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Abstract

A measurement of correlations between reaction plane adglespresented as a func-
tion of centrality for Pb-Pb collisions a{/Syv = 2.76 TeV. These correlations are esti-
mated from correlations of event plane anglgsreconstructed using the calorimeters over
a large pseudorapidity rangs < 4.8, followed by a resolution correlation that accounts
for the dispersion o¥,, relative tod,. Significant positive correlation signals are observed
for 4((1)2 - (1)4), 6((1)2 - @6), 6((1)3 - @6), 20, + 303 — 505 and 2b, + 40, — 6dg and
—100, + 4®4 + 6dg, While the correlation signals are negative fd2- 603 + 4®,4. These
results may shed light on the nature of the fluctuation of the created matterimititiiestate
as well as the subsequent hydrodynamic evolution.
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» 1 Introduction

74 The central focus of the heavy ion program at RHIC and LHC is to wstded the properties of the
75 strongly interacting Quark Gluon Plasma (sQGP) created in heavy ion callisfooommon tool used

76 t0 study the properties of the sQGP is the azimuthal anisotropy of particles emmittieel transverse

77 plane. A non-zero anisotropy can be traced to the elliptic shape of the inigakfi and the strong

78 final state interaction, which transfers such spatial asymmetry into the érmesmomentumpf) space.

79 Such final state interactions lead to dfeetive anisotropic pressure gradient in the overlap region, with
g0 a larger pressure gradient along the shorter axis of the fireball. Tisisteopic pressure gradient drives
81 an anisotropic collective expansion (or flow) of the fireball, which cambdeled via relativistic viscous

&2 hydrodynamic models. The magnitude of the azimuthal anisotropy is sensipivegerties of the sQGP,

83 such as the ratio of the shear viscosity to the entropy density and to the ecpfaiate 1, 2].

84 If we treat the nucleus as a smooth function described by Woods-Saanagry, then the over-
s lap region has an almost elliptic shape (see E)g. This spatial asymmetry can be quantified by the
s eccentricity of the overlap region and its direction:

Y%y = (x2) _ /(r2cos )2 + (r2sin 2p)?

= = 1
(y?) +(x2) (r? @)
) (r?sin 2p)
tan ZDZ m (2)

sz Where &, y) and¢ are the position and azimuthal angle of a participating nucleon defined inme fra
se shifted to the center-of-gravity (i.€x) = (y) = 0), y is along the major axis direction, antl= x? + 4.
s The spatial asymmetry leads to momentum anisotropy of final state palfi¢te o« 1+20v, cos 2¢—0>),
90 Where®, is direction of maximum emission (called reaction plane or RP) which is stronglyealigyith
a1 mMinor axis of the fireball®; + 7/2. The codficientv, = (cos 2¢ — ®7)) characterizes the magnitude of
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92 the anisotropy. Measurements from RHIC and LHC suggesbuthate,, with the proportional constant
93 being sensitive to shear viscosity to entropy density ratio and BDPS [

Figure 1: The elliptic fireball formed in a
heavy-ion collision. The pressure gradient is
larger along the minor axis (called reaction
plane) than along the major axis. This results in

Ey;adgzgn a greater yield of particles along the minor axis
direction. The reaction plane (RP) is defined
by the directions of beam and minor axis.

9 So far we just considered the elliptic component of the overlap regionerergl, the fireball may
s have other higher-order shape deformations. This is because ezebsis consists of finite number of
9 nucleons whose positions could fluctuate from event to event. Suchdtiarta can lead to significant
o7 additional shape components, each atfBedent angular scale (illustrated in the top-left panel ofBig
9 The amplitude and the directions of these shape components can be estiroatatidrparticipating
99 nucleons via a simple Glauber model as:

r"cosng)? + (r"sinng)?
o - W ¢ir”J;< inng)? @)
(r"sinng)

(r" cosng)

tann®,, 4

100 These shape deformations, similaktpcan be transferred into higher-order azimuthal anisotropy in the
101 Py Space via hydrodynamic evolution, leading to additional Fourier moments irzitmeinal distribu-

102 tion of particles:

dN/dg o< 1+ 2 )" un cosn(@ — @) (5)
n=1

10: Wherev, and®,, represent the magnitude and phase offh@rder anisotropy (or flow) at corresponding
104 @angular scale ¢2/n), andv, = (cosn(¢ — ®p)).

105 Experimentally, RP angleB,, are estimated using the azimuthal distribution of particles in the event.
106 The precision of such estimation depends on the kinematic selection of thdgsastich agr or 7.

107 The estimated directiol,, is known as event-plane (EP) to distinguish from the reaction plane. With
108 the above definitiond,,¥,, and @}, all have a periodicity of 2/n, and are uniformly distributed over

109 [—7r/N, r/n] in heavy ion collisions.

110 When fluctuations are small, one expact «,, and thed, to be correlated with minor-axis direction

w1 @y, + /n. However, model calculations show that the valueg,adre large, and the alignment between
112 O and®y, + r/n are strongly violated fon > 2 due to non-linearféects in hydrodynamic evolutiod].

113 Detailed measurements gf have been performed at the LHC, and significant signals are observed
ua forn < 6 [5, 6, 7]. In contrast, not much attention has been given to the studp,ofin particular

1s the correlation between them. If the fluctuations are small and totally randororigrgations of the

16 RP of diferent order are expected to be uncorrelated. Calculations basedimopla &lauber model

uz show that the initial geometry have strong correlation betwegand ®; in mid-central or peripheral

us collisions, while the correlation is generally weak in central collisid®]s Furthermore, correlations
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—
400 nucleons 30000 particles
m Initial geometry has multi-pole - Fo_urier exp:.ms?on ?f _
shape due to fluctuations. azimuthal distribution in
: : momentum space
\/(r"‘ cos (ng))” + (r™ cos (ng))
En = (T‘n> dN

—o<14+ ) 2v cosz(0—D
{(r" sin (ng)) d¢ ; : (¢ ”)
(rn cos (ng))

tan (ny,) =

Figure 2: The schematic view of thefldirent shape components arising from fluctuations of nucleons
in the initial state (left panel), and Fourier expansion of particle azimuthiabaopy in the transverse
momentum space (right panel).

ue involving odd planes fon > 2 are found to be generally weak, e.g. betwégrand®; or betweend;,

120 and®g, except in very peripheral collisions][ Previous measurements at RHIC and the LHC support
121 @ strong correlation betweeab, and®,4 [10], and a weak correlation betwedn and®3 [11, 12]. The

122 correlations among three event-planes difedent order have also been investigated recently in a model
123 framework P, 13, 15|, but no experimental measurements exist to date. Hence a detailed nme@sure
124 Of the correlation between two and three event-planes can shed light oattive of the fluctuation of

125 the initial state geometry and dynamic mixing betwedtedent®, during hydrodynamic evolution in

126 the final state.

127 This measurement focuses on event-planes wih6, using the transverse energies in the electro-
128 magnetic calorimeters ECal and Forward calorimeters FCal within rapidityeighg 4.9. ECal and

120 FCal are divided into a set of subevents, each coverinfferdint rapidity range. The correlation signals
130 are obtained from the relative angle distributions between the EPs of thieseesits. This note is orga-
131 Nized as follows. We first lay out the basic framework for measuring theledions; we then present
132 analysis details for two-plane correlators, including the EP measuremsoitjtien determination, and
133 estimation of systematic uncertainties; we then discuss the measurement gilédmeeorrelators, fol-

124 lowed by a summary of the main physics plots. The details of additional chesds of the measurement
135 are included in the Appendix | and Il

s 2 Event and track selections

137 This analysis is based on the Pb-Pb data collected in 2010. The list ofmdriaconditions are sum-
138 marized at httpgitwiki.cern.chtwiki/bin/viewauthAtlasHeavylonRunList. The minimum bias events
130 are selected with the following set of standard selection criteria as in psegitalysis:
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Run Good LBs  Total Luminosity (mB3) | Run Good LBs  Total Luminosity (mB)
169045 333 75.6 169136 545 171.7
169175 458 376.1 169206 374 186.9
169207 56 76.7 169223 405 378.4
169224 96 45.6 169226 366 257.2
169270 311 298.1 169564 140 123.7
169566 192 126.2 169567 114 69.7
169627 385 364.6 169648 63 66.5
169693 568 396.3 169750 368 199.3
169751 163 96.1 169765 307 161.8
169783 63 315 169839 222 197.2
169864 240 231.7 169927 575 526.5
169961 326 314.0 169964 93 94.6
169966 121 83.1 170002 462 522.8
170004 409 421.6 170015 161 236.1
170016 206 227.3 170080 27 28.2
170082 116 147.9 170398 380 392.6
170459 295 253.2 170482 212 314.3
Sum 9269 7493.1

Table 1: List of runs used in this analysis.

140 e The event must be from a good lumi-block
141 e The event must pass at least one of the following triggers after prescale

MBTS 1.1
MBTS.2.2
MBTS_3_.3
145 MBTS 4.4
146 - L1_.ZDC_AND
147 - L1.ZDCAC

142

143

144

148 e The event must pass LZDC_AND or L1 ZDC_A _C triggers before prescale.
1 e |t must have good MBTS timing defined as follows:

150 — |timea| or [timec| must not equal 75 or O ns
151 — |timea —timeg| < 3 ns

152 e |t must have a reconstructed vertex

153 In addition, the events passing the trigger selection are required to haeersstructed z-vertex within
15 150 mm of the nominal center. A total of 48 million events are obtained from 34. rlihe list of runs

155 and associated luminosity information is summarized in Table

156 The Pb-Pb event centrality is characterized with the total transversgye(}¢E+) deposited in the

157 FCal over the pseudorapidity range X || < 4.9 at the electromagnetic energy scale. An analysis
1ss Of this distribution after all trigger and event selections gives an estimate dfabtion of the sampled
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15 hon-Coulomb inelastic cross-section to bet9®% [14]. This estimate is obtained from a shape analysis
10 Of the measured FCJ, Et distributions compared with a convolution of proton-proton data with a
161 Monte Carlo Glauber calculation. The FCEIEr distribution is then divided into a set of 5% or 10%
162 percentile bins, together with bins defined for the 5% most central event ipiris. The uncertainty

163 associated with the centrality definition is evaluated by varying ffexeof trigger and event selection
16« INefficiencies as well as background rejection requirements in the most petit@al . Et interval.

16s An example FCal energy distribution passing the above trigger selectioriacated the corresponding
166 centrality percentile distributions are shown in F8. Note that the central collisions correspond to
167 Smaller centrality number, e.g. centrality (0-5)% corresponds to the 5%sawéh the highest FCédtr.
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Figure 3:Er distribution in the FCal and the corresponding centrality percentile distrib(rimmalized
to unity).

168 While the majority of the analysis uses only Calorimeter information, the chargekistfrom the
160 iINNer detector (ID)care used for cross-checks. The defaulttgeiecriteria from previous, and vy
170 papers are use®[16]. They are listed here for completeness (more detailed definition can hd fou

171 [17]):
172 o Number of B-Layer hits- 0 if expected number of B-layer hit&

173 o Number of Pixel hits> 0

Number of Pixel holes- 0

174

Number of SCT Hits> 7

175

Number of SCT Holes2

176

0.5 < pt < 20GeV

177

25<n<25

178

179

¥?/ndf < 6.0

|dol < Imm

180

|Zo X Sin@E)| < Imm

181

182 Note that the cuts ojdp| and|zp x sin(@)| used here are 1.5 mm rather than the 1 mm cuts use@| ibg].
153 LOosening this cut increases the number of tracks and thus increagesohgion for determining the
184 EP correlations.
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ws 3 Methodology

186 This section sets out the basic mathematical framework for measuring thegolaetations. The ob-
187 Servables used to quantify the event-plane correlations are defirtettheaanalysis steps for determining
188 the correlation strength are presented.

19 3.1 Observables

10 As illustracted in Fig4, the n"-order harmonic plané, hasn-fold symmetry in azimuth. A general
101 definition of the relative angle between two reaction plaags, + an®m has to be invariant under a
192 phase shift:

2n 2n
q)n—>q)n+F0rq)m—)q)m+E, (6)

193 and a global rotation by any angle
o, - O, +0anddy »> O+ 6 (7

192 The first condition requires, (am) has to be multiple of n (m), while the second condition requires that
15 the sum of the cd@&cients has to be ze@, +ay, = 0. The relative anglé,, , = k(®p — ), with k being

106 the least common multiple (LCM) of n and m, satisfies these constraints, asrdo@segral multiple of

17 O m. The correlation between the reaction plafgsand®y, is completely described by theftérential

108 distributiondNeyts/ (d (k(® — ). This distribution is an even function due to symmetry, hence it can
199 be expanded into the following Fourier series:

dNevts - j .
J (K@ — Om) 1+2 ,Z:; VimCosjk(®n — D) 8)
Vim = (cosjk(®n — ®pm)) 9)

200 The measurement of the two-plane correlation boils down to measuring the axerage of a set of
201 cosine functiongcosjk(®, — @n)).

(L L2

®, LF o, ®s LF

Figure 4: lllustration of the azimuthal shape of the harmonic componetén The angle oht"-
order harmonic shapg, has n-fold ambiguity, i.edNets/d®,, has to be invariant under transformation:
D > Dy + Z.

202 This discussion can be generalized for correlation involving three reaptemes or more. The
203 Multi-plane correlator can be written &0sC1®1 + 2C,®-... + lg®))), with the constraint]3]:

C1+2C...+lg =0. (10)
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20« wheren"-order RP angl&,, always appears as multiple o®,, in the correlator due to its-fold sym-
205 metry. Furthermore, since experiment has no control on the overaltatiemof the collision geometry,
206 the relative angle has to be invariant under arbitrary global rotation.l&hds to Eq10. The two-plane
200 correlator defined in E, satisfies this constraint. For convenience, we shall refer to correlatiolv-

208 iNg two event-plane®,, @, as “n-m” correlation, and three event-planéds, @, and®y, as “n-m-h”
200 COrrelation.

210 The multi-plane correlators are interesting because they carry additidoahation not accessible
211 through two-plane correlators. The relative angle containing three ardnparan be generally expressed
212 @s a linear combination of several two-plane relative angles. For example:

207 + 4Dy — 605 = 4(D4— Dy) — 6(Dg — Do)
—100; + 404 + 605 = 4(Dg— Dy) + 6(Dg — Do)
2(sin4(®@4 — @3)Sin6(@s — P2)) = (C0S(2Dy + 4Dy — 6Dg)) — (COSE10D, + 4D, + 6Dg)) (11)

213 and

205 + 303 — 505 = 3(D3-— Dy) — 5(Ds5 — D))
—8@2 + 3CI)3 + 5(D5 = 3((133 - (Dz) + 5((135 - (Dz)
2(sin 3@3 - CDz) sin 5(CD5 - CDz)) = (COS(ZDQ + 3D3 — 5CI)5)> - (COSGSCDQ + 3D3 + 5CI)5)> (12)

214 Therefore the combination of two three-plane correlators reflects thelatbon of two angles relative to
215 the third: if &4 and®g preferably appear on the same sidebgf then the sine product in E41 would

216 be positive, otherwise it would be negative. Recent study via a simple &airhulation suggests that
217 Some three-plane correlators may also be large and can be measurathextzly. One example is
218 the famougcos@; + 20, — 3d3)) [9], but unfortunately this requires the determinationdaf which

219 IS complicated by #ects from global momentum conservation. Momentum conservation doeffewit

20 higher-order planes. More detailed Glauber model simulations also sujesthree-plane correlators
221 Mmay be important15], including (cos(2b, + 4®4 — 6dg)) and(cos(2b, + 3®3 — 5®@5)). To date, no

222 experimental measurements of three-plane correlations exist. As we willndérate in this analysis,
223 these three-plane correlators are large and can be measured expalymen

224 The discussion so far focuses on the correlation of true reaction plemaseal experiment, the un-
225 derlying reaction plane directiod, are unattainable due to limited detector acceptance and finite multi-
226 plicity. They are approximated by the measured event-plane aHglealculated from the azimuthal dis-
227 tribution of particles or energy in the detector acceptance. Th@cieats(cosC,®1 + 2CoD5... + I d)))

28 can be obtained by measuring the rawfliognts, followed by a simple correction for finite event-plane
29 resolution (see appendix for a simple derivation for this formula):

(cosC1¥1 + ... + Ig'F)))

(cosE1D; + ... + lgdy)) RescP,] _Redo1¥ ) (13)
Redchn¥,} = (cosc,n(¥,— D)) (14)
(15)

230 The resolution factor Rés,n¥,} can be determined using the standard two-subevent or three-subevent
21 methods 20]. For convenience, we shall introduce a short-hand notation for tiokupts of the resolution
232 factors:

Redci¥1 + ... + ¥} = Redci¥1}...Redql¥,}). (16)

233 TO avoid auto-correlations, the variol§, should be measured using subevents coverifigrénts
234 ranges, preferably with a gap in between.
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235 Avery large number of correlators could be studied. However, the megaifity of these correlators
236 IS dictated by the experimental resolution factors: correlators may not beunadse if the associated
237 resolutions for the event-planes are poor. To get a qualitative feediogll that the EP resolution depends
238 0N the resolution parametey as 0]

. i Xn\/_ Y2 2 2
Regjn¥n} = (cosjn(¥n—@n)) = ez - 1)/2( ;) + I(J+1)/2( 5 (17)
i 22— 2052 A\(i2_
N - - 1%&24) H 3(;17)23 19 7= x2/2 forlargeyn
zjr(m))(n for smallyn ’

23 Where the modified Bessel functiorlg, have been Taylor-expanded in the limit of lapgeand small

20 yn. Such dependence of resolutions othroughyn) and j limits the types of two- and three-plane
241 coOrrelations one can study in practice.

