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ALICE experiment at the LHC

• dedicated to study the hot and dense nuclear matter in heavy-ion collisions


• crucial part of the physics programme is to study pp and p−Pb collisions


• excellent at particle identification and track reconstruction in high track 
density environment (central Pb−Pb) up to very low pT (100 MeV/c in Run 2)
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Figure 9: ALICE particle identification and reconstruction capabilities, with the pT coverage corresponding to the
published measurements based on pp or Pb–Pb data samples.

in a number of adjacent cells in the EMCal and/or PHOS. Similar trigger conditions are implemented
for the pp data taking, with the addition of a specific set of triggers involving the detection of one or

25

ALICE, arXiv:2211.04384,CERN-EP-2022-227 
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• long-range, near-side correlations (large Δη and small Δφ) in Pb−Pb connected to hydrodynamic expansion of the quark-
gluon plasma

Long-range correlations in heavy-ion collisions

ALICE, Physics Letters B 708 (2012) 249-264 

ALI-PUB-14107
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Two-particle angular correlation method
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Depending on pT intervals (pT,trig and pT,assoc) the method 
can be used to study flow (lower pT) or jets (higher pT).
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Azimuthal anisotropy in heavy-ion collisions 

E
d3N
d3p

=
1

2π
d2N

pTdpTdy (1 + 2
∞

∑
n=1

vn(pT, y)cos[n(ϕ − ΨR)])
vn(pT, y) = ⟨cos[n(ϕ − ΨR)]⟩

 ΨR - reaction plane angle

• initial spatial asymmetry of partonic matter leads to azimuthal momentum 
space anisotropy in hadron distribution due to different pressure gradients


• anisotropy can be quantified by second Fourier coefficient of the particle 
distribution (i.e. v2 a.k.a. elliptic flow)


• “lumpiness” of the fireball (due to fluctuations of the initial energy density 
profile of the colliding nucleons) can give rise to higher harmonics (vn, n=3,4,..) 
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• structures from two-particle correlations previously connected to collectivity in Pb−Pb collisions visible also in p−Pb and pp

Long-range correlations in small systems 
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8 5 Results

p
assoc
T < 3 GeV/c, and with the track multiplicity in the range 220  N

offline
trk < 260. For PbPb

collisions, this N
offline
trk range corresponds to an average centrality of approximately 60%, as

shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (N

offline
trk ⇠ 110) pp collisions

at
p

s = 7 TeV [38] and pPb collisions at ps
NN

= 5.02 TeV [39–41]. The structure is also prominent
in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < p

trig
T < 3 GeV/c and 1 < p

assoc
T < 3 GeV/c

within the 220  N
offline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range N

offline
trk < 20 (open) and 220 

N
offline
trk < 260 (filled). Various selections of p

trig
T are shown for a fixed p

assoc
T range of 1–2 GeV/c

in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

CMS, PLB 724 (2013) 213  

PbPb
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• long-range two-particle correlations measured by ALICE up to the smallest multiplicities with very high precision 


• non-zero ridge yield even for events with low multiplicities 

Long range correlations in small systems - 
is there a limit? 

ALI-PREL-538465
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• the cleanest environment (e+e−) does not show any significant ridge structure at Δφ = 0


• ridge yields in pp higher than yields (upper limits) in (e+e−) at the same multiplicities (10, 15)

Long-range correlations in small systems - 
comparison to e+e− collisions 

analysis arising from statistical fluctuations is also included
as a component of the systematic uncertainties. An addi-
tional systematic of 0.2%–10% (0.1%–0.5%) in the lab
(thrust) coordinate analysis is included to quantify the
residual uncertainty in the reconstruction effect correction
factor derived from the PYTHIA 6.1 archived MC sample,
which is mainly from the limited size of the archived MC
sample. In general, the systematic uncertainties in thrust
analysis are smaller than the beam axis analysis because the
thrust correlation function before the combinatorial back-
ground subtraction described later is quite flat, and varia-
tions affecting the correlation shape are less pronounced.
The two-particle correlation functions for events with

