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Recent measurements performed at the LHC have revealed an unexpected presence of the near-side
ridge and other signs of collectivity in p-Pb and pp collisions, referred to as small systems. Since
in heavy-ion collisions these effects are caused by the formation and collective expansion of a
quark-gluon plasma (QGP), such observations in small systems have triggered the ongoing debate
about their origin. In this work, a brief overview of the latest ALICE results in small systems is
presented. These include studies of two-particle angular correlations, charge balance functions,
anisotropic flow and transverse momentum (pt) spectra of identified hadrons.
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1. Introduction

A new, deconfined state of a strongly interacting matter, called quark-gluon plasma (QGP), is
produced in the collisions between ultrarelativistic heavy ions at the LHC [1]. Previous studies of
the QGP properties allowed one to conclude that its evolution is effectively described by equations
of viscous hydrodynamics for a nearly perfect liquid [2]. According to this description, QGP
expands with collective averaged transverse velocity, referred to as radial flow. In addition, the
hydrodynamic response of the medium to the initial anisotropic geometry of the overlapping region
leads to the observation of the final-state anisotropy in momentum space, referred to as anisotropic
flow.

Several effects, interpreted as a consequence of the collective expansion in heavy-ion collisions,
were also unexpectedly observed in p-A and pp collisions. The first hints originated from two-
particle angular correlations measured as a function of An and Ag, i.e. the relative pseudorapidity
and azimuthal angle of each particle pair, respectively. In Pb-Pb collisions, anisotropic flow leads
to an enhancement in the amount of correlated pairs, located around Ag ~ 7 as well as Ap ~ 0
and extending over a long-range in An, with the latter being referred to as the near-side ridge [3].
The discovery of this feature in high-multiplicity p-Pb [4] and pp [5] collisions initiated the debate
on whether such behavior originates from the QGP formation or other alternative mechanisms that
might lead to similar structures without involving the QGP, such as color correlations computed in
the color glass condensate effective field theory [6], elastic parton-parton scattering employed in
parton transport models [7] or color reconnection [8].

In these proceedings, a short review of the latest measurements from ALICE experiment with
the aim of gaining a better understanding about the origin of collective phenomena in small systems
is reported.

2. Results

2.1 Two-particle angular correlations and v,(1)

Experimentally, two-particle angular correlations can be expressed in terms of the associated
per-trigger yield defined as:
1 d’Nugsoc _ S(An,Ap)
Nirig dAndAg — B(An, Ag)’

ey

where N;;¢ is the number of trigger particles, S(An, Ap) = l/N,rigdZNmme/dAr]dAtp is the signal
distribution calculated correlating the trigger particle with the rest of associated particles in the
same event, while B(An,Ap) = ad’Npixed/ dAndAg is the background distribution obtained using
mixed events and applied to account for particle pair acceptance effects. The « factor is used to
normalize the mixed event distribution to unity at (An, A¢) = (0,0). In previous measurements of
associated per-trigger yields performed by ALICE using its central barrel detectors in Pb-Pb [9],
p-Pb [10] and high-multiplicity pp collisions, the near-side ridge was observed up to Ap ~ 2. In
order to investigate the evolution of this structure in small systems further, the studies are extended
to a wider range of ALICE acceptance using the ALICE Forward Multiplicity Detector (FMD) with
the pseudorapidity coverage of -3.4 <n <-1.7 (FMD3) and 1.7 <5 < 5.0 (FMD1,2) [11].
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Figure 1: (Left) Associated per-trigger yield for FMD1,2-FMD3 correlations in 0-0.1% multiplicity class in
pp collisions at /s = 13 TeV. (Right) v»(z) in peripheral Pb-Pb and high-multiplicity p-Pb and pp collisions,
where in the latter case three sets of data points correspond to different non-flow subtraction methods.

The left panel of Fig. 1 shows the resulting associated per-trigger yield for FMD1,2-FMD3
correlations in 0-0.1% fraction of events with highest multiplicity in pp collisions, corrected for the
contribution from non-flow effects by subtracting the minimum bias sample. It can be seen that
the near-side ridge persists up to Ap ~ 6. Similar results are obtained in p-Pb collisions with a
subtraction of the peripheral multiplicity class, according to the procedure developed and proposed
in [12], which leads to the observation of the ridge up to An ~ 8. In addition, in both systems
va(n) is extracted using the projection of the two-dimensional per-trigger yield on A¢, denoted as
Y"idge(Agp), within the long-range part of pseudorapidity values. In p-Pb collisions, this is done by
fitting Y"98¢(A¢) for TPC-FMD3, TPC-FMD1,2 and FMD1,2-FMD3 correlations separately with
Fourier series according to Y"48¢(Ag) = ay + 2 Zizl a;cos(nAyp) and extracting the fit parameter
ap that defines the corresponding modulation V,. After this, the v, value at a certain 5 bin is

