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1. Introduction

The study of particle correlations at high energies provide information on several aspects of the
underlying processes: the initial dynamics of the particles and the asymmetric energy deposition
during hadron collisions are tranferred to final state particles manifesting themselves in angular
correlations. This allows to investigate the underlying mechanism of soft particle production, frag-
mentation and jet formation. Of particular interest is the study of a new medium, the Quark-Gluon-
Plasma (QGP) [1], an extremely dense and hot matter state that is created in ultrarelativistic heavy
ion collisions. Measurements of flow components of this matter state probe various hydrodynamic
models that are used to describe QGP. In particular, the study of primary charged particle corre-
lations in proton-proton (pp) enable disentanglement of single- and multi-hadron behaviour when
compared to corresponding correlation studies in lead-lead (Pb-Pb) collisions. Two such studies
are presented with the ATLAS experiment.

2. The ATLAS Detector and Trigger System

ATLAS is one of the two general purpose experiments at the Large Hadron Collider (LHC)
at CERN. Two main sub-systems of the ATLAS detector [2] were used for the anayses: the Inner
Detector (ID) for measurements of primary charged particles and the forward calorimetry system
(FCal) for measurements of the energy created event-by-event basis. The ID coveres a pseudora-
pidity! region of || < 2.5 and has two high-precision trackers made of silicon pixels (Pixel) in
the innermost detector part of ATLAS and semiconducting microstrip trackers (SCT) surrounding
them. The angular resolution in azimuth (denoted as ¢) ranges from 40 to 50 urad at n ~ 0.25
and 1 ~ 1.75, respectively, and from 5 to 10 in cot0. A charged particle typically hits the ID in
three layers of the Pixel and four layers of the SCT detector before passing through the transition
radiation tracker (TRT) that is composed of drift tubes. The FCal covers a pseudorapidity range
from 3.2 < |n| < 4.9 and uses tungsten and copper as absorber material and liquid argon as active
medium comprising in total about 10 interaction lengths.

The ATLAS trigger system is a three-level trigger with hardware triggers at Level-1 (L1) and
software triggers at Level-2 (L2) and at the third level, the Event Filter (EF). Inelastic interactions
were selected with the Minimum Bias Trigger Scintillators (MBTS) at L1. The MBTS are located
at £3.56 m away from the interaction point (IP) and consist of 16 scintillator counters per side
covering 2.09 < |n| < 3.89. For the pp analysis, at least one of the counters must have fired. For the
Pb-Pb analysis, a coincidence of signals were required either in the MBTS or in the Zero-Degree-
Calorimeter (ZDC) which is positioned a 4140 m from the IP detecting neutrons and photons with
|n| > 8.3. While coincidence of hits in the ZDC was sufficient to select the event, the coincidence
of MBTS hits is followed by a further selection step at L2 where timing information is used to
suppress beam-background events.

For the pp-analysis, data of 7 ub~! were recorded in 2009 at a centre-of-mass energy of
Vs = 0.9 TeV and 190 ub~! in 2010 at \/s = 7 TeV, whereas approximately 7 ub~—! of Pb-Pb
collisions were recorded in 2010 at an nucleus-nucleus energy of \/syy = 2.76 TeV.

IPseudorapidity 7 is defined as 7 = — Intan 8 /2 with 6 the polar angle measured w.r.t. to the beam-axis.
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Figure 1: Two-particle correlations at /s = 7 TeV after correcting for trigger, detector and recon-
struction effects. (a) shows the 2-dimensional correlation function R(An, A¢), (b) shows azimuthal
correlation function R(A¢) integrated over 0 < An < 2 comparing to predictions of several Monte-
Carlo models with the absolute difference in the bottom insert. See also Ref. [3].

3. Analysis of two-particle correlations in proton-proton collisions

The observable to study two-particle correlations in pp-collisions is formed by dividing two
selected samples, the foreground sample F, consisting of correlated and uncorrelated A¢ and An
pairs of primary charged particles within one event, and the background sample B, consisting of
uncorrelated A¢ and An pairs formed from different events, as detailed in Ref. [4]. This formally
gives the two-particle correlation function

((neh — 1) F (nch, A@,AN)) e
B(A¢,An)

where (...).;, denotes an average over the number of charged particles ngp, in the event.

The analysis is performed within a phase-space region defined by kinematic cuts of the selected
tracks requiring a transverse momentum of pr > 100 MeV and || < 2.5. The track selection
consists of applying certain track quality cuts [4] to ensure that tracks of well reconstructed primary
charged particles are counted. A correction procedure is applied to the data to unfold for detector
and reconstruction effects in a data-driven manner. Therfore, events are first weighted on an event-

R(AfP’ATT) = - <nch - 1>ch (3.1)

by-event basis accounting for trigger and vertex reconstruction inefficiencies. In a second step, the
observable is computed according to Eq. 3.1 and data are corrected using a new, model-indepent,
so-called Hit Backspace Once More (HBOM) method [5]. In this method, the detector effects are
iteratively applied to the data. At each iteration step, each bin-value of the observable is fitted to a
polynominal function and extrapolated backwards in order to obtain the bin-value of the observable
before detector effects were present. The detector effects are at each iteration step applied by
removal of single tracks, if a random number, generated for each track, is greater than the single
track reconstruction efficiency. The iterations are repeatedly performed as long as the statistics of
the dataset allow.
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3.1 Results

