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Pion femtoscopy measurements in ALICE at the LHC
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Abstract. We present the results of two-pion Bose-Einstein correlations measured in
Pb—Pb collisions at a center-of-mass energy +/sny = 2.76 TeV recorded by ALICE at the
Large Hadron Collider. These types of correlations allow to extract, using the technique
of femtoscopy (also known as Hanburry-Brown Twiss interferometry, or shortly HBT),
the space-time characteristics of the source from the correlation calculated as a function
of the pair momentum difference. The femtoscopic analysis was performed using both the
Spherical Harmonics decomposition and the standard 3D Cartesian representation of the
correlation function. The source sizes in three dimensions, the HBT radii, were extracted
by fitting the experimental correlation functions. The resulting dependencies of the radii
as a function of centrality and pair transverse momentum are shown. The results indicate
the existence of a flowing medium and provide constraints on existing dynamical models.
The ALICE Pb-Pb HBT radii are also compared to the pp analysis and other heavy-ion
experiments in order to test the multiplicity scaling between different systems.

1 Introduction

The Large Hadron Collider (LHC) has started operating in 2009 and has delivered pp collisions at
center-of-mass energies of Vs = 0.9 TeV, /s = 2.76 TeV, /s = 7 TeV and +/s = 8 TeV as well as Pb—
Pb collisions at a center-of-mass energy of +/syny = 2.76 TeV and p—Pb collisions at /syy = 5.02 TeV.
The main goal of A Large Ion Collider Experiment (ALICE) [1], one of the experiments at the LHC,
is the study of the Quark-Gluon Plasma (QGP) which is postulated to be produced in the high energy
collisions of heavy-ions. One of the tools used to analyze the properties of QGP is the technique of
femtoscopy [2, 3].

Pion femtoscopy (also referred to as Hanburry-Brown Twiss interferometry, or shortly HBT) em-
ploys Bose-Einstein quantum statistics in order to measure the sizes of the particle emitting region.
These sizes, called the HBT radii, are directly proportional to the width of the enhancement of two-
pion femtoscopic correlation function at low relative momentum. Two important features have been
revealed by the studies performed for heavy-ion collisions at lower energies [4-7]: firstly, the 3-
dimensional HBT radii in the Longitudinally Co-Moving System (LCMS) [8] scale linearly with the
cube root of charged particle pseudorapidity density (dN,/dn)'/?; and secondly, the radii decrease
with increasing pair transverse momentum. Such behavior is described by the "homogeneity lengths
mechanism" and suggest the presence of the strong collective radial flow in the medium [9]. Both of
these phenomena are expected to be present at the LHC as well.
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In this paper we report on the results of two-pion femtoscopic analysis in Pb—Pb collisions at
a center-of-mass energy of /sxy = 2.76 TeV per nucleon pair recorded by ALICE in November
and December of 2010. The Pb—Pb pion femtoscopy results from ALICE limited to 0-5% centrality
were already published in [10]. We also note that the results of the pion femtoscopic analysis in
pp collisions at center of mass energies /s = 0.9 TeV, /s = 2.76 TeV and +/s = 7 TeV in ALICE
were published in [11-13]. Finally, we show the comparison of ALICE minimum bias pp results with
the Pb—Pb radii as well as with different havy-ion systems from other experiments at lower energies.

2 Data sample

ALICE has recorded approximately 12 million minimum bias Pb—Pb collisions at /syy = 2.76 TeV.
Two ALICE subsystems were used for this analysis: the Time Projection Chamber (TPC) for parti-
cle identification and trajectory reconstruction and the VZERO detectors for triggering and centrality
estimation. Seven centrality classes which correspond to 0-5%, 5-10%, 10-20%, 20-30%, 30-40%,
40-50%, and 50-60% of the total inelastic cross section were studied. The details of centrality deter-
mination can be found in [14].

In this analysis the location of the primary vertex of each event was required to be within 8 cm of
the TPC center. The studies were performed on primary tracks which were selected according to the
minimum distance of a track to the primary vertex (so-called Distance of Closest Approach or DCA).
Tracks were required to have DCA not greater than 0.2 cm in the transverse plane and 0.15 c¢cm in the
longitudinal direction. They were also required to have the pseudorapidity within the range || < 0.8
which corresponds to the uniform TPC acceptance. Only those particles with transverse momentum
pr range between 0.14 and 2.0 GeV/c were accepted. The selection of pions was performed according
to the specific energy loss, dE/dx, in the TPC. In addition, the track reconstruction algorithm required
at least 80 clusters in the TPC for each track (out of maximum of 159 clusters) and the y? per degree
of freedom of the Kalman Filter-based fit to be at most 2.