242 Our previous publicatiorg] has demonstrated that the ATLAS calorimeters provide good resolution,
23 Regn¥y}, for n = 2 — 6 using FCal (see Fig). The value of the, is controlled by the magnitude of

244 the physical flow signal; they typically decrease very quickly with increasias shown by Fig5 for

s the FCal detector. Therefore, R@s¥,} are expected to decrease very quickly for increasir{the

246 right panel of Fig.5 shows the case foejl). However, they should decrease more slowly witior

247 fixed n, especially for 2 and 3 cases whep, is bigger than 1. Note that the previous analy$is [

28 chooses FCal for the EP measurement, primarily to maintain a clear separaidity from the 1D,

249 Which provided the dferentialv, measurement for charged tracks. Since this analysis concerns only the
250 determination of the event planes, we can use the full calorimeter. The onlytionita that diferent

251 event-planes involved in EG3 should be measured using subevents coverifigréinty ranges to avoid

252 @uto-correlations. For two-plane correlatigh, and @, can be determined using the positiyeand

253 Negativen side of a symmetric detector. For three-plane correlation, one can diadeltldetector into

254 three non-overlapping subevents with comparable resolution.

L L LA L

o o i o e B i i ST
- —®-n=2  ATLAS  Pb-Pb |5, =2.76 TeV | ~®-n=2  ATLAS  Pb-Pb |5, =2.76 TeV |
| —©-n=3 . -0 n=3 1
| = n=4 full FCal L= 8 pb’ | 1- - n=4 full FCal L= 8 pb’ _
| —9%—n=5 P B Ll —— n=5 ...000. i
2 —=7— n=6 L4 b | —== n=6 .. ) |
L ° ° 1
° s | L -
= | o ° |3 p guomtngy
=< ° % - P o0
i i 0.5 @) -
1 .. .7& [ J OO i
L 0O Q. i BEE |
o e e e & e |
BV o e | i =
_— Ooo A 3 o 2 (OO0
| oo 5 =00 - - = 2 DD 1
Ouluu\ap\‘mul\f@‘@‘%‘%%{F% Ouhu ‘D‘HHH\%??H{?\H{F\u“\?ﬂﬂjL
80 60 40 20 0 80 60 40 20 0
Centrality [%)] Centrality [%]

Figure 5. The FCal resolution paramejgy (left) and and EP resolution factor Re¥,} (right) vs.
centrality for n= 2—6. Figure taken from the, paper p].

255 Table 2 gives a summary of the set of two-plane correlations and required tiesoterms in this

256 analysis, and the corresponding information for the three-plane ciioredds shown in Tabl@. These

257 lists are identified by requiring = 2 — 6 and the combined resolution to be at least a few % (they can
258 be identified from Fig28). The two-plane and three-plane correlations are listed separateiideec
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250 different detectors are used (discussed in Se@i6)y) which requires the separate evaluation of the
260 resolution corrections. The key to this analysis is to determine correctly soéut®n correction as a
function of centrality.

(cos 4(Dy — Dy4)) Reg4¥,}, Reg4¥,)
(cos 8(Dy — Dy)) Req8¥,}, Reg8¥,4}
(cos 12(b, — D4)) Red12¥,}, Reg12¥,4}
(cos 6(D; — D3)) Req6¥,}, Reg6¥s)
(cos 6(D, — Dg)) Reg6Y,}, Reg6Ys)
(cos 6(D3 — Dg)) Req6¥3}, Reg6¥s)
(c0s 12(b3 — D4)) Red12¥3}, Reg12¥,4}
(c0s 10(b, — @s)) Reg10¥,}, Re$10¥s}
@, plane Reg4Y¥,}, Reg6Y¥,}, Reg8Y¥,}, Reg10¥,}, Reg12¥,}
@3 plane Reg6Y3}, Reg12¥3)
@, plane Reg4Y¥,}, Reg8Y,}, Reg12¥,)
@5 plane Reg10¥s)
®g plane Reg6Yg}

Table 2: The list of two plane correlators and associated event-plaoleties factors that need to be
measured.

261

(cos(2b, + 3D3 — 505)) | Red2¥,}, Reg3¥3}, Reg5¥s)
(COS(ZDZ + 4D, — 6(136» Reg2¥,}, Reg4¥,}, Reg6¥eg}
(COS(—8CD2 + 3Dz + 5(D5)> Regq8¥,}, Reg3¥3}, Reg5¥s}
(COS(—].OCDZ + 4Dy + GCDG)> Redg10¥,}, Reg4Y¥,}, Reg6¥s)
(COS(ZDZ — 6Dz + 4@4)) Reg2¥,}, Reg6¥s}, Reg4¥,}
(cos(—lOCDz + 6D3 + 4@4)) Redg10¥,}, Reg6Y¥3}, Reg4¥,)

@, plane Redq2¥,}, Reg8¥,}, Reg10¥,)
@3 plane Req3%3}, Reg6¥3}

@4 plane Reg4W¥,}

@5 plane Reg5%s}

®g plane Reg6Ws}

Table 3: The list of three plane correlators and associated event-gsoletion factors that need to be
measured.

262 Figure6 shows the predicted correlations from a simple Glauber model for varicusamd three-

263 plane correlators studied in this analy<i§][ They are presented as a function of number of participating
264 NUCleonslpar) in the model. Note they are calculated using the participant nucleons in etfan

265 Space,and not from the final state particles in momentum space. So detadedchagt with the results
266 Obtained in this analysis is not to be expected. Nevertheless, it is interestinthéhGlauber model

267 predicts strong correlations betwe®j and®,, @7 anddg, @; and®g for two-plane correlations. For
2es three-plane correlations, strong signals are predicte(ctms(2b’, + 3d; — 5®;)) and(cos(2D, + 40, —

269 6@2)}

20 3.2 Calibration of ¥,

2n The first step in the analysis is to measure the event-plane aHglies n=2-6. They are defined as the
272 directions of the “flow vectorﬁn, calculated from the transverse energy fléy) of a given calorimeter
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Figure 6: The correlation between the planes angles calculated in catitguspacel5], as defined by
Eqg. 4.

273 detector as:

Gn = (QunQun) = (X Ercosng - (3 Er cosng), 3, Er sinng — (3 Er sinng)) .
Qy.n
= Q0 18
ann an ( )
T = Q). Q) = (S Er cosng), (3 Er sinng)) (19)

272« Where the sum ranges over towers in the ECal and the first two layere ¢iGhl (see Sectio8.6).
275 Subtraction of the event-averaged centroid removes biases due to defietts P1]. This re-centering
276 IS simply a Fourier expansion of the rdwy flow in the lab frame:

<dET > Qo+2 Z ’6 cosn(¢ — P12*) (20)

277 A non-zero Q[ﬁ‘“’| would bias the measured event-plane towards some fixed diregffsh which is

278 taken out by the re-centering. The re-centering step removes almosnailatness of th&,, distribu-

279 tion. A standard flattening technique is then used to remove the small resmhuahniformities in the

250 event-plane angular distributio@2]. The calibration procedure for the ID detector is almost identical,

281 except that théey is replaced withpr of tracks everywhere. These calibration procedures are similar
202 10 those used by the RHIC experimen24,[23]. They are performed for each detector separately. The
283 details of the calibration fo¥, documented in the previous analysi§[18].

2 3.3 Procedure for obtaining correlation function and applying the resolution correction

235 Each subevent provides its own measurement of event-ffgrier n=2-6. However to minimize the
286 auto-correlations, the planes involved in the correlation should not all bsumed by the same detector.
257 For example, thél,; and ¥, in relative angle 4¢, — W,4) should be measured from non-overlapping
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28 detectors A and B, and the correlation is obtained as

(cos 45 — ¥B))
Req4V,}Req4vd)

(cos 4Dy — By)) = (21)
230 |deally, the acceptance of these detectors should be chosen to maximizedhetf the resolution,
200 Which requires RQQ\P’;} e Re34\Pff}. Since the resolution for#, is typically larger than that of the
201 4%, detector B should be chosen to have larger acceptance than deteatat thjs optimization should
292 be done for each centrality class. The same argument also applies ffielations involving three or
203 More planes. In practice, this optimization procedure can become rathestizgied, and we leave it
204 for future studies. Noting that the products of resolution factors we ressadisfactorily large.

Correlation with two planes W , W

DN c- e

WnN' WmN LunP’ meP

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

Correlation with three planes W _, W_, W,
Gap Gap
Lunc: Lumcl Ll'Jhc LUHB, l'IJmB, l'IJhB LIJHA, WmA, LuhA

Each event have 3!=6 combinations

Figure 7: Schematic illustration of strategy to obtain the raw signal for twoeptanrelation (top) and
three-plane correlation (bottom)

295 In this analysis, the detectors for event-planes @Gkdent order are simply chosen to have approxi-
206 Mately equal acceptance. Figutélustrates the idea behind the two-plane and three-plane correlations.
207 IN the two-plane correlation, the two subevents are chosen to be symmeuitdathe center of the

208 ATLAS detector, so they nominally have the same resolution. Each sulbjeneemies its own measure-

200 Mment of the two event-plane¥®!, and'PF, for positiven and'P) and¥} for negativey, resulting in two

30 independent measurements of the correlations:

O o <cosk(‘Pﬁ - ‘Pr’}'1)> <COSk(‘1’r'§l - ‘Pﬁm)> 29
(COSk(®n = Pm)) = & KPPIReSk¥Y) ~ ReskPN)ReIkYT) ¢2

300 Where the resolution factors are calculated from two- or three- submathods discussed below. Since
02 RegkPhIRegk®N} = Regk®N}Regk¥F} for symmetric detectors, we simply take the average of the
303 tWO measurements for the correlation.

(cosk(Ph — Wh)) + (cosk(¥N — Wh))
Regk¥FIRegk¥N} + Regk¥NIRegk¥F)

(cosk(®,, — D)) = (23)

304 To measure a three-plane correlation, three non-overlapping subgelareled as A, B and C, are

305 chosen to have approximately the sam@nges. Here, subevent A and C are chosen to be symmetric
a0 and have identicap acceptance (hence same resolution), while the resolution of B in geeitdllwe

07 different. There are 6 independent ways of obtaining the three-plangatorr But since A and C
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308 have same resolution, only three of them are independent. For examptlarebesstimations for the
309 correlation 2, + 3®3 — 5®s, denoted by subscript Typel-Type3, are

<cos(2{’2B +3P8 - 5‘Pg)> + <cos(21’2'3 + 395 - 5‘PQ)> 24
Req42¥B}Req3¥AIRed5¥C) + Reg2¥BReq3¥S|Red5PA] )

<COS(21)2 + 3d3 - 5(D5)>Typel }
<cos(2P§ +3p8 - 5‘P‘53)> + <cos(211‘23 +3p8 - 5‘PQ)> (25)
}

c0s(2b; + 33 — 505))T,
{cos(@D + 303 - 50s))ypes Re42¥A|Reg3¥B)Req5%C) + Req2¥S |Req3¥E|Reg5 VA

<cos(2P§ +3¥5 - 5YE)) + <cos(2P§ +3¥% - 5‘I‘5B)>
Req2¥5Req3¥5Red5¥E) + Red2¥S|Req3¥5}Reg5WE

(cos(2p, + 303 — 5(D5)>Type3 }(26)

a0 Again the resolutions are determined from two- or three- subevent metfbdse three measurements
a1 are statistically combined, and the spreads between them are used as esfiondtiersystematic un-
312 certainty.

a3 3.4 Determining the resolution

a4 IN the two-subevent (2SE) method, the event-plane angles are deterseipadtely for either side of
a5 the symmetric detector, as illustrated in F8y.The correlation of the event-planes at the “same order
a6 between the positive and negativey are related directly to the resolution for each of the subevent:

(cosk(w) - ¥F))

(cosk (PN — @ - (¥ - @p))) (27)

(cosk (W) — @n) cosk (PF - @n)) + (sink (PN =dr)sink (] — @)
(cosk (W) — @n)) (cosk (¥f — @n))

(cosk (\PE(N) - @n)>2 = Regk¥,)?,

Reqk¥,} \/<cosk (¥N - ) = Regk¥F) = Regk¥}) = Regk#h(™) (28)

a1z Where it is assumed that the dispersionigfrelative to®, is random, and the dispersion is not corre-
us lated between two subevents. In this case, all the sine terms va(sialk:(‘P,'?(N) - ch)> = 0. On the

a9 Other hand, the detectoffects (dead area, iffeciency, mis-calibration etc) may lead to non-physical
320 correlations between the measured event-planes, and hence the vaksiak ()Pf,’ - ‘Pr’}‘)) can be used
=21 @S a measure of such detectfieets?.

322 In three-subevent (3SE) method, the resolution of detector Afeorder event-plane is calculated
323 from its correlation with the event-planes of the reference detectors Badhe “same-order”:

<cosk (wh - ‘PE)> <cosk (wh - ‘Pﬁ))

Ay _
Redictn) = (cosk (¥E - ¥§)) (29)
324 10 prove this, one just needs to plug in the following relations
(cosk(wh - R)) = (cosk(¥h— @n))(cosk (¥ - @n))
(cosk(Wh - ¥F)) = (cosk(Wh - @n))(cosk(¥y - @n))
(cosk(wp —¥5)) = (cosk(¥s - @n))(cosk(¥F - @p)) (30)

1The notation used in this analysis is slightlyfdient from what was used in previous pa@&@r Ve nominally use R¢&¥,}
to refer to the resolution for the subevents (instead of the combined plehg§ometime we spell the sides out explicitly as
either Rek¥P}, Regk¥\} or Regkwi™),
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N-side 2N min P-side

Two sub-event method

C [cap| B cap AR

N-side P-side

Three sub-event method

Figure 8: Schematic illustration of the two-subevent method (top) and thbeweot method (bottom)

325 Note that A, B and C should all coverftirentr regions to avoid autocorrelations. This method has
326 the advantage of no need to assume equal resolutions as in the 2SE mathdads auite flexible in

327 choosing references. On the other hand, the 3SE method ffanfsam systematics from the reference

328 detectors B and C. In order wordsfférence from the two-subevent could be caused by the poor choice
320 Of reference detector instead of reflecting the real systematics of defec8 one should keep this

330 caveat in mind.

s 3.5 Source of systematic errors

a2 It is useful to focus on the EQ®3 and Eq.24-26 to understand how various systematiteets enter

333 the two- and three-plane correlations. There are two primary sourcggstefmatic uncertainties. 1)

334 Detector éects can bias the determination of the event-plane akgland hence can influence both the

s35 correlation signal as well as the resolution correction. Most of thesetdewfects should be removed

336 by the event-plane calibration, Secti8r2. 2) Correlations other than flow (non-flow) such as resonance
sz decays and jet fragmentations. These correlations typically have limitee ramgpidity, and can be

338 suppressed by requiring grgap between the subevents used in measuring the correlation or resolution
339 determination.