VZ,A77:77A -nB VZ,AI]:I]A -nc Where
b

obtained by combining all three values as, for instance, v ,, = T
SAn=np-1nc

A, B and C refer to FMD1,2, TPC and FMD3, respectively. In pp collisions, apart from a similar
procedure, two other methods, applied previously by ATLAS collaborations are used. The first one
is based on the template fitting, while the second one relies on the alternative version of template
fitting, referred to as ZYAM template fit [13]. The final v,(77) in both systems are shown in the
right panel of Fig. 1 and are compared to the previous results in peripheral Pb-Pb collisions. The
asymmetry in p-Pb results is due to the difference in charged particle multiplicity as a function of
n in the p-going and Pb-going directions, while in pp this is caused by a bias from the multiplicity
estimator. The data in 0-5% multiplicity class in p-Pb collisions is in agreement with the data in
70-80% peripheral Pb-Pb collisions, where the multiplicities at forward pseudorapidities are close.
Future comparison of presented results with model predictions might provide more insight into the
origin of long-range two-particle correlations in small systems.

2.2 Balance function

Balance function is used to measure the charge-dependent part of two-particle correlations and
is calculated as following:
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B(An, Ap) = %[C(+,—) +Cv) = Coy = G0k 2)
where C(, _) is the associated per-trigger yield computed for a positive trigger particle and negative
associated particles according to Eq. 1, similarly as the rest of terms for other unlike- and like-sign
charge combinations. The subtraction of like-sign terms is used to remove same-charge correlations
and statistically isolate the charge-dependent part. This leads to the fact that anisotropic flow effects
are cancelled out in the balance function measurement. However, the effect of radial flow is still
present and affects the balancing charges. In heavy-ion collisions, this is reflected in the narrowing
of the balance function width for charged hadrons in central with respect to peripheral events due
to an increase in radial flow in the first with respect to the second case [14]. Similar trend has
been observed in p-Pb and pp collisions, which is consistent with the idea of collective effects
being present in small systems. In addition, a comparison of the data for charged particles in pp
collisions to predictions from the PY THIA8 model [15] with color reconnection shows a qualitative
agreement, while the tune without color reconnection is not able to reproduce experimental results.
The origin of a multiplicity-dependent narrowing of the width in pp collisions can be investigated
better in the analysis for identified hadrons. In this analysis, a more pronounced decrease with
increasing multiplicity is expected for heavier particles if radial flow or other effects as color
reconnection, mimicking a radial-flow pattern, are the main reason behind this trend due to the
direct dependence of transverse momentum on the mass of the particle.

Fig. 2 presents the results of the balance function width as a function of multiplicity class for
pion and proton pairs in pp collisions at /s = 5.02 TeV, compared to corresponding predictions from
PYTHIAS with and without the color reconnection. Contrary to the aforementioned expectation, a
more pronounced narrowing is observed for pions instead of protons in the data. Moreover, neither
of PYTHIAS tunes is able to reproduce the data. These results suggest that there might be other
effects that are not connected to collectivity that drive this behavior in pp collisions.
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Figure 2: The balance function width in Ay (left) and Ay (right) for pion and proton pairs as a function of
multiplicity class in pp collisions at v/s = 5.02 TeV.

2.3 Anisotropic flow and pt spectra of identified hadrons

Recently, a real-valued v,{4} was extracted for the first time in pp collisions in ALICE [16].
In addition, non-zero values of v,{6} were reported in p-Pb and pp collisions. Such observations
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suggest the presence of long-range multi-particle correlations and can be interpreted as a conse-
quence of the formation and hydrodynamic evolution of a QGP medium in small systems. This
interpretation is supported by the fact that identified particle transverse momentum spectra in p-Pb
and pp collisions show the same characteristic features as in Pb-Pb collisions, i.e. a significant
hardening with increasing multiplicity more pronounced for heavier hadrons [17]. The latest mea-
surement of pt spectra of identified particles in p-Pb collisions at 4/syn = 8.16 TeV confirms this
dependence, explained by radial flow effects in nucleus-nucleus collisions. Furthermore, particle
ratios such as p/m and A/ Kg in p-Pb and pp collisions, reported lately by ALICE in [18] and [19],
show qualitatively similar enhancement at intermediate pt as in Pb-Pb collisions [20], attributed
to collective motion or, alternatively, quark coalescence at hadronization. The comparison of data
with predictions from different models in pp collisions shows only the qualitative agreement most
of the times [19].

3. Conclusions

In this overview, new studies performed by the ALICE collaboration in p-Pb and pp collisions
were discussed. Among these studies, the balance function measurement for identified particles in
pp collisions can be highlighted. Since the data are not in agreement with the expectation based
on how radial flow should affect particle species with different mass, this leads to a conclusion that
collectivity might not be the full explanation behind the narrowing of the balance function width
with increasing multiplicity. Such conclusion is strengthened by the fact that neither of PYTHIAS
tunes is able to describe the data. This result, as well as the rest of presented measurements can
therefore provide further constrains for current models with the purpose of finding the common
theoretical framework for a simultaneous description of various experimental observables and
subsequent understanding of collective effects in small systems.
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