When forming particle pairs, track merging (two tracks reconstructed as one) and splitting (one
track reconstructed as two) effects were reduced by applying specific selection criteria (for details
see [10]). The pairs were grouped in 7 ranges of pair transverse momentum kr = |pr, + pra2l/2:
(0.2-0.3), (0.3-0.4), (0.4-0.5), (0.5-0.6), (0.6-0.7), (0.7-0.8) and (0.8-1.0) GeV/c.

3 Correlation function analysis

The femtoscopic correlation function was constructed as a ratio of the signal to the background dis-

tributions: ed
mixe
Clgp = s S@ (1)
= Arsignal ’
Nplairs B(q)
where q is the relative two-pion momentum in LCMS. The signal distribution was constructed from

particle pairs coming from the same event:
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where N;;gl';fl is the number of pion pairs. The background distribution was constructed using the

procedure of event mixing, where each particle in the pair comes from a different event and can be

expressed as:
mixed
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where N;”;jfsd is the number of pion pairs in the background distribution B. In order to improve the
background estimation, each event was mixed with ten different events similar in terms of multiplicity

and primary vertex location.

The resulting three-dimensional correlation functions were analyzed both in 3D Cartesian and
Spherical Harmonics (SH) representations. The first one is usually projected into out, side and long
directions of the Longitudinal Co-Moving System (where long is the direction along the beam, out
along the pair transverse momentum, and side perpendicular to the other two). The latter technique
allows to represent the three-dimensional object as an infinite set of one-dimensional spherical har-
monics. The symmetries of the pair distribution make most of the components vanish and the first
three of the non-zero ones, Cg, Cg and C%, describe the most important information about the corre-
lation [15, 16]. The first one, Cg, is the angle-averaged component reflecting the overall size of the
source; the second one, Cg, reflects the difference between transverse and long while the third one,
C%, measures the difference between out and side.

The correlation functions for seven centrality classes and selected it range (0.3-0.4) GeV/c are
shown for 3D Cartesian representation in Fig. 1 and for Spherical Harmonics representation in Fig. 2.
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Figure 1. Comparison of the Pb—Pb correlation Figure 2. Comparison of the Pb—Pb correlation
functions in Cartesian representation for 7*n* for functions in Spherical Harmonics representation
seven centrality classes. for n*x* for seven centrality classes.
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4 Results

The extraction of the femtoscopic radii was performed by fitting the Bowler-Sinyukov formula to the
experimental data:

Cf(q) = (1 - /l) + /lKC(qmv) [1 + eXp(_Rgutqgut R51deq51de longqlong)] (4)

where long is the direction along the beam, out along the pair transverse momentum, and side per-
pendicular to the other two, while g,y is the magnitude of the invariant pair relative momentum. The
factor K¢ accounts for two charged pion Coulomb repulsion. The parameters R are femtoscopic radii
(source sizes) in each of the three directions. Let us focus on the Cg component. The femtoscopic
effect, coming from the symmetrization of the two-pion wave function, is visible as the increase of
the correlation function below g = 0.5 GeV/c. The fall visible for the lowest relative momenta is
due to the Coulomb repulsion, but it has little impact on the Bose-Einstein peak and, therefore, on the
extracted HBT radii.

The correlation functions for all centrality classes and pair momentum ranges have been fitted
with Eq. (4). The resulting femtoscopic radii as a function of kyt are shown in Fig. 3. All three
radii, for all centrality ranges, show a power-law decrease with pair momentum. This dependence is
qualitatively consistent with the mechanism arising in hydrodynamic modeling of heavy-ion collisions
which is described in [9]. Secondly, all three radii grow with increasing event multiplicity for all pair
momentum ranges, which is better viewed in Fig. 4. This is consistent with the expectation that the
system with larger initial size, which later produces more final state particles, will also have larger
size at freeze-out, to which the femtoscopic radii correspond. The exact nature of this scaling is
illustrated in Fig. 5. The radii from Pb—Pb collisions scale linearly with cube root of the final-state
charged-particle multiplicity, this scaling holds for all pair momentum ranges.