Ntrk ≥ 30 are shown in Fig. 1. The left panel shows the
correlation function using lab coordinates, while the right
panel shows the result when using thrust coordinates. In
both cases, the dominant feature is the jet peak near
ðΔη;ΔϕÞ ¼ ð0; 0Þ arising from particle pairs within the
same jet. For the analysis using lab coordinates, the away-
side structure at Δϕ ∼ π arises from pairs of particles
contained in back-to-back jets. In the thrust coordinate
analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the
direction of the leading jet in a three-jet event and the
correlation between the particles in the subleading and third
jet can create a narrow peak at small Δη and at Δϕ ∼ π.
Because many charged particles are approximately aligned
with the thrust axis, i.e., at very large η in the thrust
coordinate, particle pairs in back-to-back jets frequently
have a Δη larger than the Δη range examined here, and do
not contribute the correlation function in the analyzed Δη
window. This reduces the absolute magnitude of the
correlation function in the thrust coordinate analysis
compared to that in the lab coordinate analysis. Unlike
previous results from hadron collisions, no significant
“ridge” structure is found around Δϕ ¼ 0 in either the
lab or the thrust coordinate analysis.
To investigate the long-range correlation in finer detail,

one-dimensional distributions in Δϕ are found by averag-
ing two-particle correlation function over the region

between 1.6 < jΔηj < 3.2. The size of any potential
enhancement around Δϕ ¼ 0 is calculated by fitting this
distribution from 0 < Δϕ < π=2 and then performing a
zero yield at minimum (ZYAM) subtraction procedure
using the fit minimum, cZYAM [23]. A constant plus a
three term Fourier series was used as the nominal fit
function, but a fourth degree polynomial fit and a third
degree polynomial plus a cos 2Δϕ term fit were also
attempted. Discrepancies resulting from these different
choices of fit function were found to be small and are
included in the systematic uncertainties of the total near-
side yield calculation. The results after this subtraction and
correction for reconstruction effects are shown for Ntrk ≥
30 in Fig. 2. Because of the relatively small associated
yield, the results from thrust coordinates are scaled by a
factor of 20 for visual clarity. A peak structure is observed
at Δϕ ¼ π in both lab and thrust coordinate analyses, but
the spectra decrease to values consistent with zero at
Δϕ ¼ 0. To test the impact of the perturbative and non-
perturbative aspects of the implementation in MC event
generators, these results are compared to calculations from
PYTHIA v6.1 [20] (from archived MC), PYTHIA v8.230 [24],
HERWIG v7.1.5 [25,26], and SHERPA v2.2.6 [27]. Both PYTHIA

versions use a Lund string hadronization model, whereas
SHERPA and HERWIG implement cluster hadronization. The
predictions from the PYTHIAv6.1 model, which was tuned to
describe the ALEPH data, give the best description of the
data. Both PYTHIA v8.230 and SHERPA v2.2.6 slightly under-
predict the magnitude of the peak at Δϕ ¼ π. The data are
incompatible with the prediction from HERWIG. Unlike the
results with high multiplicity selection, all four generators
studied were able to reproduce the lab coordinate correla-
tion function in the 10–20 multiplicity bin and are therefore
expected to give a reasonable model of inclusive eþe−

collisions.
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• similar multiplicity dependence of vn in pp and p−Pb 
collisions to that observed in large systems


- anisotropic flow is created as a response to initial 
geometry via final state interactions of produced matter


• non-zero flow coefficients using multiparticle correlations in 
pp and p−Pb collisions, compatible with those in large 
systems


- presence of long-range and multiparticle correlations —> 
collectivity


• data cannot be described by purely non-flow based models


• hydrodynamic calculations show qualitative agreement with 
Pb−Pb, Xe−Xe and p−Pb collisions, while they fail for pp 
collisions

Flow in Pb−Pb, Xe−Xe, 
p−Pb and pp collisions 

ALICE, PRL 123 (2019) 142301 
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ALI−DER−80680

 Strangeness enhancement

9

quark-gluon plasma hadron gas

g + g → s + s

q + q → s + s
g + g → s + s

Ω−(sss)

p + π− → Λ0 + K0

Λ0 + π− → Ξ− + K0

Ξ− + π0 → Ω− + K0

Ω−

• production of strange quarks in QGP should be energetically favoured and faster than production in hadron gas 
[J. Rafelski, B. Müller, Phys. Rev. Lett. 48 (1982) 1066–1069]


• experimental variable based on comparison of strange hadron production in nucleus-nucleus collision with 
nucleon-nucleon (or nucleon-nucleus) collision - strangeness enhancement confirmed

ALICE, Phys. Lett. B 728 (2014) 216
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ALI-PREL-135175

 Strangeness enhancement

• Npart-scaling does not hold at LHC energies - a 
different experimental variable is used: ratio to pion 
production as a function of multiplicity 


• remarkable overlap of p−Pb and peripheral Pb−Pb 
with Cu−Cu and Au−Au - even for 25 times smaller 
energy (RHIC) the strangeness production is similar!