The results of the corrected two-particle correlation functions are shown for data at /s = 7 TeV
in Fig. 1. One can observe several contributions to the structure of the 2-dimensional correlation
function as depicted in Fig. 1 (a). At (A¢, An) ~ (0,0), particles are emitted closely related to each
other having a relative high pr and forming the narrow peak. The ridge at A¢ ~ 7 extending along
all An contains contributions due to momentum conservation leading to particles being produced
back-to-back. A further structure can be recognised at An~ 0 which can be associated to decay
of lower pr particles such as decay of resonances. The short-range correlations (integrated over
0 < An < 2) are shown in Fig. 1 (b). The comparison of the data with several PYTHIA6 Monte
Carlo models (MCO09, DW, PERUGIAO) and two different soft QCD models employed in PHOJET
and PYTHIAS (for details see Ref. [3]) exhibit clear differences with the data, only the strength of
the correlation at around A¢ = 0 seems to be underestimated by all models. The two-particle corre-
lations were also measured at /s = 0.9 TeV. At lower centre-of-mass energy, the peak at (A9, An)
~ (0,0) is smaller, however the away-side correlations (integration over /2 < A¢ < 7) exhibit a
constant strength, further details can be found in Ref. [3]. Moreover, the analyis as presented in
this reference has been extended in Ref. [4] by an analysis of another phase-space region requiring
nen > 20.

4. Anisotropic flow measurements in lead-lead collisions

Anisotropic flow is sensitive to initial asymmetries in the geometry of the colliding system, a
consequence of spatial asymmetries which develop only in the first fm [6]. Collective flow mea-
surements in heavy-ion collisions provide thus direct access to the early stage of the evolution of
the system. They are modeled by relativistic models of hydrodynamics.

The analyis of anisotropic flow is usually performed by decomposing the azimuthal angular
distribution of final state particles in Fourier series according to Eq. 4.1 with ¢ the azimuthal angle,
v, and Wgp, the magnitude and the azimuth angle of the nM-order reaction plane, respectively.

&N 1 &N 1 E &N
dp*  prd¢dprdy 2mpr pdprdn

<1+2 ivn(PT)COS[n((P_‘"PRRn)]) (41)
n=1

Measurements of the Fourier coefficients v,, generally defined as v, = (cos[n(¢ —Wrp,)]), quantify
the anisotropic flow and provide constraints on relativistic hydrodynamic models. To systematically
select various geometries of intial states, the flow components are measured in bins of centrality.
They are determined by total amount of transverse energy, Y E7, deposited in the forward calorime-
ter. Events with the largest Y E7 correspond to the most central collisions arising from inelastic,
non-coulomb interactions, entering in the first centrality bin starting at 0 %. The most peripheral
collisions are attributed to the highest centrality bin which goes up to 100 %. In Ref [7], pr and
n-spectra of the second coefficient v,, also named elliptic flow, are measured in bins of centrality
in the pseudorapidity region Inl < 2.5 over the full azimuthal range 0 < ¢ < 27 and for transverse
momenta of 0.5 < pr <20 GeV. In this analysis [7], the reaction plane was approximated by the
event plane

1 (Z,- Er,wisin(2¢;) ) 4.2)

Ve ~W¥Y,=—-tan~
Rrp2 W) = S tan Y, Er.wicos(2¢;)
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Figure 2: Dependence of elliptic flow v, of centrality and pr for correlations with |n| < 1. Similar
trends are measured at larger pseudorapidities, see Ref. [7].
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Figure 3: Flow coefficients vy to vg in different bins of centrality as fUnction of pr from Ref. [8].

with the sums going over each fower i in which the transverse energy Er; of the first sampling
layers of the forward calorimeter is measured, w; are tower weights to correct for local variations
of the detector response and ¢; their azimuthal position. Due to the experimental resolution in
the approximation as in Eq. 4.2, a correction factor R needs to be applied to the observable of the
elliptic flow v, = (cos[n(¢ —W¥>)]). This correction factor was obtained from data using the “sub-
events” technique [6], dividing an event in two subevents, one considering the positive (P) and one

the negative (V) n-side yielding R(Y. Er) = \/<cos[2(‘P12V ).

4.1 Results

The resolution-corrected v, is calculated in intervals of pr and 1. While the 1-dependence
was found to be vanishingly weak [7], the pr-spectrum exhibits a characteristic distribution as
shown in Fig. 2. Up to around 3 GeV a rapid rise is visible followed by a decrease up to 8 GeV.
From around 10 to 20 GeV, the pr-dependence is rather weak. The strongest flow is observed
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in the mid-centrality intervals (30—40 % and 40—50 %). Higher order harmonics from v, to vg
were measured based as well on the event plane method, the details can be found in Ref. [9]. A
result of this analysis is shown in Fig. 3. The pr-dependence is similar for all measured flow
harmonics. One can note from that figure that v, does not give the highest contribution for most
central collisions (0—5 %).

5. Conclusions

Two correlations measurements by ATLAS were highlighted, one using proton-proton colli-
sions [3, 4], the other lead-lead collisions [7, 8, 9]. The pp analysis used a data-driven method
to measure particle correlations which allows a direct comparison to predictions of several MC
models as PYTHIAG, PYTHIAS and PHOJET. It is observed that the complex structure is reproduced
in MC, but not the strength of the correlation as observed in data. The results of the heavy ion
analysis test hydrodynamic models in LHC regime by measurements of elliptic flow, which for the
first time is measured in a broad range in 1) (Inl < 2.5) and p7 (0.5 to 20 GeV). More constraints
are provided by measurements of higher harmonics up to v6 of angular anisotropy.
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