340 The residual systematics include the following:

a1 e Theremaining detectofffiects can manifest themselves as non-vanishing sine terms in the correla-
2 tion function{sin jk (¥, — ¥n)), (sin(co,n¥y, + cyM¥, + chh¥})) or the 2SE and 3SE correlations
<sinjn(‘llﬁ — ‘F,‘?»

3

EN

3

i
w

s o The remaining non-flowféects can influence the resolution determination. For a given subevent,
345 it is important to compare resolutions from 2SE and 3SE methods with vaijgags.

346 e Thanks to the large coverage of the ATLAS detector, a given two-plane or three-planeleion

347 can be measured independently using detectordtetreint,. It is useful to compare the results
348 obtained using dierent detectors. However, one caveat is that tiferdinces could also be due to
349 n dependence of detector bias gordhe flow physics itself.
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0 3.6 Choice of Detectors

351 The calorimeters (EM barrel, EM end-cap and FCal) are used to deterneirevéint planes and study
352 their correlations. The EM-Barrel (EMBR) and EM-endcap (EMEQ® farther divided into six seg-
353 ments each covering roughly 0.5-0.7 unitjias shown in Fig9 and listed in Tablel. These segmenta-
354 tions of the EMEC and EMBR and their combinations (listed in Tablgive a large choice of subevents
sss for both the 2SE and 3SE studies. This flexibility allows for a detailed estimatisgstématic uncer-
356 tainties in the measured correlations. Note that the edge towers of FCakapatelyn € 3.2 - 3.3 and
357 4.8 — 4.9) are excluded as they show large non-uniformity in azimuth (as done viopgeanalysis as
well).

FCAL

EMBR?2 EMBRlEMBRO EMECO EM[ECl EMEC2

\ | / /

II\ . J" I L W T |
C Side (Negative) A Side (Positive)

FCAL

N

Figure 9: Schematic representation of thiedient detectors used for the analysis. Both the positive and
negative sides of each detector are used.

358

350 The guiding principle for choosing the subevents is that they should rel&r@en acceptance

30 @S possible, but still have afiigientn gap from each other. For two-plane correlations, the default
361 Subevents are FCAEEMCEC+EMBR12 at positivey (—4.8, —0.5) and negative (0.5, 4.8), with a 1 unit

32 gap in between. For three-plane correlation, the default subever(BEMBR12+EMECO01) (0.5 < 5 <

33 2.7), FCal (33 < || < 3.8), and (EMBR12EMECO1) (-2.7 < n < —0.5). The resolution of each of
34 these subevents is determined via various 2SE and 3SE methods.

365 Figure9 also shows th@ coverage of the inner detector (ID)} < 2.5. The ID only detects charged
36 particles above 0.5 GeV with about 60-80%&ency, depending on the centrality7]. The indficiency

367 leads to significant non-uniformity in the azimuthal direction. On the other,fendlorimeters usually

38 has better resolution for the sameaange due to its ability to detect neutral particles; The azimuthal
30 acceptance of calorimeter is also more uniform, resulting in a smaller re-icgnterrection in the event

370 plane calibration.

Inner Detector

= 4 Two-plane correlation analysis

a2 In this section, we discuss results obtained for default detector ECa(B&adted as “Det” in this sec-
a3 tion); Detailed results from tracking detectors are included in Appendix I.
s 4.1 Correlation function and extraction of raw signal

ars Figures10-15 show the raw two-plane relative angle distributions for selected centralitywatsée The
a6 red and blue histograms are foreground and background distributiesysectively. The background
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Detector Name \ Description | Il coverage] Comments
1 EMBRO EMcal Barrel 0.0-0.5
2 EMBR1 EMcal Barrel 0.5-1.0
3 EMBR2 EMcal Barrel 1.0-1.5
4 EMBR12 EMcal Barrel 0.5-1.5 sum of Detectors 2 and 3
5 EMBR Full EMcal barrel 0.0-1.5 sum of Detectors 1-3
6 EMECO EMcal End Cap 1.5-2.1
7 EMEC1 EMcal End Cap 2.1-2.7
8 EMEC2 EMcal End Cap 2.7-3.2
9 EMECO1 EMcal End Cap 1.5-2.7 sum of Detectors 6 and 7
10 EMEC Full EMcal End Cap 1.5-3.2 sum of Detectors 6-8
11 EMBR12+EMECO EM Barrel+ End Cap 0.5-2.1 sum of Detectors 4 and 6
12 EMBR12+EMECO01 EM Barrel+ End Cap 0.5-2.7 sum of Detectors 4 and 9
a.k.a. ECal
13 FCal Forward Calorimeter 3.3-4.8 layerl and 2 excluding
edge towers
14 FCakEMEC FCakEMEC 1.5-4.8 sum of Detectors 10 and 13
15 FCakEMEC+EMBR2 FCakEMEC+EMBR 1.0-4.8 sum of Detectors 3,10 and 1
16 FCakEMEC+EMBR12 | FCakkEMEC+EMBR12 0.5-4.8 sum of Detectors 4, 10 and 1
a.k.a ECalFCal
17 FCakEMEC2 FCakEMEC2 2.7-4.8 sum of Detectors 8 and 13
18 Trk1234 Tracking Dets 0.5-2.5 pt weighted tracks
19 Trk34 Tracking Dets 1.5-2.5 pr weighted tracks
20 TrkO1 Tracking Dets 0.0-1.0 pr weighted tracks

Table 4: List of detectors used for two-plane and three-plane cormegatas well as for various 2SE
and 3SE methods in determining the resolution for these detectors. If onlyidaef the detector is
used, a superscript “N” or “P” is used to indicate negative or posijivd he detectors in red are the
main detectors used for the 2-Plane correlation analysis and the ones iarblused for the 3-Plane
corrrelations. The other detectors are used for 3SE checks.

s77 distributions are calculated from mixed events, i.e. by combiningith&om one event with¥,, from
srs another event with similar centrality (matched within 5%) and z vertex (matchedwdtm). Both
a9 the foreground and mixed-event distributions are normalized to unity. Thedagxent distribution
330 provides an estimate of detectdfexts, while the foreground distribution contains both detedtercts
331 and physics. The background distributions are almost flat, but do indioate small variations on the
332 order of about 21000. To cancel these non-physical structures, the correlatiotidne@re obtained by
a3 dividing the foreground (S) by the mixed-event distributions(B):

S(k(¥n — ¥m))

Ck(¥n =¥m)) = 5w, —w,)

(31)

s34 The correlation functions show significant positive signal foPA¢ ¥4), 6(¥2 — ¥g), 6(¥3 — V), but

ass the signals for 8¢, — W3), 12(¥'3 — ¥4) and 10, — ¥s) are very weak.

386 These correlation functions allow us to calculate the various cosine tewagk(¥, — ¥r)) listed

a7 IN Table2 and the associated sine terksi jk(¥, — ¥i)) to estimate the systematic uncertainty in the
ags correlation signal.

389 Figure 16 summarizes the centrality dependence of the raw signal together with the estsysted
390 tematic uncertainties. They are also given in 10% centrality steps irlFiglhe systematic errors are

w W
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Figure 10: 4¢» — W,) distributions measured in FGEEMEC+EMBR12 for four diferent centralities.

31 caluclated from the quadrature sum of #s&n) in the raw correlation and thé&os term for mixed-
392 background events. THgin) and{Co9mixed terms are estimated by averaging over the 0-75% centrality
303 range. These are shown in Fig8and Fig.19 respectively.
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Figure 11: 6¥» — W) distributions measured in FGEEMEC+EMBR12 for four diferent centralities.
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Figure 12: 6¥3 — W) distributions measured in FGEEMEC+EMBR12 for four diterent centralities.
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Figure 13: 6¥» — W3) distributions measured in FGEEMEC+EMBR12 for four diferent centralities.
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Figure 14: 123 — ¥,) distributions measured in FGEEMEC+EMBR12 for four diferent centralities.
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Figure 16: The centrality dependence of raw correlation signals forighe tevo-plane correlators stud-
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Figure 17: The centrality dependence of raw correlation signals forighe tevo-plane correlators stud-
ied in this note. They are presented for 10% centrality intervals.
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w4 4.2 Resolution determination

395 This section provides a detailed discussion of the systematic uncertainttee f@solution corrections.
36 The nominal resolution factors are obtained via two-subevent methodharsystematic uncertainties
307 are estimated by comparing with results obtained from various three-sulstudies.

38 4.2.1 2SE results

=0 Figure 20 shows relative angle distribution between two subevelgd (n (¥} — ¥5)). These are the

a0 distributions from which the resolution factors are calculated, i.e{ jR&g} = \/<cosjn(‘1’r’}‘ - ‘Ifﬁ)>.

s01 The red and blue histograms are foreground and background distributespectively. The background

» distributions are calculated from mixed-events, i.e. by combiningfierom one event (at the N-

w03 side) with PP from another event (at the P-side) with similar centrality (matched within 594)zan

04 Vertex (matched within 3cm). Both the foreground and mixed-event distrilitawe normalized to

05 UNity. The mixed-event distributions serve as estimations of the detddtats while the foreground

s distribution contains both detectoffects and physics. To cancel these non-physical structures, the
7 correlation functions are obtained by dividing the foreground by the rréxeaht distributions:

4

(=]

(=]

4

o

4

o

S(n(¥R - ¥h)

N _ ywPy) —
0 =) = By —wh)

(32)
w08 The resolution factors are then calculated from these correlations foactithis procedure is almost
400 identical to that was used to obtain the correlation signal in the Settipexcept here the correlations
a0 are between the event-planes of the “same order”.
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Figure 20: The 2SE correlation functioG¢n(‘¥) — ¥F)) for event-plane at same order. Top to bottom
rows corresponds to=2-6, and columns correspond tdfdrent centrality intervals.
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a1t Figure21shows the centrality dependence of the cosine ave(agez(‘l’y - ‘P§)> calculated from

412 the 2SE correlation function for=2. According to Eq28, the square root of the cosine average gives
a3 the subevent resolution. The same figure also shows the vaIQsisn Q(‘Py - ‘P;’)> as an estimate of the

414 Systematic ffects. The magnitude of the sine terms correlates with the cosines and hadigengign.

x5 The origin of these non-zero sine terms can be understood as the fesginaple rotation off angle

16 in the P-side relative to th& angle in the N-side. Such a rotation can arise from relative misalignment
a7 Of the two sides of the ATLAS calorimeter, energy mis-calibration or deaa aréow eficiency area.

a8 These €ects can lead to detector level correlations between the two-sides. Detihatisigstematic shift

410 between the two-sides dsthe measured cosine and sine terms are modified due to this shift:

cosk(¥, — ¥, +6)) = (cosk(¥, —¥,))cosks (33)
(cosk(¥n - w7 +9)) =~ (cosk(¥n - ¥7))
sink(¥Y, — ¥, +6)) =~ (cosk(¥, —¥,))sinks (34)
N P N P
N _ gP
(cosk(¥r' ~ 5 +9)) ~ tanks ~ ks (35)
<cosk (PN - R+ 6)>
(36)

220 Where the ratio is used to quantify the value of sine (systematics) relative tmsiee (signal). If the
4z Sine term is purely related to a global rotation of energy flow of one-sidéwe to the other side, then
a22 the ratio should be independent of centrality and proportionial Eigure21 show that the shift is indeed
a2z independent of centrality. The amount of rotation is ahbet 0.01 radian or half a degree. Note that
224 @ pure rotation is not removed by dividing by the mixed-event distributions iBhbecause a rotation
25 Of a uniform distribution still yields a uniform distribution, and hence the rotetinly manifests itself
26 if the amplitude of the correlation is non-zero. Therefore the event-mixirtigae accounts only for
227 non-physical correlations that lead to non-uniform distributioms(m,’}' - \Pﬁ)

— T ——
o o —e— [Gos2(W)-W5)0
L . ] N
. o Binz(wg-w;’)m Ok mosz(mé,qag)g ““““ _

———
Ban(GD'Z“—GJ;)[I

° L
O000p000Q@pO00poO
F° o

0.5 -

Obs 566 6 6 66 58 e e e e e e e

PRI E ST S TSR B R ok L Ly L 1
0 20 40 60 80 ]0 20 40 60 80

Centrality [%]

Figure 21: Centrality dependence (afos 2(¥} — ¥5)) and(sin 2(¥} — ¥%)) (left) and the ratio be-
tween the two (right).

28 The same study is repeated foffdrentk = jn vaIues:(cosjn(‘I’,’}' - ‘P,'f)> = Regjn¥,}?, and the

a20 results are summarized in Fig2. The corresponding siymosine ratios are also shown and they are
20 found to be independent of centrality and to increase linearly wihd j. They are all consistent with

4 the same rotation value éf~ 0.0085, which supports the hypothesis of a small rotation. The fractional
42 change in the cosine term due to a rotatdois 1 — cosks ~ (k5)?/2 ~ tarfks/2. This is assigned as

433 the systematic error on the resolution. Note that the contribution to the systematifrem this source
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x4 is quite small: even fok = 12, the fractional change is only aboutiR« 0.085Y/2 = 0.7% in the
a35 resolution value.

436 4.2.2 3SE results

437 The systematic uncertainties of the resolution correction are evaluatedthsitiyee-subevent method
a8 EQ. 29, with reference detectors taken fromffdrentn ranges. It should be emphasized that all the
439 cosines in Eg29 are calculated from the correlation function defined in &.

440 The checks can be roughly divided into two types. In Type-l analyséstegholutions are calculated
w1 Separately for Detand Def; in two separate 3SE studies with the reference deteBtarglC chosen to
a2 have am separation greater than 1.0 from the Det and from each other.

203 In the Type-Il analysis, we chogeandB as Def; and Dep, and chos& from the list of reference
a4 detectors situated between A and B. This allows us to calculate the resoluti@etfofrom Eg. 29.
a5 We then swap thé and B while keep the sam€ and calculate the resolution f@ety. Both can be
a6 compared with results from 2SE method. The Type-IlI checks are similar @3Bemethod, as one can
w7 see from the following equation,

(cos(n(¥n"" — ¥R))) (cos(n(¥r™ - ¥n™)))

Reg¥Per} = (37)

\ (cos(n(¥n™ - ¥f)))

(cos{n(¥5* —48)) {cos(n(¥E* - ¥2="))
\ (cos(n(¥E% ~ ¥8) o

«a In fact con (PR - ¥§)) and cogn (™" - ¥E)) would cancel each other if their resolution are the

a9 Same, and the end results would be identical to the two-subevent formuBE&lowever the main

a0 advantage here is that we do not need to assume the DetN and DetP torhavesalution explicitly.
The list of checks are summarized in Table

Reg¥R™™)

Type-I checks Type-Il checks
Detr — EMBRy — FCALy | Detp — EMBRO - Dety
Dety — EMBRp — FCALp | Dety — EMBRO - Detp

Table 5: A list of 3SE checks. See Talléor description of the detectors.

451

452 We can now compare the resolution found by Type-I or Type-Il to theluésn found by the 2SE
ss3 method. Figur@3 shows, as a function of centrality, the ratio of these resolutions (i.e T&#&land
a4 Type-1l/2SE) for the 2nd-order event plane (i.e2) and for various values of j in RE5WY,}. Type-I

ss5 results show an almost centrality independent deviation from unity, whiceases almost linearly with
as6 increasing values, while the Type-Il results are consistent with no deviation from$ter2sults, except
ss7 for very peripheral collisions. Note that the “mirror-image” behaviouthef two sets of points in the
as¢ right-hand plots (Type-IRSE) follows from the defining formulae E§7 and Eq.38 and the choice of
a5 detectors used.