• a smooth transition from pp to central Pb−Pb - 
seems the only parameter needed to estimate 
strangeness production is multiplicity

Marek Bombara, 52nd International Symposium on Multiparticle Dynamics, Gyöngyös, Hungary, August 23, 2023
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• Npart-scaling does not hold at LHC energies - a 
different experimental variable is used: ratio to pion 
production as a function of multiplicity 


• remarkable overlap of p−Pb and peripheral Pb−Pb 
with Cu−Cu and Au−Au - even for 25 times smaller 
energy (RHIC) the strangeness production is similar!


• a smooth transition from pp to central Pb−Pb - 
seems the only parameter needed to estimate 
strangeness production is multiplicity 

• hierarchy of the enhancement determined by the 
hadron strangeness!

What are the roles of jet/underlying event in 
strangeness production in high-multiplicity 
pp or p−Pb collisions?

 Strangeness enhancement

ALI-PUB-106925

ALICE, Nature Physics 13 (2017) 535 

|S| = 3

|S| = 2

|S| = 1

|S| = 0
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 Strangeness enhancement in small systems
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Toward, transverse-to-leading and full !! spectra 
of K"# and Ξ in pp collisions

• Toward-leading spectra of K!" (Ξ) are harder than transverse-to-leading spectra of K!" (Ξ) 
• Same feature observed in different multiplicity classes and different centre-of-mass energies
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K!" Ξ

Chiara De Martin - LHCP 2023

• trigger particle (jet axis proxy) - charged hadron with highest pT in event & pT > 3 GeV/c


• associated particles: identified strange hadrons 
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• toward-leading spectra of 
strange hadrons harder than 
transverse-to-leading spectra 
or full spectra


• same behaviour also for 
different multiplicity classes 
and different collision energy 
(13 TeV)
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• strange hadron yields from transverse-to-leading and full samples increase with multiplicity and they are consistent 
with each other - the increase is driven by soft processes


• no difference in trends for different collision energies


• toward-leading yields do not depend on multiplicity (or depend very mildly)
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• transverse-to-leading and full yield ratios show an 
enhancement as a function of multiplicity (resembling 
the enhancement of the inclusive strangeness 
production w.r.t. pions) - can be attributed to the 
strangeness difference: Ξ− vs. K0S (|ΔS|=1)


• toward-leading contributes less to the enhancement


• transverse-to-leading and toward-leading trends are 
compatible
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• if proton and neutron are close in phase space 
and match the spin state, they can form the 
deuteron [S. T. Butler et al., Phys. Rev. 129 
(1963) 836] 

• the parameter B2 quantifies the probabiliby of 
the coalescence 


• small collision systems ideal for studying 
coalescense - the phase space smaller than in 
heavy-ion collisions - the coalescence should 
be more probable 

B2 = ( 1
2πpd

T

d2Nd

dydpd
T )/( 1

2πpp
T

d2Np

dydpp
T )

2

p n np
n

p

pp p-Pb Pb-Pb

B2 (pp) > B2 (p−Pb) B2 (Pb−Pb)>

p
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p
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Production of p , K and p as a function of RT in pp collisions at
p

s = 13 TeV ALICE Collaboration

Figure 1: Illustration of the toward, transverse, and away regions in the azimuthal angle plane with respect to the
direction of the leading particle. The leading particle is represented with the longest upright arrow. The UE is
represented with the small arrows transverse to the leading particle. The red cones represent the jet and away-side
jet.

particular interest is whether events with very low UE activity, which are dominated by the jet activity,
exhibit particle ratios and spectra consistent with fragmentation models tuned to e+e� data and whether
events with high UE activity exhibit any clear signs of flow or other collective effects [10]. Finally,
it is worth mentioning that this study is complementary to the measurements made using transverse
spherocity, in which global event properties are studied for jet-like and isotropic topologies [20][21].

The structure of the paper is as follows: In Sec. 2, the data analysis is described, Sec. 3 discusses the
systematic uncertainties, and in Sec. 4, the results are presented. Finally, in Sec. 5, the conclusions are
given.

