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Physics studies of p+Pb and Pb+Pb collisions in the ATLAS exper-
iment at the LHC range from the studies of a relatively soft sector to
the studies of the products of the hard scatterings. In the sector of low
transverse momenta, the main areas of interest are the charged particle
multiplicities and their scaling with the number of participating nucleons.
The collective phenomena arising from the initial collision shape and main-
tained by the hydrodynamical system evolution from the initial hard scat-
tered quarks and gluons to the hadronized particles are also studied in
detail. Recent ATLAS results on the total charged particle multiplicities
and spectra in p+PDb are reviewed. The observation of elliptic flow in p+Pb
is also presented supplemented with the novel results on the flow coefficients
fluctuations and their relation to the initial state of Pb+Pb collisions.
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1. Introduction

In the years 2010-2013, a fraction of the LHC operation time was de-
voted to heavy-ion programme. In addition to the ALICE detector, other
three main LHC experiments took the data with ATLAS |[1] among them.
Over that time about, 7 #b~! in 2010 and 158 ub~! in 2011 of Pb+Pb col-
lision data at \/syn = 2.76 TeV and about 30 nb~! of p+Pb collisions at
Vsnn = 5.02TeV in 2013 were recorded by ATLAS. The preliminary re-
sults, presented here, are based on 1ub~! of p+Pb collision data recorded
during a pilot run in 2012 and Pb+Pb data from 2010.

* Presented at the Cracow Epiphany Conference on the Physics at the LHC, Krakow,
Poland, January 8-10, 2014.
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The studies of heavy ion collisions aim to elucidate the properties of
hot and dense quark—gluon plasma, QGP, discovered at the RHIC [2-4].
Compared to RHIC the ~ 10 fold increase of the collision energy at the LHC
resulted in an increased volume, lifetime and temperature of the QGP [5].

The ATLAS experiment has measured the charged particle production
as a function of collision centrality (a proxy to the QGP volume), transverse
momenta, pr, and pseudorapidity, n, in p+PDb collisions as they are essential
to establish a reference for Pb+Pb collisions [6]. The surprising finding of
the studies of p+Pb collisions so far was an observation of the collective
phenomena comparable in magnitude to those of Pb+PDb collisions.

2. Centrality of p+Pb collision

In ATLAS, the p+Pb collision centrality has been determined, similarly
to the centrality of Pb+Pb collisions, with the use of sum of transverse en-
ergy in the forward calorimeter, FCal, covering the pseudorapidity range
from 3.2 to 4.8 in the Pb-going direction (direction of Pb beam) denoted as
EE%b. All events are categorised into centrality classes according to their
value of EE%b, as shown in Fig. 1, assuming that the 2% trigger inefficiency
is restricted to the lowest SELP [7]. The Glauber and Glauber-Gribov [8]
modellings have been used in order to obtain a physical quantity compara-
ble among experiments and theory, namely the number of nucleons partic-
ipating in the collision, Npar. The essential difference of the models is an
assumption concerning the fluctuations of the proton—nucleon cross-section
in elementary collisions. In the standard Glauber model it is constant, while
in the Glauber—Gribov it is allowed to fluctuate. In contrary to Pb-+Pb,
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Fig.1. The distribution of the total transverse energy deposited in the forward
calorimeters in the Pb-going direction, X EEP for the minimum bias p+Pb data.
Shading shows sample splitting into the centrality classes [7].
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the cross-section fluctuation plays a significant role in p-+Pb, as in a sin-
gle collision the averaging applies to a lesser extent. In each centrality bin,
the distributions of Npar are chosen to best approximate the distribution of
Y EEP which results in different mean values (and widths) of Npart in each
bin of centrality as shown in Fig. 2.
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Fig.2. The number of nucleons participating in the collision for classes of centrality
defined by S ELP for the two models described in the text. The {2 parameter of the
Glauber—Gribov model determines magnitude of the cross-section fluctuations [7].