460 These comparisons are repeated rioe 3 — 6 in Figs. 24-27, respectively. Similar systematic
w1 deviations are observed, however the deviations seem show sligtalitgriependence, and the trends
2 also seem to diier for differentn values. In this analysis, the systematic uncertainties are quoted as
63 centrality independent deviations from both types of checks and thesdaddyuadrature. They are
a4 SUMMarized in the top part of Tale
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45 4.2.3 Resolution results

a6 Figure28 summarizes the event-plane resolutionsifer 2 — 6 used in this analysis together with their
467 Systematic uncertainties. They include both contributions of the non-vanisimadgerms from the 2SE
a8 correlation, as well as the deviations of the 3SE results (error summariZet|ie6).

469 Figure29 and30 shows the combined resolution terms for the eight two-plane correlatorbiaZa
a70 USIng the notation of EdL6:

Regk(¥n — ¥m)} = Regk¥nlResk¥m) . (39)

an These combined resolution values lie in the range of a few percent up th 46%. They also show
a2 quite diferent centrality dependence trends. The systematic uncertainties foineahnbsolutions are
a3 propagated from individual resolution terms, and they are summarizedia @a

a4 4.3 Corrected results

a5 The final event-plane correlations are obtained by dividing the raw Isigray. 16) by the combined
a6 resolution factors (Fig29). They are shown in Fig31 and32. The various sources of the systematic
77 Uncertainties for this measurements are summarized in Bable

478 The top part of the table lists the uncertainties for the individual event-pkswution. They are
a79 estimated from Fig22 for the sine term in the 2SE correlation, as well as the deviations betweeSEhe 3
a0 from 2SE results, estimated conservatively to cover the deviation in O-#bffadity range (Fig23-

a1 Fig. 27). The bottom part of the table shows the uncertainty for the raw cosinalsi§the correlation
a2 function and the combined event-plane resolution. The former is evalusitbe absolute values of the
433 Sine terms and the sine and cosine terms of the mixed-events distribution aruded gs the absolute
s8¢ €r70r on the raw signal, so is correlated with the statistical error. This ericnportant when either
435 the raw signal is small or the resolution is poor. The latter is calculated vi&®Hasing standard error
a6 propagation.

Error for Re$jn¥n}
n 2 3 4 5 6
0.85j%(j < 2)
3SE comparisor 3%(j=3) 3.0% 25% 3.5% 9j%
4.5%,6%,8% [=4,5,6)
sin component 0.5 x (0.085jn)%%
Error for(cosjk(®, — ®n)) correlators

(,n,m) 1,24 (2,24) (3,24 (1,2,3) (1,2,6) (1,3,6) (1,3,4) (1,2,5
Regjk(¥h — ¥m)} 3.06% 6.73% 11.0% 6.71% 9.49% 10.8% 15.9% 9.24%
Raw distribution
from sine and mixed-events 5-15
(absolute error on raw104)

Table 6: (top table) summary of sources of systematic uncertainties foridodivRe$jn¥,} terms
coming from 2SE3SE comparision (FigR4-27), and sine component of the 2SE correlations (ER).

and the discussion at the end of SectbB). Note that the uncertainties of R@s¥,} are found to be
proportional to values of. (bottom table) summary of sources of systematic uncertainties for the final
correlators(cosjk(®, — ®n)), including those for the combined resolution caculated from{ jRi5,}
terms, and the raw correlations.
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Figure 29: Combined resolution for eight cases of two-plane correlaRes&(¥, — ¥Ym)} (Eg. 39) in
fine centrality intervals, together with the systematic uncertainties.
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Figure 30: Combined resolution for eight cases of two-plane correlaRes&(¥, — ¥m)} (Eq. 39) in
coarse centrality intervals, together with the systematic uncertainties.
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Figure 31: The centrality dependence of the two-plane correlation résdite centrality intervals for
eight cases ofcosk (@, — @) list in Table6.
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Figure 32: The centrality dependence of the two-plane correlation résudtarse centrality intervals
for eight cases ofcosk (O, — @) list in Table6.
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w7 4.4 Cross checks

.33 One potential source of the systematic uncertainty arises from non-fleat® Theseféects can lead
480 10 auto-correlations between the subevents, and hence influence tekatoon function and the deter-
a0 Mination of the event-plane resolutions. Therefore, it is important to checkehsitivity of the final

01 correlation on the rapidity gap between the subeventgpandmpare the correlations obtained indepen-
192 dently from diferent subevents. This is the main goal of this section.

w3 4.4.1 Dependence on the gap

a2 A An gap between thB-side and thél-side subevents is necessary to reduce short-range auto-corielation

a95 (such as jets, Bose-Einstein correlation. resonance decays). Bpsitg they gap between the- and

a6 N-side subdetectors, the influence of auto-correlations is expected rieadec as does the resolution

a97 and raw correlation signal. Therefore a compromise must be made betwa&sninnzg the signal and

a8 SUPPressing the auto-correlations.

499 For this purpose, two-plane correlations between the P- and N-sideudiedsas a function of their

s00 rapidity separation. A total of 17 cases listed in Tabkere studied. The full analysis chain is repeated
independently for each case.

| Detector No| Minimum || | Maximum|n| | [yl Coverage| Minimum Ap gap | AverageAn gap |

1 0.0 4.8 4.8 0.0 4.8
2 0.1 4.8 4.7 0.2 4.8
3 0.2 4.8 4.6 0.4 5.0
4 0.3 4.8 4.5 0.6 5.1
5 0.4 4.8 4.4 0.8 5.2
6 0.5 4.8 4.3 1.0 5.3
7 0.6 4.8 4.2 1.2 5.4
8 0.7 4.8 4.1 1.4 5.5
9 0.8 4.8 4.0 1.6 5.6
10 0.9 4.8 3.9 1.8 5.7
11 1.0 4.8 3.8 2.0 5.8
12 1.2 4.8 3.6 2.4 6.0
13 15 4.8 3.3 3.0 6.3
14 2.1 4.8 2.7 4.2 6.9
15 2.7 4.8 2.1 5.4 7.5
16 3.3 4.8 15 6.6 8.1
17 4.1 4.8 0.7 8.2 8.9

Table 7: The detectors used in studying the dependence of two-plareations on the minimum
separation im.
501
502 Figures33-38 show the raw signal, combined resolution, as well as the corrected c¢mmslas a
s03 function of the minimuny gap between the-side andN-side subevents. The correlation function and
s04 the resolution decrease considerably with increasjfg very often by more than a factor of 4, but the
s05 corrected correlations are remarkably stable. This gives us confideatwe are indeed measuring the
so6 global event-plane correlations.
507 In most cases, the raw correlation signal changes smoothlynith even for smallyn, values.
so8 This is because the short-range correlations, such as resonaagys,d@ose-Einstein correlation or jet
s00 fragmentation can influence individual harmonics, but the influenceallysuave weak correlations
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s10 between EPs of flierent order. In contrast, the estimated event-plane resolution factegsahsharp
s increase towards smalli, for many cases. Such enhancement of the resolution leads to a sigpress
s12 Of the corrected correlation signal at sm@all,. This behavior is also understandable: since the event-
s13 plane resolution is estimated from the subevent correlation of the same thieleare more féected by
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Figure 36:An dependence dtos 6(b,—dg)) for several 5% centrality intervals. Top-left panel: Correla-
tion before resolution corrections. Top-right panel: The resolutiolmfaBottom-left panel: Correlation
after resolution correction.

s14 the short-range correlations. In all cases, however, these singe-carrelations seem to onlffect the
s15 resolution at smalh gap, and they become negligible fgrin > 0.2 (or equivalently a gap of 0.4).
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s16 Our default detector has a gap of 1 unitih which should be dfticient to suppress these short-range
s17 correlations.
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518 One may also notice a lack of influence of short-range correlations oresb&ition for 4@, — ®,)

s19 and 6(b, — ®@3): the sharp increase associated with short range correlation is ondyveldsin very

s20 peripheral collisions. We believe this is because the flow signal is strong,f@ andvs, and combined

sz1 resolution factor is very good (more than 0.3 as shown in 8. and so these cases are less sensitive
s22 t0 the non-flow €ects.

sz 4.4.2 Comparison of results obtained for diferent detectors

s22 Results from previous study suggest that@ap of 1 unit is more than flicient to suppress the short-
525 range correlations. Tabk gives a full list of possible symmetric detectors that satisfy sSythap

s26 requirement. Each detector provides its own measurement of the two-gae&atons as well as esti-
s27 mation of its own systematic uncertainties. However, many of these detect@®bverlapping accep-
s tance, so the results are not fully independent from each other. Qalt thfese checks, the subevent
s20 FCal, EMEC, EMBR12 have non-overlapping acceptances, while thetllfferent sets of systemat-
s30 iCS. Theirp coverage are summarized in TaBleThese four detectors provide a maximally independent
s31 Cross-check of the measurement. The detailed results for the trackintple®re presented in Appendix
s2 |. Here we just present the final results for comparison.

| Detector| Name | Description [ |7l coverage| Calorimeter-Layers |
1 FCal Forward Calorimeterr  3.3-4.8 layerl and 2
2 EMEC EM EndCap 1.5-3.2 EM compartments
3 EMBR12 EM Barrel 0.5-1.5 EM compartments
4 ID1234 | part of Inner detectof 0.5-2.5 tracks above 0.5 GeV
default | ECalFCal ECalfCal 0.5-4.8 | sum of Detectors 1,2,3

Table 8: Detectors that provide independent cross-checks forsbkg®btained for default detector.

533 Figure 39 and 40 compare the extracted raw correlation signals and the combined resolution co
s3 rections from these detectors. These detectors usually have smalleigrealand poorer resolution,
53 but the corrected results as shown by Hd.and Fig.42 are consistent with those obtained from the
s default detector. Small deviations are observed for FCal detectaciadlp for (cos 4@, — ®4)) and

s37 {COS 6(®, — @3)), but they are well within their own systematic uncertainties. It is possible teatth
s3s differences reflect the real rapidity dependence of the underlying pisrg-correlation themselves, in-
s30 stead of detectorfiects. However, we are not in a position to draw a definite conclusion oa gmeall

s differences. On the other hand, the ID is an entireffedent detector. It samples only charged particles
sa above 0.5 GeV with a very fierent dficiency and weighting (byr) from the Calorimeters. Hence the
se2 comparison with Calorimeter results serves a powerful check of the desystiematics. The fact that
sa3 the ID results agree with the default Calorimeter measurement (well within gsgiective systematics),
s44 SUggest that there is no need to quote additional uncertainties.
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Figure 39: The centrality dependence of the two-plane raw correlatioaldiy10% centrality intervals
compared betweenfiierent detectors for eight caseobsk (O, — ®p)).
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= 5 Three-plane correlation analysis

s 5.1 Analysis with default detector

sz For three-plane correlation, the default subevents are EQb < n < 2.7, labeled as “A"), FCal

s (3.3 < || < 3.8, labeled as “B”), and ECgl(-2.7 < n < -0.5, labeled as “C”) (see TabW). They

sa9 are schematically shown in Fig3. Given the symmetry between the Egahd ECa\, there are three

ss0 independent measurements (see Z4), which we shall label as Type 1, 2 and 3. Due to the require-
ss1 ment of three non-overlapping planes in the three-plane correlationydilatde independent detector
ss2 combinations for cross checks are limited. One such check is providedvioynd the ID into three

ss3 Subevents with g gap in between (discussed in Sect®f). Note that the uncertainty of the resolution
ss4 correction for each detector can be done via standard 2SE and 3SEds)athd this in fact has been
sss done already in the discussion of the two-plane correlation results. dhtisi$ study we can apply the
ss6 Same systematic uncertainties discussed in the previous section.

FCaL EMBR2 EMBR1pypng emeco EMFC EMEC2 FCAL
CSide(Negatich ] / kSideIPosiﬁda)
| |\. 5T |\ ) /|
=] = —— — ] I —
B C A 5

Figure 43: Schematic representation of the three detectors used foptarsecorrelation analysis.

557 Figure44- 49 show the correlation functions for the six three-plane correlators stiribds analy-

sss SIS, and for each correlator, separately for each independent regasu (Type 1,2,3). The red and blue
ss0 histograms are foreground and background distributions, respgctiee background distributions are
se0 calculated from mixed events, i.e. the three individual plane angles armedtbttor the correspond-
se1 INg subevents from threeftierent events with similar centrality and z-vertex. Both the foreground and
se2 Mixed-event distributions are normalized to unity. In the first three figstesng correlations are al-
se3 ready observed at the raw level, a weak signal is also seen fod&{gecond to the last). In contrast,
se4 the distributions obtained by combining the angles froffedént events are consistent with zero signal.
ses This mixed-event procedure gives us great confidences that tred Higihwe measure is real.

566 Figure50 shows the extracted raw correlation signal. The magnitude is about 5+2%¥{a 3¥3 —

se7 5¥s, 2-4% for 2V,+4%4—6¥5, 1-2% (but negative) for2,—6W3+4%¥,4, about 1% fo-10¥,+4¥4+6%¢

ses and consistent with 0 for8¥, + 3¥3 + 5%5 and—10¥5 + 6¥3 + 4¥4.

569 Figure51 shows the resolution terms for individual event-planes fiedent values oh andj, as in

s0 Regjn®¥n}, for subevents “A’, “B” and “C”. The systematic uncertainties were ot#d via 2SE and 3SE
s estimates, which are discussed in great detail in sedtidand the appendix. Note that the resolution
s2 and systematic uncertainties associated with “A” and “C” are almost the samisTexpected as they
s3 have the same acceptance.

574 Once we obtain the individual resolution, they can be combined to give tHeéstdution for the

575 three-plane correlators. We then obtain the corrected results by divttigngaw signal in Figh0 with

s6 these combined resolutions. The results are summarized i Eigihe systematic uncertainty comes
s77 from both the raw signal and resolution correction. The individualcssiof the systematic uncertainties
s7s are summarized in TabR The top part of the table lists the uncertainties for the individual eveneplan
s79 resolution. They are estimated from the sine term in the 2SE correlation|las\tree deviations between
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Figure 44: Distribution of ¥, + 3¥3 — 5¥5 in several centrality intervals. Each column corresponds to
one type of correlation for the same correlator.
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Figure 45: Distribution of ¥, + 4¥4 — 6% in several centrality intervals. Each column corresponds to
one type of correlation for the same correlator.

ss0 the 3SE from 2SE results. The bottom part of the table shows the uncesgdartibe raw cosine signal

se1 Of the correlation function and the combined event-plane resolution. Tingefois evaluated as the

s32 absolute values of the sine terms and the sine and cosine terms of the mixeslgigibution and is

ss3 quoted as the absolute error on the raw signal, so is correlated with the sihéistic.

584 As one can see from Tab% most of the uncertainty arises from the resolution correction. For each
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Figure 46: Distribution of ¥, — 6¥3 + 4%, in several centrality intervals. Each column corresponds to
one type of correlation for the same correlator.
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Figure 47: Distribution of-8¥, + 3¥3 + 5¥5 in several centrality intervals. Each column corresponds
to one type of correlation for the same correlator.

sss three-plane correlator, the three independent estimates agree withtbackvithin their uncertainties.

ss6 One can then take a simple weighted average between the three measurenobtésntd the final

se7 corrected correlations. The results are shown in B8).The systematic uncertainties are calculated as
se8 the quadrature sum of two sources: 1) the weighted-average of tteerst& uncertainties for the three
se0 individual measurements; 2) the point-to-poirfteliences between the three measurements.
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Error for Re$jn¥y}
n 2 3 4 5 6
Detector A&C | 1.1, 10.0, 13.0% §1,4,5) 6.0, 12.0% §1,2) 6.0% (F1) 10.0% (1) 13.0 (1)
Detector B 0.7,5.0, 7.0% &1,4,5) 1.75,3% §1,2) 1.75% (1) 5.0% (k1) 20% (1)
Error for three-plane correlator&os(, ®))
> 20, + 303 — 505 20, + 40,4 — 60 20, — 603 + 4Dy

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Combined resolution 11.7% 10.2% 7.9%| 20.9% 20.1% 20.9% 13.4% 7.8% 12.2%
raw distribution &107%) 2-10
—8CD2 + 3CD3 + 5(D5 —lOCDZ + 4(D4 + GCDG —10@2 + 6(D3 + 4(D4
Type-1 Type-2 Type-3 Type-1 Type-2 Type-3 Type-1 Type-2 Type-3
Combined resolution 12.7% 14.3% 12.7% 22.1% 23.9% 24.6% 15.1% 14.6% 17.8%
raw distribution &10~%) 2-10

Table 9: Summary of relative systematic uncertainties for individual jRég} terms (top part) and
the final three-plane correlators (bottom part). Note that the uncertdime®jn¥,,} are found to be

proportional to values of.