In Fig. 5 the heavy-ion data from Pb—Pb collisions at the LHC are compared to various results
obtained at lower collision energies, as well as to results from proton-proton collisions. It has been
argued [17] that the 3-dimensional femtoscopic radii scale with cube root of measured charged particle
multiplicity. The dashed lines in the figure are linear fits to heavy-ion (excluding the data from LHC)
and pp data. The linear scaling is good for long and side directions and only approximate in out.
Concerning the ALICE data the scaling in long direction is preserved. The LHC data for the side
direction go below the scaling trend determined by the low energy data, although they still agree
considering the large statistical uncertainty. A clear departure from the linear scaling is seen in the
out direction; data from the LHC lie below the trend. Such behavior was predicted by hydrodynamic
calculations [18] and was the result of the modification of the freeze-out shape. Larger initial deposited
energy produces larger temperature gradients and longer evolution time at LHC. This results in a
change from outside-in to inside-out freeze-out and this modification of the space-time correlation
drives the Ry /Rsige ratio to values lower than at RHIC. Therefore already for heavy-ion data in the
transverse direction the simple linear scaling is broken.

5 Conclusions

We reported on the analysis of identical pion femtoscopic correlations in Pb—Pb recorded by ALICE.
It was found that all three femtoscopic radii scale linearly as a function of cube root of charged
particle pseudorapidity density and show the power-law dependence as a function of pair transverse
momentum. The scaling was also compared to the ones observed in heavy-ion collisions at lower
energies and to proton-proton collisions. It was found that the radii at LHC follow the scaling in
the long direction, but deviations are observed in the transverse directions. These were in qualitative
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Figure 3. Femtoscopic radii for Pb—Pb collisions Figure 4. Femtoscopic radii for Pb—Pb collisions
as a function of pair momentum, for seven cen- as a function of event multiplicity, for even ranges
trality ranges. The top, middle, and bottom pan- in pair momentum. The top, middle, and bot-
els show Ruy, Rgge, and Ry respectively. The tom panels show Ry, Rige, and Ryqyg respectively.
error bars correspond to the combined statisti- The error bars correspond to the combined statisti-
cal+systematic uncertainty. cal+systematic uncertainty.

agreement with predictions from hydrodynamic models. The scaling of the HBT radii is also seen
for pp collisions at /s = 0.9, 2.76, and 7 TeV. However, the scaling parameters are different from
those for heavy-ion collisions and therefore, no simple scaling between pp and heavy-ion systems is
present. The results suggest that and the initial state must be taken into account while interpreting the
results.
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proton data.

of European Social Fund through the Warsaw University of Technology Development Programme,
realized by Center for Advanced Studies.

References

[1] K. Aamodt et al. (ALICE Collaboration), JINST 3, S08002 (2008)

[2] G. Kopylov, M. Podgoretsky, Sov.J.Nucl.Phys. 15, 219 (1972)

[3] G. Kopylov, V. Lyuboshits, M. Podgoretsky (1974)

[4] J. Adams et al. (STAR Collaboration), Nucl.Phys. A757, 102 (2005)

[5] K. Adcox et al. (PHENIX Collaboration), Nucl.Phys. A757, 184 (2005)

[6] B. Back, M. Baker, M. Ballintijn, D. Barton, B. Becker et al., Nucl.Phys. A757, 28 (2005)

[7] L Arsene et al. (BRAHMS Collaboration), Nucl.Phys. A757, 1 (2005)

[8] P. Danielewicz, S. Pratt, Phys.Rev. C75, 034907 (2007)

[9] S. Akkelin, Y. Sinyukov, Phys.Lett. B356, 525 (1995)
[10] K. Aamodt et al. (ALICE Collaboration), Phys.Lett. B696, 328 (2011)
[11] K. Aamodt et al. (ALICE Collaboration), Phys.Rev. D82, 052001 (2010)
[12] K. Aamodt et al. (ALICE Collaboration), Phys.Rev. D84, 112004 (2011)

00051-p.6



ICNFP 2013

[13] L. Graczykowski, PoS WPCF2011, 017 (2011)

[14] K. Aamodt et al. (ALICE Collaboration), Phys.Rev.Lett. 106, 032301 (2011)

[15] Z. Chajecki, M. Lisa, Phys.Rev. C78, 064903 (2008)

[16] A.Kisiel, D.A. Brown, Phys.Rev. C80, 064911 (2009)

[17] M.A. Lisa, S. Pratt, R. Soltz, U. Wiedemann, Ann.Rev.Nucl.Part.Sci. 55, 357 (2005)
[18] A. Kisiel, W. Broniowski, M. Chojnacki, W. Florkowski, Phys.Rev. C79, 014902 (2009)

00051-p.7