3. Charged particles centrality, transverse momenta and
pseudorapidity dependence in p+Pb collisions

In order to obtain a reliable estimate of the charged particles multiplic-
ity, the tracklets method reaching very low pt has been used. The method,
previously applied to Pb+Pb collisions [6], is based on the reconstruction
of charged particle tracks with the use of the vertex and only two hits from
the ATLAS Pixel detector. For comparison, reconstruction of tracks using
all hits from the Pixel detector was also performed. A universal correction
including reconstruction inefficiency and detector acceptance effects was ob-
tained from the HIJING MC and GEANT4 detector simulation [7], using the
distributions shown in Fig. 3. After applying it, a good agreement of recon-
structed dN,/dn from the two variants of tracklets method and the pixel
tracks metod is observed in Fig. 3.

Resulting distributions of d N, /dn, shown in Fig. 4 for the most periph-
eral collisions are similar to those of p+p collisions [9]. Towards more central
collisions, the dN.,/dn becomes more asymmetric, with more particles pro-
duced in the Pb-going direction. In the ratio of particle densities in central to
peripheral collisions, shown in Fig. 4, the double peak structure vanishes and
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Fig.3. (left) From the MC simulations: the dNg,/dn distribution of generated
particles and tracks reconstructed with the three tracking methods without ineffi-
ciency or acceptance corrections. (right) From the data: the dNg,/dn distributions
from the three tracking methods before and after applying the inefliciency and
acceptance corrections. In both cases the most central 0-10% events were used [7].

the ratios are almost linear functions of n with the slope parameter growing
with centrality. The dNg,/dn divided by the number of participant nucleons
has been measured in bins of pseudorapidity as shown in Fig. 5. The (Npart)
estimate has been obtained with the use of the three aforementioned imple-
mentations of the Glauber model. Flat dependence up to 10 participants
is observed. In the Pb-going side the charged particle multiplicity evolves

= e e T L L L B I I B N
o - ] 3

T5_ [ ATLAS Preliminary Jetertteres | § OF ATLAS Preliminary =
Z 70— _ 1 o 1 = _ 1 E
° L p+Pb L‘m— 1ub & 0-1% 2 5 g p+Pb le— 1ub |
C e = - 1< E s = E
60/~ \sNE 5.02 TeV ...., 15% Zg B Sy = 5.02 TeV ]
C ycm_ -0465.“’.‘.,0»0'. P attatas. JINEENRC 7; ycm= -0.465 E
50~ =" 7 510% 4 = b 3
N 4 e & 2 O E
40+ A W 1020% = 5 vl
E "‘..W..«"' miany 1 8_ | 10-20%.0. 1
P e > B30% 1 5 4 20-30% _
N I 1 /N s - -
F M" 17 3 30-40% ees
200 40-60% 7 | maseassesstet 0%

|- - e = 0
- ] 2~ 3
10; 60-90% { 1:, E
T T B I B I E e ]
N R T R T2 3
n n

Fig.4. (left) The distribution of the charged particles multiplicity, Ny, per unit of
pseudorapidity, 7, as a function of pseudorapidity in bins of centrality as labeled.
(right) The ratio of the dN.,/dn distributions in a bin of centrality to the most
peripheral bin 60-90% as described by the labels [7].
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differently with the (Npart) than in the p-going direction. The dependence
of scaled multiplicity on Npat is different for the models considered, thus
the interpretation depends on modelling of the proton—nucleus collisions.
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Fig.5. The mean values of d N, /dn in several ranges of pseudorapidity as a function
of the mean number of participants, (Npar), estimated with the three Glauber
model implementations [7].

The transverse momentum, pr, spectra of charged particles in p+Pb
collisions have also been studied by ATLAS [10]. For this purpose, the
default track reconstruction method with good pr resolution has been used.
The lowest pt reached is 0.1 GeV. Figure 6 shows examples of the charged
particle spectra in either bins of centrality or in bins of rapidity. The rapidity
of the charged particles, y*, in the proton—nucleus rest frame was calculated
from the particle emission angle assuming that the particle has the pion
mass, and shifted by the rapidity of the proton—nucleus centre of mass yon =
—0.465. The p+Pb spectra were compared with the p + p results, which
were scaled by the nuclear thickness factor (Tpy,) obtained with the Glauber
model. The p+p cross-section, o,,, was interpolated from the measurements
at the 2.76 TeV and 7TeV. In order to better illustrate the change of the
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Fig.6. (left) The invariant distribution of charged particles transverse momentum,
pr, in rapidity range from —1.5 to 2 in five bins of centrality. (right) The invariant
distribution of charged particles transverse momentum averaged over the range of
collision centrality 0-90% in four bins of rapidity. The distributions were scaled
down by powers of ten as denoted in the legend in order to assure readability.
Lines superimposed on data points are extrapolations of appropriately scaled p+ p
spectra [10].