‘ Not reviewed, for internal circulation only ‘

December 4, 2013 —-17:03 DRAFT 48

T T T T T T
LATLAS Internal LATLAS Internal i O2FFATLAS  Internal -
O 1[Pb+Pbys,=2.76 TeV 1 o 1Pb+Pbys,=2.76 TeV o [ Pb+Pbys,=2.76 TeV
6“\“ [ L= 810" EE R RS ¢ i 3 L= 8 o™ g' 0.1[Lin=81b™ ]
s [ ° ¢ 1]l @ [ . " 3 F E
° ° %, * Y [
= - ]l g llde © * ¢ + s [
S osl 15 osf + + 3 O s 3
~ | e ~ I ~ F
) & ) ) [Te o
S 5 S S N ..
g z ¢ 2 oif L
9 3 i<} 3 i} F /=
0 ) 0] L " +
1 1 1 1 02 1 1 ]
0 20 40 6l 0 20 40 6l 0 20 40 6l
Centrality [%] Centrality [%] Centrality [%]
T T T T T T
LATLAS Interal LATLAS Intemal . 02ATLAS  Internal
O 1[Pb+Pbys,,=2.76 TeV 1 = 1[Pb+Pbys,,=2.76 TeV (=) Pb+Pb s, =2.76 TeV
n T ¥ a
+m < ™ .
g ] 1% i 8 1l ]
¥ o5 - +. o5 ¢ + +o ol g & g & & 8 80
g I 18 L g t
® 12 o ° 12
a F 19 . 1% o1
o
s ] & . 18
or......n..p...ﬂ.....o..o.....+..+- 0 19 PR 1 ]
L 1 ] L L i 0.2 L L ]
0 20 40 6l 0 20 40 6l 0 20 40 6l
Centrality [%] Centrality [%] Centrality [%]

Figure 53. Centrality dependence of the corrected correlation signdhéosix types of three-plane
correlators.

s0 5.2  Cross check with other detectors

so1 Three additional three-plane correlation analysis witfiedent choices of detectors have been carried
s2 out. The choice of the detectors are listed in Tallle The first check also uses only Calorimeters,
se3 but have quite dferent rapidity coverage for the three subevents from the defaulttdetdte second

s04 Cross-check has very similarcoverage of subevents as the first check, except that the sulfeaewt

ss C are chosen as part of the inner detectors. These two cross-dimekgomparable precision as the
so6 default measurement, hence can better reveal any potential systeffietis.e The third cross-check
so7 involves only inner detectors, hence provide verffatent set of systematics. This cross-check have a
ses 0.5 unit gap between the three subevents, however as we have demeohistr@ectiord.4.1 a gap of

s00 > 0.4 is more than enough to suppress the influence of autocorrelations aortélation as well as the

00 resolution determination.

| Combination| A \ B \ C | ]
1 (FCakEMEC2) ; €(2.7,4.8)| EMBR 77 €(-1.5,1.5)| (FCakEMEC2)\ 17 £(-4.8,-2.7)
2 ID1234 5 €(0.5,2.5) FCalln| €(3.3,4.8) ID1234y 77 €(-2.5,-0.5)
3 ID34p ; €(1.5,2.5) ID01 7 €(-1,1) ID34y 7 €(-2.5,-1.5)
Default BRI2ECOb 77 €(0.5,2.7) | FCally| €(3.3,4.8) | BRL2ECOX 1 €(-2.7,-0.5)

Table 10: Detectors that provide cross-checks for the three-plareatoon results.

601 The entire analysis procedure is repeated for each cross-chedeftiked results of this study for
e02 the tracking detectors are included in Appendix Il). Figbdlecompares the results from default detector
s03 t0 those obtained from the three cross-checks. Good agreementeareiden their own systematic
04 UNcertainties. In particular, good consistency are observed whernacmmpvith the ID results, despite
e0s Of its bigger fluctuations due to limitegl range of its subevents. Since the ID is an entireljedént

s detector, this consistency give us confidence that the measured resutibast.
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« 6 Other systematics

«s 6.1 Trigger and event selections

s00 AS mentioned in Sectiog, the dficiency for selecting the minimum bias Pb-Pb events 8298 [14].

e10 The variation of this fficiency leads to a slightly ffierent definition of the centrality class: in the case
s11 Of 96% (100%) €iciency, the events passing the selection criteria fieetvely grouped into 96 (100)
e12 percentile bins. The change of the centrality definition mainly leads to a regaaflithe x-axis in

e13 Figure4l and 42 by +2%. This scaling mostlyféects the most peripheral events, but has very little
e14 influence in the central events (as the left end of the x-axis is essenti@tl) fixhe changes in centrality
o5 range can be approximated &s = +0.02x; for i data point. The influence for each data point is
s estimated based on a interpolation procedure between the neighboring; Bing;.1 — yi) x 2010_22 . The

e17 results of this estimation, in terms of the fractional variation, is shown inF5dor various two-plane

e18 correlators. The estimated changes, when converted into percentags, \ae typically less than 1-3%
s19 MOSt cases (and centrality dependent); In other case, the changégtahe bigger, but they are typically
e20 associated with the large point-to-point statistical fluctuationgaarimbcause the values themselves are

ez Very small.
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Figure 55: The fractional change in the values of the two-plane cormelaigmal associated with the
uncertainty in trigger and event selections.

622 The uncertainty associated with centrality definition is repeated for three-plarrelators, and the
23 results are shown in Fig6. The relative variation is on the order of 1-4% depending on centrality and
24 the types of correlators.

o5 6.2 Run-by-run dependence

e26 The ATLAS detector performance could also vary from run to run. Swachation in principle should
27 largely be smoothed out when we present the results for the full datdéetsrtheless, it is important
28 10 see whether the detector is stable over the time of the whole heavy ion ruanththe extent of any
620 Change in the correlation signal. To carry out this check, we organiteeallins into 3 dferent running
30 periods or groups with approximately the same statistics. The run rangesmaadponding luminosity
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Figure 56: The fractional change in the values of the three-planelatoresignal associated with the
uncertainty in trigger and event selections.

are listed in Tabld 1. The way we used to check the variation is by taking the ratio of the signaisebta
in each run group with those for the full statistics.

[ Runrange | 169045-169627 169648-16996§ 170002-170482
| luminosityb™) | 2550.5 | 23986 | 25440 |

Table 11: The four run groups and corresponding integrated luminosity.

Figure57-58 shows the variation of the two-plane correlation with various run groups.check is
carried out by taking the ratio of results from each run range to the résutighe full statistics. Overall
we do not see a clear systematic variation with centrality, although the ratios $fuger spread due to
increasing statistical error. The level of centrality dependent devidtieysnd statistical fluctuation are
conservatively estimated in terms of either percentage (when the signésgakeor as absolute values
(when signals are small). They a€0.5%, 1%, 5%, 0.004, 3%, 3%, 0.02, and 0.02 for the eight cases,
respectively.
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Figure 57: Stability of the results for three running periods for eightcat@osk (®, — ®p)). They are
compared with the results for the full dataset (black).

Figure59-60 shows the variation of the three-plane correlation with various run graupslevel of
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Figure 58: Ratios of results for each of the three running periods to thdtsdor the full dataset for
eight cases ofcosk (@, — Op)).

e deviations are estimated to be&s%, 5%, 5%, 0.01, 0.07, 0.03 for the four cases (from left to right and
sa2 tOp to bottom), respectively.
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Figure 59: Stability of the results for three running periods for the six tygbelsree-plane correlators.
They are compared with the results for the full dataset (black).

643 The errors from these two sources (Triggéiiokency, Run-by-Run checks) are listed in Tables
saa @and 13for the two and three-plane correlators respectively.
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Figure 60: Stability of the results for three running periods for the six tybélsree-plane correlators.
They are compared with the results for the full dataset (black).

Error for (cosjk(®, — @) correlators
@(,n,m) 1,24) (2,24 (324 (1,2,3) (1,2,6) (1,3.6) (1,34 (1,25
Trigger&event selection 0.5-2% 1-4% 3% 3% 1-2% 05-2%<1% <1%
Run periods <05% 1% 5% 0.004 3% 3% 0.02 0.02

Table 12: Summary of systematic uncertainties for various two-plane comefeom Trigger éiciency
and run by run dependence. Note the uncertainties are given eithercaniage or absolute.

Error for various three-plane correlatqos(, @))

Z ) 2(132 + 3CI)3 - 5CD5 2@2 + 4(D4 - 6CD6 ZCDZ - 6CD3 + 4@4
Trigger&event sel. 1-2% 1% 3-4%

Run periods 1.5% 5% 5%

Z [} —8CD2 + 3CD3 + 5(D5 —1%2 + 4(D4 + GCDG —1&1)2 + 6(1)3 + 4(D4
Trigger&event sel. 1-3% 1-3% 1-3%

Run periods 0.01 0.07 0.03

Table 13: Summary of systematic uncertainties for various three-plaredatons from Triggergiciency
and run by run dependence. Note the uncertainties are given eithercanfage or absolute
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ws [ Summary of results

ess Table6 and9 summarize various sources of systematic uncertainties for event-plaséatons. Addi-

s47 tional uncertainties from Triggerfigciency and run by run checks are given in Tald@sand 13. The

esas UNcertainties of the final results are calculated as the quadrature sllithefa sources. They are shown
sa9 @S shaded bands in the results plots Bily64. Our final results are presented as a function of number
sso Of participating nucleondlp, calculated from the Glauber model that has been adapted to ATLAS as
es2 documented in Ref.14]. They are also used in previous ATLAS publicatio24,[25]. This way of

es2 presenting the centrality dependence of the measurement is quite stantterdh@avy ion community.

es3 We refer to Ref. 14] for details of the setup of the Glauber model, and here we simply summarize the
ss4 relationship between the averalygac and centrality percentile from Refl4] in Table 14.

655 TLhe centrality dependence of various two- and three-plane corredatim be compared with the
es6 predictions from the Glauber model given in F&.We want to emphasize that these predictions repre-
es7 Sents the correlations between the major axes of the planes in configurim® and they do not have
sss any final state #ects from hydrodynamic evolution. Nevertheless, the features foraewarelators are

eso Similar. In particular, the large signal in mid-central collisions predicted 2e4™, “2-6", “3-6", “2-3-5”

ss0 and “2-4-6" are observed. We see very weak correlations for’;'2334” and “2-5" similar to the model.

se1 Further work is needed to establish a complete theoretical understanding odrrelations presented
e2 here, which may lead to new insights on the nature of the fluctuation of theedrewatter at the initial

es3 State as well as the subsequent hydrodynamic evolution. In the futshonld explore other two- and
ee4 three-plane or even four-plane correlators that are not coveredisttiy.

665 Finally, Figure65 compares our results with the ALICE measurement{¢os 6(b, — ®3)) [11, 12].

ees It IS important to point out that the ALICE result was obtained usingfiedint method. However the
67 general agreement is very good.

Centrality 0-1% 1-2% 2-3% 3-4% 4-5%
(Npart) 4006+ 1.3 | 3926+18| 3832+21 | 3726+23 | 3618+ 25
Centrality 0-5% 5-10% 10-15% 15-20%

(Npar 3822+20 | 3303+3.0| 2819+35 | 2395+ 38

Centrality| 20-25% 25-30% 30-35% 35-40% 40-45%
(Npary 2026+39 | 1702+4.0 | 1417+39 | 1168+3.8 | 950+ 3.7
Centrality| 45-50% 50-55% 55-60% 60-65% 65-70%
(Npar 761+35 | 599+33 | 461+30 | 347+27 | 254+23
Centrality| 0-10% 10-20% 20-30% 30-40% 40-50%
(Npar 3562+25 | 2657+3.7 | 1864+4.0 | 1292+ 39 | 855+ 3.6
Centrality| 50-60% 60-70%

(Npary 530+32 | 305+25

Table 14:

Relationship between the centrality percentile andligheestimated from a Glauber model.
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Figure 61: The centrality dependence of two-plane correlators in 5% Wwitis 1% bins for 0-5%.
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Figure 62: The centrality dependence of two-plane correlators in 1086 bin



‘ Not reviewed, for internal circulation only ‘

December 4, 2013 —-17:03

[B0S(20,+3P3-505)0

[B0S(-8,+3P5+5(;) ]

0.5

0.5

T T T
ATLAS Internal 1
Pb+Pb s, =2.76 TeV -

teoo, Lin= 7Hb™

e
l ....... e ]

!
100 200 300 400
IN_ 0O

part

T T
ATLAS Internal 1
Pb+Pb s, =2.76 TeV -

L= 710

r.-o.o...n...‘........‘.........*.-

! ! |
100 200 300 400
O

part

2

[B0os(2P_+4®,-60,)0

2

[¢0S(-10P_+4D,+6D,) 0

0.5

0.5

56

T T T T T T T
L ATLAS Internal E 0.2~ ATLAS Internal -]
B Pb+PbY5, =276 Tev | r Pb+Pb |5,,=2.76 TeV ]
[ L= 710 ’e?' 01k L= 7w ]
L ¢ . 13 C ]
d
iy UIAE B ++} 16 | ]
L + 4 & 1] T | "
3 1 & [ « ©® ..ﬁ ]
L . 19 [ o ® E
3 *1 & oaf CL 3
o 4 8 - ||® o 4
I - [ + ¢ o® ]
L 1 1 1 1 i 02 1 1 1 I_
0 100 200 300 400 0 100 200 300 400
IN_ 0O IN_ 0O
part part
T T T T T T
L ATLAS  Internal - 02~ ATLAS  Internal .
B Pb+Pbys =276 Tev = Ol I Pb+Pb y5,,=2.76 TeV ]
L 3
L Lin= 7 ub™ Qr 0.1 L L= 7 b .
¥ [ ]
L 1 & [ ]
L {8g E I i
- 4 + ob I .0............. * -]
i + + ¢ ¢ 1 & Lo ° + ]
L . ]l S [ ]
L] N - i
B . 1 @ 0.1 u
o 4 o F |9 i
0 1) TR g9 ++ J @ C ]
L 1 1 1 i 02 1 1 1 n
0 100 200 300 400 0 100 200 300 400
] ]
part part

Figure 63: The centrality dependence of three-plane correlators inirfsoviath 1% bins for 0-5%.
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« 8 Weighted correlations

eeo After the EP-Correlations results in the previous sectionswere presariteatidProbes2012 Conference,
e70 there was considerable feed back from the theory community. In gesrexaonsideration that they had
o1 Was that the EP method assumes that the EP resolutiofkiRg¥is identical for all events in the same
ez centrality class. However in reality the resolution depends ontisggnal: Events with largen®” order

e flow have better resolution of tha&" order harmonic plane. This coupled with the fact that there are
e74 large event-by-event (EbyE) fluctuations in theghemselves as outlined in a recent ATLAS publication
o5 [26], implies that all events a centrality class do not have the same EP resolutios tfe procedure of

e76 @pplying the same “resolution correction” factor to all events, does opiply correct for the resolution.

e77 As areminder, the formula for measuring the correlations in the previotisiseds given by:

(coshchPh + 1) + ..MC W)
Regnc, ¥, }Redlq ¥, }...Regmc ¥ m}
o8 Where thed’srefer to the true event-planes and tes refer to the measured event-planes. The numer-
679 ator is the measured raw correlation. And the denominator is the combindwti@stor the correlator,
es0 Which is simply the product of the individual single-plane resolutions. Eselution is typically mea-
es1 SUred by the two sub-event method by correlating symmetric detectors abshizgp (P) and negative
ss2 (N) i sides as:

(cosfich®p, + lg @) + ...MCm @) = (40)

Regk¥/Ny = \/<cos(<‘I’P PNy (41)

683 It was pointed out in27, 28] that a modification of the above equation can remove all ffects that
es4 are introduced by tha, fluctuations, their proposal for the observable for measuring the EBElatons
sss IS t0 measure the following quantity:

G qI ‘mcosfich®@n + 1@ + ...MCPm)

\/<qﬁc”> \/<q.2C'> \/<q2C"‘

sss Whereq, = Q,/Qo andQ, are then'" order flow vectors. In terms of observed quantitig®y{and¥,)
es7 the above correlator is given by:

(42)

((AP9)% (gPP9) ... (aPS) m cosicn'Pn + 1G] + ...MC )

V@R N)en cosen( — M) AP qN)e cos (¥R — ¥N))... (AR5 oMo costm(#E — ¥N)))

(43)
ess Where the claim made ir2[, 28] is that the above measured correlator (E4B) is unambiguously
ss0 equivalent to the true correlator (BQ) , unlike in Eq40, where the LHS and RHS were equivalent only
so0 IN the case of small, fluctuations.
691 It is quite straightforward to extend the EP analysis to this “weighted” cdroel@ase. The raw
s COrrelators as well as the resolutions are simply weighted by the approgffiates:

Raw signal = ((q9°%)™ (g%%)°...(q%%)° cosfichPn + 16'P) + ... MCm P (44)
693 and

Resolution = (G2 o) cosen(E — ¥R (5P g ) cost(¥E —¥h))  (45)

AP N e cosn(WE — W)

so4 The remaining analysis steps as well as cross-checks remain identicalitovie&ghted case.
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o 9 Two-Plane Correlations Weighted

s0s The analysis for the two-plane correlations case is done only for theiDd&gtector ECalFCal (Detector
o7 16 in Table4) which consists of calorimeter towers spanning (0.5,4.8). The correlations are cross-
s0s Checked are done with measurements using the tracking detectors.

s0 9.1 Raw Correlations

0 AS was done with the unweighted correlation analysis, the raw correlatiensbéained by an event
701 Mixing procedure. This is best explained by taking as an example We-4%¥,) correlator. First a
702 foreground distribution of the form ¥, — ¥,) is made by correlating event-plan&s and¥, measured

703 in the same event. However, instead of each event having a weight of dvflsain the unweighted case,
704 N this weighted distribution, the contribution for each event is weighted byatterf (q‘z’bs)zngS in the

705 event. Similarly a mixed event background is made by correlating’thend¥ 4 from individual events

6 Of the form : 4pgtent — p&et2) with the weight for each entry as;gf’aa’e”tl)zqzbsa’mtz. Finally the

707 correlation is obtained by dividing the foreground distribution by the mixesheglistribution.

708 Some such foreground, background and correlation distributiondarensin Figs.66-71 (Similar

09 plots for the unweighted cases were shown in Figs15). Note that separate distributions are made
70 for each of thgj4(¥, — W¥,) distributions (forj=1,2,3) as the weighting factors aredfdrent for the three
1 correlators. Forj=1 the weight is §3°5)?q3*® while for j=2 and 3 the weights are3*%)*(q$"®)? and

712 (ngs)e(q2b3)3 respectively. So unlike the unweighted case where the 4(\¥,) distribution contained
73 the full information of the 8¢> — ¥4) and 12, — W,) distributions (via a simple rescaling of the x-
714 axis followed by a refolding intox, 7)), in the weighted case they have to be evaluated separately.
715 They-axis in these figures is rescaled to have a mean value of 1.0. for thedorey background and
716 correlation so that they can be easily compared to the Unweighted casel®itys. However while
717 calculating thecosjk(¥, — Wm)) the overall scaling is kept.
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Figure 66: The distributions for the two plane angl&atenceg4(¥, — ¥,) for several centrality inter-
vals.

.04F 30-35%
.03

—e—corlfelatio
-e-forgground
-8 background
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718 Fig. 72 shows the centrality dependence of the raw correlajoosjk(¥, — ¥m)) for the weighted
79 case. Also shown are tiein) terms in the correlation as well as ttes and(sin) terms for the mixed
720 background which are used to estimate the systematic uncertainties. In libisséhe first 5 points are
72 1% centrality bins (from 0-5% centrality) and the next points are 5% bisn(f-70% centrality), the
722 last bin which spans the range 75-80% is actually the (0-5)% centralityrbthelfinal results when the
723 1% bins have large fluctuations, they are replaced by the combined (0i6)%
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Figure 72: The weighte¢cosjk(¥, — ¥1n)) obtained from the correlations (Figé6-71) as a function

of centrality. Also shown are thgsiny terms in the correlation as well as theops and(sin) terms for

the mixed background which are used to estimate the systematic uncertaingdgsi points are 1%
centrality bins (from 0-5% centrality) and the next points are 5% bins (#er0% centrality), the last
bin which spans the range 75-80% is actually the (0-5)% centrality bin.

22 9.2 Resolution
25 9.3  Single-plane resolutions

726 FOr the resolution also an identical procedure is followed as with the unwdigihtaysis. From E43
727 it can be seen that the denominator (i.e.) the resolution is a product ofksirggle-plane resolutions.
76 In the unweighted case the single-plane resolutions were of the fa@oskn(¥h — ¥N)) while in the

720 Weighted case the resolutions a{,é{(q"bsp obsNyk coskn(PR — ¥N)). The single-plane resolutions are

70 calculated by making distributions Ri(¥F —wN) weighted by ¢2°SPg*SN)k with WF and¥N measured
71 in the same event. A mixed -event distribution ko W™ — wNee2) is made usingt? and ¥

722 measured in dierent events weighted bySP@etgebsNeent2yk “aAnd finally the correlation of the two

733 SUb-events is obtained by dividing the foreground distribution by the mixextelistribution. Examples

73 Of such distributions are shown in Figg3-77. They-axis in these figures is rescaled to have a mean
735 value of 1.0. for the foreground, background and correlation sdltilegitcan be casually compared to the
726 Unweighted case (Fi@0). However while calculating thécoskn(*F — ¥N)) the overall scaling is kept.

727 The resolutions are obtained by calculating #ieoskn(¥F — ¥N)) from these correlation distributions.
738 Again, it is worth explicitly pointing out that in the unweighted case all theoskn(¥F, — ¥N)) (for

720 differentk) could be obtained from tha(‘PF — ¥N) distributions. While for the weighted case a separate
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Figure 73: The distributions for the two plane angl&eafiences IZ(‘PE - ‘P’z\‘) for different centrality
classes (left-right) and fierent k (top-bottom). Only those valueslothat are used in the analysis are
shown.

0 distribution needs to be make for each of thEatentk values, as the weighting factor isfiirent for
1 them.

2 9.4  Systematic Errors for resolution

73 The systematic errors for the resolution are obtained by the following tweesu

24 1. Calculating thesin jn(¥F — ¥N))) terms in the correlations in between the two sub-events. This

745 is used as an estimate of the systematic error oxabgjn(‘h — PN)) term as:
Acos _ (co9? +(sin? — (co9 1 (sin)? (46)
(coy (co9 "~ 2(cosg?
746 This error is then propagated to the error of the resolution (which is obtaise&/(cos). This is
747 identical to waht was done for the “Unweighted” correlations.

s 2. Several three-subevent (3SE) cross-checks are done tceeimdisqtly determine the single-plane
749 resolutions. The deviation from the default resolutions are considersgséematic errors on the
750 single-plane resolutions and are propagated into the combined resolutith (& the product of
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Figure 74: The distributions for the two plane angl€eatiences BWE — WY for different centrality
classes (left-right) and fierent k (top-bottom). Only those valueslothat are used in the analysis are
shown.
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shown.
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the individual single-plane resolutions). The choice of referencecttetefor the 3SE checks is
identical to the unweighted case.

3 9.4.1 Sine terms in two-subevent resolution

754 Figure 78 shows the ratio of thésin jn(¥F — ¥N))) to the(cosjn(¥, - PN)) terms for the ECalFCal.

755 Only those values of that are used in the analysis are shown. It is seen that the weightedwaeig)bted

756 resolutions have identical nearly identical ratios for this terms wherewuestgtsiallow. This is especially

757 Clear in the(sinj2(‘{’§ - ‘P’Z\'))> case (first plot). Thus this error is completely correlated between the
758 weighted and unweighted cases. The fine-dashed (long-dashed3Himeghe mean value of the ratio
750 for the Weighted (Unweighted) case in the (0-50)% centrality interval. Thensiare calculated by

760 Statistical weighting (i.e. the points are weighted bysfat err)? while calculating the mean). These
761 Mean deviations are quoted as the value of i@ /(cos over the whole centrality range.

762 It is also worth pointing out that as per B, these errors becomes much smaller when propagated
763 iNto the error of the/cos term. For example a 20% value of tk&n) term relative to thgcos term

764 translates to :

(siny/(cos = 0.2 (47)
Acoy 1 ., _
o8 - 2o.2 =0.02 (48)

765 ONly a 2% relative error on th@os term.
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Figure 78: The(sin) terms obtained in the two-subevent anglfeatencesn(¥; - PN) relative to the
(co9 terms, as a function of centrality forfterentj. Both weighted and unweighted cases are shown.
Only those values of that are used in the analysis are shown. The fine-dashed (longedidisles show
the mean value of the ratio for the weighted (Unweighted) case in the (0-&&#ality interval .
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6 9.4.2 Three-subevent resolution cross-checks

767 Several three sub-event checks are done to determine the systematicferrthe unweighted and
768 Weighted single-plane resolutions. The reference detectors usekf86th cross-checks are the same
769 Ones as described in Table 5 where the checks for the Unweighted easelone (Section 4.2.2). The
770 Unweighted cases are shown here again for comparison. The ratiorefsthlation from the 3SE mea-
71 surements to the 2SE values are shown in FI§83 for both the unweighted (left) and unweighted
772 (right) cases. The colored-continuous lines show the mean deviation 85tealue from the default
773 2SE value in the (10-50)% centrality range, while the dashed-coloreddires the error of the mean
774 deviation. The mean deviations are obtained by statistically combining the points ¥Dt60% cen-
775 trality range. The thick-dashed black lines show the error quoted froncligisk (the errors are taken
776 Symmetric about 1.0). The assigned errors are generally centrality indiepieexcept for the Re8V»}

77 and Re&¥,} cases where the peripheral bins are assigned larger errors. Tveidbited and Weighted
778 cases show nearly similar deviations, but in most cases the Unweightetiasastghtly larger devia-
779 tions. However for simplicity, both are assigned identical errors, by sihgdhe larger of the deviations
730 @s the common systematic error. The final errors were already quotdefadgnweighted” correlations
701 in Table6. The error for the weighted case are identical.

782 The problem with the 3SE resolution estimates as mentioned before is that vehezidgtence de-
783 tectors have poor resolution, it automatically results in larger deviationsdde@alFCal. Thus in most
734 Cases the errors are being overestimated.

785 Except for the Rg42¥,4} (Fig. 81) and Re&l0¥s) (Fig. 82) the assigned error easily cover the
786 deviations seen in the (10-50)% interval where the statistical errors arageable.

787 For the Regl2¥,4} and Regl0¥s}) the statistical errors in the deviations are too large to allow for
788 @ meaningful estimation of the deviation. Instead the linearity of the increaseg withReg jn¥,} is

730 Used. This gives for R¢s2¥,4} a 7.5% error, and for R€E0O¥s} a 7.0% error (see Tab®).
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Figure 79: The ratio of the resolution for the ECalFC&lobtained from several three-subevent checks
to the default two-subevent resolution for RE¥,} as a function of centrality. From top to bottom the
plots correspond to fierent values of. The left (right) plots correspond to the Unweighted (Weighted)
case. The colored-continuous lines show the mean deviation of the 3SHn@tuthe default 2SE value

in the (10-50)% centrality range, while the dashed-colored lines showtbea the mean deviation.
The thick-dashed black lines show the error quoted from this check. tBode values of that are used

in the analysis are shown.
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Figure 80: Same as previous plot but for R8¥3} for $j$=1-4.
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0 9.5 Uncorrelated resolution errors

791 Later on comparison plots will be made between the weighted and unweigtstesl ¢a these compar-
792 isONS the correlated systematic errors must be removed. It was alreadthaéthe sine terms in the 2SE
793 calculations of the single-plane resolutions are completely correlated. Singlattgng correlation was
794 S€en in the 3SE resolution estimates (which is the main source of systematifoethe resolutions).

795 Here the uncorrelated errors in the resolutions (from 3SE checkspbn@ated.

796 The 3SE ratios shown in Secti®#.2indicate the variation in the unweighted and weighted reso-
797 lutions when calculated usingftirent reference detectors. In order to get the fractional chantje of
798 Weighted resolution w.r.t. to Unweighted resolution, a double ratio of the form:

(3SE/2SE) Weighted
(3SE/2SE) Unweighted

799 IS made. In this double ratio, the correlated deviations cancel out andtthelexiation that the Weighted
g0 resolutions have w.r.t. the Unweighted ones are obtained. Such Plotoane ishFigs.84-88.

Uncorrelated err =

(49)
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Figure 84: Left plot: The ratio between the 3SE and 2SE(default) resotutar the unweighted (hol-
low) and weighted (solid) resolutions for R¢§&¥,}. The right plot shows the double ratio for the
weightedunweighted. This double ratio is used to estimate the uncorrelated systemaitickestween

the weighted and unweighted case. The horizontal continuous colouesdtithe right plots show the
mean value of the double ratio forftérent 3SE double-ratios, while the corresponding dashed lines show
the 1o~ error bands for the mean values. The thick-dashed black lines indicassiymed uncorrelated

error.
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s 9.6 Final Plots

76

2 The systematic errors for the weighted correlations are listed in Tabl€hey are identical to the errors
g3 for the unweighted correlations (Tal#¢ as shown in the last section. Taldlé lists the relative errors
g4 fOr the Weighted to Unweighted case for single-plane resolutions as wtikeasorresponding errors
s0s propagated the the correlators. Note that the relative errors are onty fiistéhe four strong non-zero
sos correlators for which the ratios (Weighted-correldtbrweighted-correlator) will be shown later.

Error for Re$jn¥,}

4.5%,6%,8% [=4,5,6)

n 2 3 4 5 6
0.85j%(j < 2)
3SE comparisor 3%(j=3) 3.0% 25% 3.5% 9j%

sin component

0.5 x (0.085jn)%

Error for(cosjk(®, — ®n)) correlators

(J,n, m)

1,2,4) (2,24) (3.24) (123 (1,26) (1,36) (1,34 (12

Reg jk(¥n — ¥m)}

3.06% 6.73% 11.0%

6.71% 9.49%

10.8% 15.9% 9.2

4%

Raw distribution
from sine and mixed-events
(absolute error on raw104)

5-15

Table 15: Top table: summary of sources of systematic uncertainties fordodi Re$jn¥,} terms
coming from 2SE3SE comparision and sine component of the 2SE correlations. Bottom tabieay
of sources of systematic uncertainties for the final correlgtmsjk(®, — ®n,)), including those for the
combined resolution caculated from Rg8l,} terms, and the raw correlations.