2 Analysis procedure

2.1 Event and track selection

This study was carried out with the data collected in pp collisions at
p

s = 13 TeV by the ALICE
Collaboration during the LHC runs from 2016 and 2018. A detailed description of the ALICE apparatus
and its performance can be found in [22, 23]. The subdetectors used in this analysis are the V0 [24],
the Inner Tracking System (ITS) [25], the Time Projection Chamber (TPC) [26], and the Time-Of-Flight
(TOF) [27]. These subdetectors are located inside a B= 0.5 T solenoidal magnetic field. The V0 detector
consists of two arrays of 32 scintillators each, covering the forward (V0A, 2.8 < h < 5.1) and backward
(V0C, �3.7<h <�1.7) pseudorapidity regions. The ITS is the innermost barrel detector. It consists of
six cylindrical layers of high-resolution silicon tracking detectors: the two innermost layers of the Silicon
Pixel Detector (SPD) provide a digital readout and are also used as a trigger detector. The Silicon Drift
Detector (SDD) and the Silicon Strip Detector (SSD) compose the four outer layers of the ITS. Together,
they provide the amplitude of the charge signal, which is used for particle identification through the
measurement of the specific energy loss (dE/dx). The TPC is the primary detector for tracking and
particle identification. It is a large cylindrical drift detector with a diameter and length of about 5m,
which covers the pseudorapidity range |h | < 0.8 with full-azimuth coverage. Particle identification is

3

Martin, T., Skands, P. & Farrington, S. Eur. Phys. J. C 76, 299 (2016) 
ALICE, arXiv:2301.10120

• phase-space distance between nucleons in jet smaller than in underlying event (UE) - naively the 
coalescence probability in jets should be enhanced w.r.t. underlying event 

leading particle with pT > 5 GeV/c

dominated by UE

recoil jet + UE

jet + UE
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• in-jet = Toward - Transverse


• underlying event = Transverse


• B2 for jets larger than for UE as 
predicted by coalescence model


• underlying event: B2 for p−Pb smaller 
than for pp - source size is bigger in 
p-Pb 


• in-jet: B2 for p−Pb larger(!) than for 
pp - assuming same source size for 
the nucleons in jet, the nucleons are 
closer in phase-space in p−Pb jets 
than in pp jets


• could be the difference related to 
particle composition in jets (p−Pb vs. 
pp)?

 Deuteron production in jets
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ALICE, arXiv:2211.15204v1  
ALICE, arXiv:2301.10120  

• d/p ratio for jets in p−Pb bigger than for the pp - different particle composition in the two collision systems?

 Deuteron production in jets
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d/p in jet and UE

• d/p calculated as ratio of normalized spectra
• d/p jet is higher than d/p UE

arXiv:2211.15204v1 arXiv:2301.10120

• Higher d/p jet in p‒Pb collisions wrt pp collisions
• Different particle composition → could affect the coalescence probability
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CHALLENGES FOR ALICE IN RUN 3

 pp pPb PbPb

From  < 1 kHz single events...

...to 50 kHz of continuous readout data.

Overlapping events in TPC with realistic bunch structure @ 50 kHz PbPb 
Timeframe of 2 ms shown (will be 11 ms in production) 

Tracks of different collisions shown in different colour 

2

➤ Reconstruct 100x more events online. 

➤ Store 100x more events (needs factor 36x for 
TPC compression). 

➤ Reconstruct TPC data in continuous readout 
in combination with triggered detectors. 

➤ Completely new detector readout and 
substantial detector upgrades: new ITS, 
MFT, FIT. New GEM for TPC readout. 

➤ WLCG "flat budget" scenario (4x more 
resources over 10 years, for 100x more 
events).

• new Inner Tracking System - 7 pixel layers, first layer at 20 mm 


• new Forward Muon Tracker - forward vertexing and tracking 
for muons 


• new readout chambers of the TPC (Time Projection Chamber) 
based on GEM (Gas Electron Multipliers) technology


• new FIT (Fast Interaction Trigger) - interaction trigger, 
multiplicity estimator 


• from < 1 kHz single events in Run 2 to 50 kHz of continuous 
readout data in Run 3 

• building new reconstruction and analysis framework O2 
(Online/Offline) from scratch


• expected 50-100 times more statistics for selected rare 
probes than in Run1+Run2
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Summary

• long-range correlations (connected to the flow in Pb−Pb): 


➡ observed also in small systems


➡ ridge yields in pp collisions bigger than the yields in e+e− (events with comparable multiplicity)


• strangeness enhancement in small systems: 


➡ out-of-jet processes give dominant contribution to strangeness enhancement in small systems


➡ non-negligible contribution also from in-jet processes 


• deuteron production in jet and in underlying event:


➡ higher coalescence probability B2 in jets than in underlying event


➡ higher coalescence probability B2 in jets in p−Pb than in jets in pp collisions


• stay tuned for the new Run 3 results
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