spectra, the nuclear modification factor

1 d*Npipv/dy*dpr
TPb>Nevt dQUpp/dy*de

Rypy, =
P (

is used. Several examples of Rpp, dependence on pr for different centralities,
rapidity ranges, and Glauber model implementations used to calculate (Tpy,)
are shown in Fig. 7. Irrespectively of the model used, the suppression of
Ry,py, at the very low pr is observed. It is stronger in the p-going direction
and is visible even for most peripheral collisions. The peak structure at
the pr ~ 2GeV is attributed to the Cronin effect. The suppression at
higher pt appears only for the Glauber-Gribov models which predict larger
values of (Tpy,). In Fig. 8 the R,p1, values obtained in a wide, 0-90%, range
of centrality for n ~ 0 from the ATLAS and ALICE [11]| experiments are
compared.
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Fig. 7. The nuclear modification factor, R,py, in three ranges of rapidity y* for the
Glauber model (left column) and Glauber-Gribov with different values of cross-
section fluctuation parameter {2 (center and right columns) in the bins of centrality
from 1% most central collisions (top), central 10-20% (middle) and peripheral
60-90% (bottom) [10].
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4. Collective behaviour in Pb+Pb and p+Pb collisions

It is known that relativistic hydrodynamic models describe well the evo-
lution of the QGP. These models predict existence of anisotropies in the
particles emission as a result of very low viscosity of the medium. The
asymmetry of the initial collision region is transfered largely intact to the
stage of the hadronization and can be observed as anisotropy of azimuthal
distributions of particles.

The quantitative parameters used to describe the anisotropy are the
Fourier expansion coefficients, v,

dNg,/dp x 1+ Z'UnCOS [n (¢ — )] ,

where ¢ is the azimuthal angle of a particle with respect to the n'" sym-
metry plane, orientation of which is given by ¥,. Since the shape of the
collision area vary from event to event, even with the same Npa¢, the ex-
perimental observable, v,, fluctuates accordingly. Only recently, it has been
realised that the fluctuations of v, are sizeable and they affect the measured
quantities in a non-trivial way [12].

Large multiplicity of charged particles available in Pb+Pb collisions at
the LHC, allows to measure the vy, v3 and vy coefficients on the event-
by-event basis and assess directly the magnitude of the fluctuations [13].
Examples of per event azimuthal anisotropy are shown in Fig. 9. The anal-
ysis is based on a measurement of the ¥, = (cos(n¢)), (sin(n¢)) vector in
every event using charged particle tracks. The probability distribution of
the density of ¥,, relative to the reaction plane, can be approximated by a
two-dimensional Gaussian function. It is azimuthally symmetric, thus, in
the study of flow fluctuations the magnitude of v, vector, v,, = |¥,| is used.
After an integration of the 2D Gaussian distribution over the azimuthal
dimension, the v,, distribution becomes the Bessel-Gauss distribution

RP RP)2 2
) v v ) —v
p(on) = —6; Iy < %2 n> exp <( E 2252 n) )
Un Un Un

where the §,, is a width of the distribution, vRY is mean orientation of the
symmetry plane and Iy is modified Bessel function of the first kind. The
2D distribution of ¥ and the result of integration are shown in Fig. 10.
The raw v,, distributions are smeared due to limited statistics in Gaussian
manner. The response function connecting v,, and v2> has been obtained
from the distributions of the difference between v,, values calculated in the
same events using tracks with 7 < 0 and i > 0. The iterative deconvolution
technique has been applied in order to recover the true distributions of v,,.
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Fig.9. (top row) The charged particle density in azimuthal angle, ¢, in the labo-
ratory frame, dN.,/d¢ (black points) for three typical central collisions. (bottom
row) The dNpais/dA¢ as a function of the difference between azimuthal angles
for pairs of tracks, A¢, for the same three central events. The grey/red points
represent the same quantities averaged over many events. The fitted Fourier series
are shown as black lines [13].
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Fig. 10. The distribution of ¥ (left) and vy in the centrality bin 20-25% [13].