Relative error for Rggn¥,} (Weighted vs Unweighted)

n 2

5 6

3 4
Error [%] | 1.0,1.75,2.0(=2,3,4) 2.0,3.5,6.0j2,3,4) 1.0,3.0,10.0j€1,2,3) 20 ({=2) 6(j=1)
2.75,3.5 {=5,6)
Relative Error fokcosjk(®, — ®)) correlators (Weighted vs Unweighted)
(j,n, m) (1,2,4) (2,24) (1,2,6) (1,3,6)
Error[%] | 1.41% 3.61% 6.25% 6.32%

Table 16: Top table: Relative systematic uncertainties for individual jR&g} terms coming from
2SH3SE double-ratios. Bottom table: Relative ystematic uncertainties betweeretgeted and un-
weighted cases for the final correlators. For the lower table only thestoamg-correlators are listed.

s 9.6.1 Raw Correlations

sos Figs. 89 and 90 show the raw correlation for the Unweighted and Weighted cases rasggctirhe
so0 Systematic error is calculated as the quadrature sum ofshek(¥,, — ¥1,))| and mixed background
g0 [{COSK(¥r, — Wn))| term. The shapes of the correlations seem to Iffergint for the Unweighted and
su. Weighted cases. For example for goes 4> — 'W4)) correlation, the Unweighted case peakdlgd; ~
s12 150 while for the Weighted case it peakdNatt ~ 100. This is a trivial consequence of applying the
s13 as the weights. Since thyg are larger for mid-centrgeripheral events. Thus the more peripheral events
s12 are multiplied by larger factors in the Weighted case and hence reach themumaxat more peripheral
s1s values. The corresponding resolutions also show this trend betweereightéd and Unweighted case,
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sis however this &ect largely cancels out for the corrected correlations (i.e. when thsigmals are divided
s17 Dy the resolutions).
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Figure 89: Theaw correlationsas a function of Npar for the Unweightedcase.
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Figure 90: Theraw correlationsas a function ofNparp for the Weightedcase. The dierent plots are
scaled by various multiplicative factors (mentioned on the plots) to keep thisyamge reasonable.

g8 9.6.2 Combined resolutions

s19 Figs. 89 and 90 show the resolution for the Unweighted and Weighted cases respectivieigh(are

20 the products of the single-plane resolutions). The systematic error idateltas the quadrature sum
a1 from the 3SE deviations and tksin) terms in the single-plane resolutions. As explained before, for the
822 Weighted case, the resolutions have identical systematic errors as thightadenes.



‘ Not reviewed, for internal circulation only ‘

December 4, 2013 —-17:03

Res{4(W,-W,)}

Res{6(W¥,-W)}

Res{4(W¥,-¥,)} q Weighted

Res{6(W¥,-W¥y)} g Weighted

78

0.6 T T T T T T T T T T
ATLAS Internal ATLAS Internal 0.04r ATLAS Internal ATLAS Internal
Pb-Pbys,=2.76 TeV. 0.15 Pb-Pbys,,=2.76 Te\H Pb-Pb /s,,,=2.76 TeV. 04F Pb-Pby5,,=2.76 TeV]
L= 7™ 1 Lu=7ub™ | o 003f La=7u0" ] L= 710
0.4 4= S = o3f B
o ® .. ° ¥ 0.1F se e 12 ¢ ° 3 EEE
° N ° ° - UL '~ U °
. 3> 2 o02fF e 43>
. = ] ~ < 02 o -
° .. o, - L) =) ¢ o o °
02F e ] & oos| %13 ¢ ¢ 13 . °
o x ° o] @ 00I- %] ol e e
° * ° °
-J.
OF@® i ]
| | | | | | | | | | | h | | | |
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
panD ENpartD ENpanD ENpartD
T T T T T T T T
ATLAS Internal ATLAS Internal ATLAS Internal ATLAS Internal
0.1 Pb-Pbys,=2.76 Te\H 006k Pb-Pbs,,=2.76 TeV] Pb-Pbys,=2.76 TeV. 0.03- Pb-Pbys,=2.76 Te\H
L= 7 b L= 7™ { o L= 7ub? | L= 7 b
2 A 5 T i Es t
"1 S s o 0,04k % e o s | a'-m N ® #* E;_N 0.02| + B
> < <
0.05|- ° ° 1 & & b Y ° = + + +
=2
S @ % 001 A 1% ¢ +
o. .; 2 & e & oo ]
. A
.“
Oy rerrrrrsrssnnini -
1 1 1 1
0 100 200 300 400
O
part
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g3 9.6.3 Corrected Correlations

79

g2« Fig.93 shows the final correlated two-plane correlations for the Unweighted\fighted cases. Figd

825 Shows the ratio of the Weighted and Unweighted correlations for the fangtrorrelations. The cor-
a26 related systematic errors are cancelled out in the ratio. The Unweightefeigtited correlations have
827 very similar centrality dependence and behavior. Typically the weightedlations are larger than the
s2s UNweighted ones, this is especially clear from the ratio ptbtin general when lower powers of the
820  vectors are used in the weighting, the smaller is ttikeddnce between the weighted and unweighted

s30 case. For example, for tieos 4%, — P4)) correlation the weighting factor isf)°qs ~ g° and the max-
s iImum deviation between the Weighted and Unweighted cases %, while for the(cos 8%, — ¥,))

s22 Where the weighting factor i1)*(qs)? ~ ¢f, the maximum deviation increases<30%.
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83 9.6.4 Cross-checks with tracking detectors

s The whole analysis is repeated with the Tracking detectors and the resuttsrapared to the ECalF-

s3s cal results for both the weighted and Unweighted cases. The details forattkeng detector based

s3s analysis are given in Appendix-1. For the Tracking detectors, the tveesents have) coverage of

87 1 € (—2.5,-0.5) andn € (0.5, 2.5) and are made with charged tracks withe (0.5, 10)GeV. The Tracks

s3s are pr weighted while calculating th® vectors. In general very good agreement is seen between the
830 tracking detector based results and the Calorimeter based results for aihwreighted (Fig95 and

se0 96) and Weighted47 and98) case.
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Figure 95: Comparison of the corrected correlations fortheveightedcase as a function @Npar) as
measured by theCalFCal (Default) and Tracking detectors
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Figure 96: Ratio of the corrected correlatiorigr the Unweightedcase as measured by tfieacking
detectors and by ECalFCal (Defaylgs a function okNpap. The ratios are made only for the six
non-zero correlations.
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Figure 97: Comparison of theorrected correlationfor the Weightedcase as a function dlNpar) as
measured by thECalFCal (Default) and Tracking detectors
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Figure 98:Ratio of the corrected correlatiofar the Weightedcase as measured by theacking detec-
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correlations.
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«« 10 Three-plane correlations: Weighted

a2 The steps of the three-plane correlations analysis are identical to theldne-gorrelations: The raw
a3 Signals and resolutions are determined weighted bygthend finally the raw correlators are divided
sa4 DY the resolutions to obtain the corrected correlators. The analysis isvdtnéhe default detector
aas combination that was used in Sectibrl (also see Fig43). Cross-checks are done using the tracking
a6 detectors.

sz 10.1 Raw Correlations

aas Figures99-104show the relative angle distributions for the six three-plane correlatothriee diterent

sa9 centralities for the weighted case, these are analogous to44g. Note that there are three “Types”
gso for each correlation as described in Sectmf. As with the weighted two-plane correlations, these
gs1 are rescaled to mean value of 1.0. The raw correlators are calculatedhfese distributions witksin)

ss2 terms taken as the systematic errors at the raw level. FigOfeshows the raw signal for the sixftirent

gs3 correlators Also shown are tkisin) terms as well as thgsiny and(cos values for the mixed background.
ss¢ This plot is the analogue of Fi§0.
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Figure 105

They are compared with the sine values as well as the sine and cosine dlfitamenixed-events. The

last bin (75-80) is actually the (0-5)% bin.
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sss 10.2  Resolutions

sss The single-plane for the three detectors are obtained by 3SE or 2SE mefuwwdheECalp/y the default
ss7 resolution is obtained by the 2SE method by correlaB@al p with ECaly as:

Rejn¥y, ECalpy} = +/cos(n(¥ECH” — wECay) (50)

sss While for the FCal the default resolution is obtained by the 3SE method by correlating it with the
sse ECal P/N aS:

cos(n(WhCa — wECANY) cos(n(whCa — wECAry)
cos(jn(wECar — pECany)

seo This was also the default method for obtaining the resolutions used in theighte® analysis. Several
g1 3SE checks are done to determine the systematic errors in the resolutiomgleviation of the 3SE
82 checks from the default value for theCal are shown in Figs106-108 for both the Unweighted (left
ss3 panels) and Weighted (right panels) cases. The thick dashed linesisewors quoted for the single-
se4 pPlane resolutions for the ECal (The errors are taken to be the saiB€&¢ andECaly). The Weighted
sss and Unweighted cases are assigned identical systematic error baceis bk seen from these plots that
ses the largest deviations for the resolution occur when one of the threetoiestesed in the 3SE estimate
se7 IS theFCalp (or FCaly) . This occurs because of the very poor resolution offi&lp/y which causes
ses large deviations when used to determine the systematic error @Ghk>.

869 Figs.109-111show similar 3SE calculations for the FCal single-plane resolutions. Thertantties
g0 Of the single-plane resolutions are then propagated into the combinedti@sédu the correlator.

Regjn¥,, FCal} = \/ (51)
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Figure 106: The ratio of the resolution for the EC¥lobtained from several three-subevent checks to
the default two-subevent resolution for REV,} as a function of centrality. From top to bottom the
plots correspond to fferent values of. The left (right) plots correspond to the Unweighted (Weighted)
case. The thick-dashed black lines show the error quoted from thik.cbety those values of that are

used in the analysis are shown.
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snn 10.3  Uncorrelated errors

a2 It is clear from the plots in the previous section, that the errors for thedijived and Weighted single-
s73 plane resolutions are strongly correlated. To estimated the uncorrelabes, erdouble ratio is made as
a74 iN the two-plane case. The double-ratios and corresponding undedalgstematic errors are shown in
s7s the right panels of Figsl12114for the ECap/y and in Figs.115117 for the FCal. The left panels in
a6 these plots show the Unweighted and Weighted/B®Eault ratios that were plotted in Fig96111

‘ Not reviewed, for internal circulation only ‘

105 103 OECal,;ECal -FCal ECal, Trk1234,-FCal
E Large Marker= h t
1.04F arge Marker=Unweighted %-_ b AECal_-Trk1234 -FCal ¢ECal,-Trk01234,-FCal
Jlogp  SmalMakemweighed 22‘ goz 2 $ECal, Trk01234,-FCal ECal,-FCal -FCal,
210 TR o2 3 gt ECal -FCal -FCal OECal -ECal FCal,
SF "y 2 3 2101 WA AT
210 g 8 B E 2 e — — T ECal,-ECal -FCal, AECal -EMEC, -FCal,
o F E P e
-?9“, I+ O g G G @ E % 1;=% é - ¢ECal -EMEC,-FCal,
c F E S — — —
E = < o —~—
2% .99 ¥
S0.98F E 299
o 3 PR
“0.97F 3 R
“F E &.98F
0.96f E [
P ST T PR N PR PR Y5 PR N R PR N P
1.3 OECal,-ECal -FCal DOECal-Trk1234_-FCal

-

o
©

Res{8W,}} Ratio (3SE/Default)

=
]
T

=
e

Large Marker=Unweighted

Small Marker=Weighted

5

a3 3 &
848 §

DoubleoRatio (Weighted/UnV\Lelghted)

AECaIP-Trk1234N-FCaI

#ECal -Tk01234,-FCal
ECal -FCal -FCal,
ECal -ECal -FCal

o ECaIN-EMECP-FCaIN

¢ ECal -Trk01234, -FCal
ECal -FCal -FCal,
OECal -ECal,-FCal,

AECal -EMEC, -FCal,

0.8 b
S [ I PR PR L

1 A e 115 e OECal,ECal,-FCal DOECal, Trk1234,-FCal
E Large Marker=Unwei hted

L 3 g 9 AECal -Trk1234,-FCal ¢ECal,-Trk01234 -FCal

1.2

1.1

Res{10W,}} Ratio (3SE/Default)
.

Small Marker=Weighted

4
‘5

=

ii
i

‘*%@

Double I@io (Weighted/ugyvelghted)

0 10 20 30 40

Centrality [%]

Centrality [%0]

#ECal -Tk01234,-FCal
ECal -FCal -FCal,
ECal -ECal -FCal,

o E(:aIN-EMECP-FCaIN

ECal -FCal -FCal,
OECal -ECal,-FCal,

AECal -EMEC, -FCal,

Figure 112: Left plot: The ratio between the 3SE and Default resolutaribé unweighted (hollow) and
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double ratio is used to estimate the uncorrelated systematic errors betweasighted/and unweighted
case indicated by the thick dashed line. The colored horizontal lines sleomédhn deviations in the
(10-50)% centrality interval for the individual double-ratios.
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Figure 113: Same as previous plot but for §8¥3} for ECalp/n.
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double ratio is used to estimate the uncorrelated systematic errors betweasighted/and unweighted
case indicated by the thick dashed line. The colored horizontal lines sleomédhn deviations in the
(10-50)% centrality interval for the individual double-ratios.
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Figure 117: Same as previous plot but for Rd&} (Top), Re$5¥s}(Middle) and Reg&¥e} (Bottom)

for FCal.
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sz 10.4 Corrected correlations

100

s7s Fig. 118shows the raw correlators, combined resolution and corrected corrassdunction of central-
a7 ity. These three independent estimates are then combined to get the fuits. ré¢hile combining the

se0 three measurements, they are weighted f{gtat err)2. The final systematic errors are also weighted av-
se1 erages of the individual systematic errors (again weighted/bstat err)?). Further the spread between
a2 the three estimates is taken as another source of systematic error, addreglaiedrature (to the already
ses Calculated systematic error). The final plots are shown in the next sest@fuaction ok Npary.

884

Table 17 lists the errors for the weighted correlations. The errors are identicaktaritveighted

sss correlations as discussed in in the last section. TaBlests the relative errors for the weighted to un-
sss Weighted single-plane resolutions. Some of the relative errors havaligriiependence (eg. Figl2)

ss7 and this is listed in Tabl&8. The relative errors for the combined resolutions are obtained by adding
sss these single-plane uncertainties in quadrature.

Error for Re$jn¥n}
n 2 3 4 5 6
Detector A&C | 1.1, 10.0, 13.0% §1,4,5) 6.0,12.0% §1,2) 6.0% (1) 10.0% (k1) 13.0 (F1)
Detector B 0.7,5.0,7.0% &1,4,5) 1.75,3% §1,2) 1.75% (1) 5.0% (F1) 20% (1)
Error for three-plane correlator&os(, ®))
Z (] 2@2 + 3(1)3 - 5(1)5 2CD2 + 4@4 - 6(1)6 2(1)2 - 6(1)3 + 4CD4

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Combined resolution 11.7% 10.2% 7.9%| 20.9% 20.1% 20.9% 13.4% 7.8% 12.2%
raw distribution &10~%) 2-10
—8d5 + 3d3 + 505 —-10D;, + 40,4 + 6D —10D5 + 6Dz + 4D,
Type-1 Type-2 Type-3 Type-1 Type-2 Type-3 Type-1 Type-2 Type-3
Combined resolution 12.7% 14.3% 12.7% 22.1% 23.9% 24.6% 15.1% 14.6% 17.8%
raw distribution &10~%) 2-10
Table 17: Summary of systematic uncertainties for individual{ R4%,} terms (top part) and the final
three-plane correlators (bottom part).
Relative errors for R¢$n¥,} (Weighted vs Unweighted)
n 2 3 4 5 6
Det A&C | 0.5+0(cent — 40)x 0.5/30 (j=1) 0.3+®(x—-25)x1.2/35(j=1) 1.5(1) 2.5(F1) 5.0(F1)
2.0+0(cent — 25)x 5.0/35 (j=4) 1.0+O(x — 25)x4.0/35 (j=2)
2.75+0(cent — 25) x 5.0/35 (j=5)
Det B 0.2,2.0,2.75 §1,4,5) 0.3,1.0641,2) 05(£1) 1.5(=1) 4.0(1)

Table 18: Summary of relative systematic uncertainties in percent for indiviRe$jn¥,} terms for the

weighted vs unweighted single-plane resolutions. Some of the uncertaimtiecéntrality dependence
(eg. Fig.112) described by the functio®(cent — centg), wherecent is the centrality (in percentile) and
0(X) = xx H(x), whereH(X) is the step function.
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Figure 118: The raw signals (left plots), combined resolution correcfimiddle plots) and corrected
correlations (right plots) for the 3P correlators. The three sets of datdspcorrespond to the three
Types.
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a0 10.5 Final Plots

so0 Figure119shows the final 3P correlations for the weighted and unweighted caseeibtay combining

so1 the three independent estimates of the correlators. The Weighted cagdlate quite similar centrality

g9z dependence as the Unweighted correlators. E&f)shows the ratio of the weighted to the unweighted
8oz correlators for the four non-zero correlators. It can be seen thatds (2D, + 303 + 5Ps)), (COS(2D, +

soa 404 — 6Dg)) and(cos(2b, — 6d3 + 40,)) correlators the weighted and unweighted correlators are nearly
sos identical. This can be understood from the fact that for these threelatmrs theQ vectors are not raised

s tO very high powers in the weighting.

