (w4 - ¥§)))

(cos(kn (¥E - ¥§))) (70)

Regq¥p} = (coskn(¥p — Wren))) =

Once ReSI’ﬁk} is known, we can calculate thg using Eg. 61. There are many combinations for A,
B and C. One such exampleAs= FCal, B = EMBarrely andC = EMBarrelp. The main advantage of
the three-sub-event method is that it allows many independent estimatesesdhgion for each event
plane, thus we can estimate more reliably the associated systematic errors.