It can be noticed that the fits to the data points support the hypothesis
of the Gaussian fluctuations of the shape as the source of the azimuthal
anisotropies. This is the case for the most central collisions for ve and
almost for the entire range of centralities for v and v4, as shown in Fig. 11.
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fitted to the data [13].

When the fluctuations, characterised by the width 4, , are small, 4, <
U}}P, the vffp can be approximated as

(UBP)Z = (v,)% — o .

On the other hand, when the fluctuations width &, is significantly higher
than the vRF, for instance in the central collisions, the p(v,) reduces to

2
v. —,
p(vn) = 55~ exp <252n> '
Vn Un

The ratio of dispersion, o,,,, to the mean value of this distribution reaches
in this case the maximal value

<U””> = /47— 1~0523.
Un

Study of this fraction can be used to quantify the relative magnitude of
fluctuations and is shown in Fig. 12. The (v,) and o,,, decrease as we move
from peripheral to central collisions. Both observables depend on the pr
range of studied particles, while the ratios o, /(v,) are almost independent
of the choice of pr. The ratios suggest that the v, in the central collisions
arise from the fluctuations only. In more peripheral collisions, the hypothesis
of the collision shape fluctuations as the source of the v, is confirmed for
n > 2 up to the most peripheral collisions studied. Only values of the second
harmonics, v9, are dominated by the mean collision geometry represented
by v&F (v — 2). The results of the MC simulations fail to describe the vy,
while work better for v and vy.
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Fig.12. (left) The mean value of the vo (top), vs (middle) and v4 (bottom) dis-
tributions for charged particles in three ranges of pr, as a function of number of
participants. (center) The dispersion, o,, , of the v, distributions in ranges of pr
as in the left column. (right) Ratio oy, /(v,), in data (points) compared to the
same quantity obtained from MC simulations (lines) as a function of the number
of participants [13].

The vy coefficient has also been measured in p+Pb collisions [14, 15].
The presence of the collective behaviour and, in consequence, significant
anisotropy has been suggested by the hydrodynamical modelling [16] even if
the dimensions of the produced system, compared to the mean free paths of
the interacting partons, are much smaller than in Pb+Pb collisions. Assum-
ing that anisotropy arises from the fluctuations of the shape of the volume
occupied by the participating nucleons in the Pb nuclei, the magnitude of
the anisotropy should be independent of the collision centrality. This is con-
firmed by the measurements shown in Fig. 13. Also the comparison of the
anisotropy in p+Pb and Pb+Pb collisions, shown in Fig. 14, suggests that
v9 observed in the former is due to the fluctuations of the shape, however
some average collision geometry influence cannot be excluded.
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particle correlations [14].
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Fig.14. The comparison of the pr dependence of v in central p+Pb collisions
obtained from the two particle correlations, v2{2PC}, and from the four-particle
cumulants, vo{4}, with that in central and peripheral Pb+Pb collisions obtained
using the event plane method, vy% [14].

5. Summary

The ATLAS experiment, profiting from high-quality tracking detectors
covering five units in pseudorapidity, performs measurements involving par-
ticles with low transverse momenta. Recently, preliminary measurements of
charged particle multiplicities in p+Pb collisions as a function of collision
centrality and pseudorapidity have been performed. The significant asym-
metry of dN,/dn, growing with the centrality, has been found. The mea-
sured spectra confirm an expected structure of the nuclear suppression factor
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at low pr however uncertainty related to possible fluctuations of proton—
nucleon cross-section does not allow to quantify the suppression at higher
transverse momenta of charged particles. Detailed, event-by-event, measure-
ments of the flow phenomena in Pb+Pb collisions point to the origin of the
higher harmonic modes, v,~2, in the azimuthal charged particles emission
anisotropy identified as shape fluctuations of the collision overlap region.
The preliminary measurements of vs in the p+Pb collisions suggest that it
has the same origin, namely the shape fluctuations of the initial positions of
wounded nucleons in the Pb system.
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