897 Figures.121 and122 show the comparison of the Unweighted and weighted correlators measured
sos Dy the default detectors to the measurements based on the tracking defeatahe tracking detectors,

se0 the analysis is done in Appendix-Il. The two measurements are very temtsisall cases except for the

900 2-4-6 correlators where the tracking detector results are larger thabalbeémeter based results. But
91 even here, the results agree within systematic errors.
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Figure 119: Theorrected Unweighted and Weightthdee-plane correlators.
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Figure 120: Theratioof thecorrected Weightetb thecorrected Unweightethree-plane correlators.
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based results and tAeackingdetector based results.
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« 11 Appendix-l : Two-plane corrselations from tracking detectors

903 The two-plane correlation analysis using the tracking dectors is done witimeyric detectors covering
o4 71 € £(0.5,2.5). Tracks withpt €(0.5,10.0) GeV are used (See Talje

s 11.1 Raw Correlations

906 Fig. 123shows the centrality dependence of the raw correlations (unweightejlasasbtained from the
o7 ID. The systematic errors are obtained fr¢gin) and(cos,,) terms (as with the ECal case).
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Figure 123: The Unweighte@osjk(‘¥,, — ¥m)) as measured using the ID as a function of centrality.

98 11.2 Resolutions

909 Figurel24shows the single plane-resolutions for the tracking detectors (unweighse)l. The system-
910 atic resolutions are determined using as usual the sine terms in the 2SEtmorseds well as several
s 3SE checks. Figl25shows the combined resolution for the two-plane corrs as measured Hy foe |
o1z the unweighted case, obtained by multiplying the single-plane resolutions ihZ4gThe contributions
s13 from the sine-terms relative to the cosine terms are shown irnB2wg).No systematic sine terms are seen.
o14 and the error from this term are ignored in the final results (given tha&8$iieerrors are large, the sine
915 terms in any case woule be negligible). The 3SE checks are shown ilErgk31 (See Tablet for

o6 description of the detectors used in the 3SE checks)n&ar the weighted and unweighted cases have
o17 Somewhat larger éierences for the 3SE checks and unlike the ECal caffereint errors are assigned
a1 t0 the weighted and unweighted resolutions. The final errors for theigmals and the resolutions are
10 listed in Tablel9.



‘ Not reviewed, for internal circulation only ‘

December 4, 2013 —-17:03

106

Error for Re$jn¥n}

7.0%, 11.0% [=4)
10.0%, 14.0% j=5)
15.0%, 19.0%]=6)

7.0i% (j >1)

n 2(unweighted,weighted) 3 4 5 6
2.8%, 4.0% (=2)
3SE comparison  5.0%, 7.0% (=3) 6.0% 6.0/% (j=1) 8.00% 25.0%

Error for (cosjk(®, — ®,)) correlators

(j,n,m) 1,24 (2,24) 3,24 (1,2,3) (1,26) (1,3,6) (1,3,4) (1,25
Redjk(¥n — ¥m)}(Unweighted)| 6.6% 15.6% 25.8% 13.0% 255% 27.7% 31.9% 18.0%
Reg jk(¥n — ¥m)}(Weighted) 75% 17.8% 28.3% 13.9% 259% 27.7% 31.9% 21.2%
Raw distribution

from sine and mixed-events 7,15 7,15 7,15 7,15 7,15 7,15 7,15 7,15

(absolute error on raw104)
(Unweighted, Weighted)

Table 19: (top table) summary of sources of systematic uncertainties ferdondi Re$jn¥,} terms

coming from 2SIEBSE comparision (Figs27-131). Forn=2 the weighted and unweighted resolutions

are assigned fferent systematic errors from the 3SE checks. (bottom table) summarymesoof

systematic uncertainties for the final correlat¢eesjk(®, — ®m)), including those for the combined
resolution caculated from Rga¥,} terms, and the raw correlations.
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20 11.2.1 Final Plots

o1 Fig. 132and133show the final corrected two-plane correlators measured by the IDdaveighted and
922 UNweighted cases respectively. The systematic errors were listed inIRable
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2 12 Appendix-Il : Three-plane correlations from tracking detectors

924 The three-plane correlation analysis using the tracking dectors is dondwathymmetric detectors
o5 coveringn € +(1.5,2.5) (DetsA andC) and the third detector coveringe (-0.5,0.5) (DetB). Tracks
a26 With pr €(0.5,10.0) GeV are used. As with the Calorimeter based results, Thereeearidependent
927 estimated of the correlations which are then combined into one result. Thedridegeendent measure-
926 Mments are shown in Figs34and 135for the unweighted and weighted corrs respectively. Tablksts
929 the systematic errors for the three independent estimates of the corre(ftiobsth the weighted and

s30 UNweighted cases).

931

The errors on the resolutions are obtained by 3SE checks and sine Térasingle-plane resolutions

932 for the unweighted case are shown in EBA. Figs137-139show the 3SE estimates of the single-plane
933 resolution errors for Trk34 (both weighted and unweighted casedg wigs140-142show similar plots
s34 for the TrkO1 detector. (See Tabddor description of the detectors used in the 3SE checks).

Error for Re$jn¥,}
n 2 3 4 5 6
Detector A&C | 2.0, 14.0, 20.0% §1,4,5) 6.0,10.0% §1,2) 7.0% (1) 8.0% (1) 27.0 (1)
Detector B 2.0,14.0,20.0% §1,4,5) 8.0,14.0% §1,2) 8.0% (51) 12.0% (1) 30% (1)
Error for three-plane correlator&os( ®))
Z [} ZCDZ + 3(133 - 5CD5 2CD2 + 4(1)4 - 6(136 2(132 - 6@3 + 4CI)4

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Combined resolution

145% 13.5% 11.5%

31.1% 30.9% 28.2%

16.2% 13.0% 15.8%

Raw distribution k10~%)
(Unweighted, Weighted)

2-10

2-10

2-10

—8d5 + 3d3 + 505

10D, + 4D, + 6D

—10D5 + 6D3 + 4Dy,

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Type-1 Type-2 Type-3

Combined resolution

20.1% 19.4% 18.0%

36.9% 36.7% 34.5%

25.7% 23.7% 25.4%

raw distribution &107%)
(Unweighted, Weighted)

2-10

2-10

2-10

Table 20: Summary of systematic uncertainties for individual R&4,} terms (top part) and the final
three-plane correlators (bottom part), for both weighted and unweighaksss.
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Figure 134: The raw signals (left plots), combined resolution correcfioiddle plots) and corrected
correlations (right plots) for the 3P correlators from tracking detedtmrshe Unweighted case. The
three sets of data points correspond to the three Types.
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Figure 135: The raw signals (left plots), combined resolution correcfioigdle plots) and corrected
correlations (right plots) for the 3P correlators from tracking detedtorthe weighted case. The three

sets of data points correspond to the three Types.
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Figure 136: Centrality dependence of the resolution for unweightedithdil’event-planes associated
with the three ID detectors used in the three-plane correlations.
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Figure 137: The ratio of the resolution for the Trk8% obtained from several three-subevent checks to
the default two-subevent resolution for RE¥,} as a function of centrality. From top to bottom the
plots correspond to fferent values of. The left (right) plots correspond to the Unweighted (Weighted)
case. The colored-continuous lines show the mean deviation of the 33Hn@tuthe default 2SE value

in the (10-50)% centrality range, while the dashed-colored lines showtbed the mean deviation.
The thick-dashed black lines show the error quoted from this check. tDodg values of that are used

in the analysis are shown.
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Figure 139: Same as previous plot but for R&%} (Top), Re$5¥s}(Middle) and RefWs}(Bottom)
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Figure 140: The ratio of the resolution for the Trk0\ obtained from several three-subevent checks to
the default two-subevent resolution for RE¥,} as a function of centrality. From top to bottom the
plots correspond to fferent values of. The left (right) plots correspond to the Unweighted (Weighted)
case. The colored-continuous lines show the mean deviation of the 33Hn@tuthe default 2SE value

in the (10-50)% centrality range, while the dashed-colored lines showtbed the mean deviation.
The thick-dashed black lines show the error quoted from this check. tDodg values of that are used

in the analysis are shown.
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Figure 142: Same as previous plot but for R4} (Top), Re$5¥s}(Middle) and RefWs}(Bottom)

(for TrkO1).
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o 13 Appendix Ill: |Qy| for symmetric detectors (Weighted correlations)

936 FOr the weighted correlations it is ncesssary to ensure that the enatgybstween the two-sides of the

o37 ECalFCal are identical. Otherwise using the 2SE method to obtain the resolcgionstroduce some

938 additional biases. This is also required in order to combine the symmetric regesis for the raw

939 correlations.

940 The values for théQnp) and(Qn/Qo) are shown in Figsl43-144for the ECalFCal and in Figd45

91 146for the ID (| € (0.5, 2.5)). These are the primary and cross-check detectors used for HraBRis.

92 The diference between the two halves is at most 0.5% for the ECalFCal and 1.@P& i@, and thus

43 Not large. Note that this ffierence is already accounted for while calculating the resolutions via 3SE
924 Checks and thus is not included as an additional error.

945 Similar plots for the symmetric detectors for the three-plane correlations @néllge ECal) are

a6 Shown in Figs147-148 The cross-check detector in this case was the ID with symmetric detectoes mad
a7 from |n| € (1.5,2.5). Figs.149-150 show similar plots for for the ID|§| € (0.5,2.5)). In all cases the

g Variation is less than 1%, and is already accounted for while calculating sb&utien systematics vis

a9 3SE methods.
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Figure 143: Top Panels: TH&,) for the +ve and -ve sides of the ECalFCal. The “Error-bars” are the
rms-widths of theQ, distributions (and not the error of th€)y)). Bottom panels show the ratio of the
+Vve to the -ve side. The ECalFCal is the main detector for the 2-plane cornetatadysis.
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Figure 144. Top Panels: Th&,/Qo) for the +ve and -ve sides of the ECalFCal. Bottom panels
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(Qn/Qp)). Bottom panels show the ratio of theve to the -ve side. The ECalFCal is the main detector
for the 2-plane correlation analysis.
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Figure 145: Top Panels: TR&y) for the +ve and -ve sides of the 1D € (0.5, 2.5)). Bottom panels
show the ratio. The “Error-bars” are the rms-widths of Qe distributions (and not the error of the
(Qny). Bottom panels show the ratio of theve to the -ve side. The IDi{ € (0.5,2.5)) is the main
cross-check detector for the 2-plane correlation analysis.
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Figure 146: Top Panels: Th&),/Qo) for the +ve and -ve sides of the 1Dy € (0.5,2.5)). Bottom
panels show the ratio. The “Error-bars” are the rms-widths of3heQ distributions (and not the error
of the(Q,/Qo)). Bottom panels show the ratio of thee to the -ve side. The 10 € (0.5, 2.5)) is the
main cross-check detector for the 2-plane correlation analysis.
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Figure 147: Top Panels: Th&,) for the +ve and -ve sides of the ECal. The “Error-bars” are the
rms-widths of theQ, distributions (and not the error of th€,)). Bottom panels show the ratio of the
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Figure 148: Top Panels: Th&n/ Qo) for the +ve and -ve sides of the ECal. Bottom panels show the
ratio. The “Error-bars” are the rms-widths of tlg/ Qo distributions (and not the error of tl®n/Qo)).
Bottom panels show the ratio of there to the -ve side. The ECal is the main detector for the 3-plane
correlation analysis.
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Figure 149: Top Panels: TR&y) for the +ve and -ve sides of the 1D € (1.5, 2.5)). Bottom panels
show the ratio. The “Error-bars” are the rms-widths of Qe distributions (and not the error of the
(Qn)). Bottom panels show the ratio of theve to the -ve side. The ID is the main cross-check detector
for the 3-plane correlation analysis.
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Figure 150: Top Panels: Th&),/Qo) for the +ve and -ve sides of the 1D € (1.5,2.5)). Bottom
panels show the ratio. The “Error-bars” are the rms-widths of3heQ distributions (and not the error
of the(Qn/Qp)). Bottom panels show the ratio of thee to the -ve side. The ID is the main cross-check
detector for the 3-plane correlation analysis.
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« 14 Appendix IV: |Qy| weighted correlations

os1 The weighted correlations have been caluclated withgthe Q,/Qo used as weights. In this section

ss2 & comparison is done with th@, used as the weighting factors. In such a scenario, the multiplicity
53 fluctuations are also included in the correlations. Figsl and152 show the comparisons for the Two

ss2 and Three-plane correlations (for default detectors). Thesystenatdis are not re-evaluated for tkg

955 Weighting, instead identical values as tiheveighted case are used. The two-cases match almost exactly.
956 This is not surprizing as The multiplicity in heavy-ion collisions is very largeEbyE fluctuations to

957 have an appreciabldfect.
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Figure 151: Comparison of thg, weighted Two-plane correlations to tii%, weighted correlations

from the ECalFCal.
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Figure 152: Comparison of thg, weighted Three-plane correlations to 1@g weighted correlations
from the default detectors (EGa\ & FCal).
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« 15 Appendix V: Cross-check to evaluate fects of statistical fluctuations
050 on weighted correlations

90 This section addresses a question raised by the Ed-board. The quessiosince the weighted correla-

91 tions have large powers df, in the weighting, they can promote events that have fluctuated high which
92 can dfect the measured correlations. This section address that question.

963 It must be pointed out that the error calculations in the raw signals anlditiess properly accounts

964 fOr statistical fluctuations. The errors are caluulated as “sum of weigltsred”. Thus if some events

95 have largeg, and contribute strongly to the correlations, their contribution to the statisticalweill also

96 be correspondingly large and will reflect in the final statistical error efntieasurement

967 A data driven corss-check is also performed using the tracking detgotéurther increase the con-

sss fidence in the results. The two-plane correlators are measured by rgjeatewverage 50% of tracks in

960 €ach event. This rejection enhances tiieat of statistical fluctuations in the measurements and exposes
o0 the sensivivity of the measurements to such fluctuations. The results oh#tk are shown in Figl53

o1 It is seen that the 50% rejected results are quite consistent with the d&aekult. Note that the sys-

o2 tematic errors have not been re-evaluated for the 50% rejected casalititgesame systematic errors as
o3 the default ID are used. As the 50% rejected tracks are expected tdengeeerrors so the agreement
974 Would only improve.
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Figure 153: Comparison of the two-plane correlations as measured b thgirig all reconstructed
tracks and 1D with 50% tracks rejected at random.
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16 Appendix VI: Some proofs

o76 We shall demonstrate the correctness of B3).by using the two-plane correlator case as follows:

(cosk(¥n — ¥m)) (cosk(¥n — ®n) — K(¥m — ) + K(Pn — Pm)])
= (cosk(¥, — @) cosk(¥, — @) cosk(®@, — D))

+ terms with sirk(¥, — @y), Sink(¥m — @p), Sink(®, — @) vanish  (52)
= (cosk(¥, — @) cosk(¥m — ) cosk(®@p, — D)) (53)
= (cosk(¥n — ®n)) (cOSk(¥m — Pm)) (COSK(Dn — D)) (54)

= Regk¥,}Regk¥n} (cosk(®, — @)

o7 A few comments:
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990

991

992
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994

995
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997

998

999

1000

1001

1002

1. The average is always over several events.

2. The sine terms in E&2 drop out because spreaddfrelative to¥ is independent betweenand
m (as they are measured in seperate detectors){sank(®, — ®)) = 0 by construction since
dN/dk(®, — @) distribution is an even function.

3. The average of the product of the cosine terms can be replacedfpthect of the averages (from
Eq.53to Eq.54), because the spreads'®f relative tod,, ¥, relative to®p,, and®, relative to
@, are independent.
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