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In nucleus-nucleus collisions, the Quark-Gluon Plasma behaves like a perfect fluid and the az-
imuthal anisotropy of the observed particle final-state distributions reflects its properties. This
anisotropic flow, arising mainly from initial-state geometry and its fluctuations, highlights the
collective behavior of the particles produced in the collision. It is well-described by hydrody-
namics and explains the long-range near-side correlations, known as the “ridge”, observed ex-
perimentally in AA collisions and, more recently, in small systems such as pp or pA collisions.
The CMS experiment has studied this correlation in details by extracting the momenta of the
Fourier decomposition of azimuthal particle-distribution in the final state (v,, n =2 - 4). The vy
are extracted using di-hadron correlation and multi-particle cumulant methods in both pp and pPb
collisions. In this talk, results from CMS on the ridge in small systems are shown and compared
with those in PbPb collisions, demonstrating that the collective nature of the ridge is present also
in small systems. The correlation between different Fourier coefficients is further investigated
using a symmetric cumulant analysis and compared across colliding systems. The latest results
on vy, correlations in pp at 13 TeV and pPb at 8.16 TeV collisions are also discussed. All these
results give us a better understanding of collective effects from small to large colliding systems

and provide more insights on the nature of the ridge in pp and pPb collisions.
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Similarly to high-energy nucleus-nucleus (AA) collisions, a long-range near side azimuthal
correlation structure (ridge-like) was observed for high-multiplicity events in small colliding sys-
tems (such as pp and pPb collisions) [1-7]. In AA collisions, the ridge can be understood assuming
the formation of a medium with properties compatible with that of an expanding, almost perfect
fluid, composed of quarks and gluons, known as quark-gluon plasma [8, 9]. In order to investigate
the origin and properties of the ridge in small systems, the experiments at the RHIC and the LHC
are currently performing and comparing key measurements among different system sizes [10-13].
In this proceedings, some recent results from the CMS experiment [14] on long-range near-side
azimuthal correlations in pp and pPb collisions are shown and compared with the corresponding
results in PbPb.

Results for proton-proton collisions at /s = 5, 7 and 13 TeV, proton-lead collisions at /sy =
5.02 and 8.16 TeV and peripheral lead-lead collisions at /sy = 2.76 and 5.02 TeV are presented.
In order to have meaningful comparisons, the PbPb events are reprocessed with a similar recon-
struction software as in pp and pPb collisions and the same track selection is applied in all data
samples. All the tracks used in this analysis are selected with tuned quality criteria [15]. The tracks
used in the correlation measurements have pt > 0.3 GeV and || < 2.4. The event classification

is done in terms of charged particle multiplicity (Noine

), which is defined as the number of tracks
with pp > 0.4 GeV and |n| < 2.4. These requirements are chosen to match with the online re-
quirements (trigger) to select high-multiplicity events. Monte Carlo (MC) simulations are used
to correct the measurements for detector acceptance, tracking efficiency and the rate of misrecon-
structed tracks. For more details on the data sets, MC simulations, reconstruction algorithms and
selections, see Refs. [16,17].

The analyses are done via the investigation of the Fourier coefficients (v,) extracted from az-
imuthal angle (¢) particle distributions [18]. These coefficients can provide valuable information
about the initial state geometry of the collision and its fluctuations. These measurements are sen-
sitive to many effects, such as jets correlations and resonances decays, event and track selections,
additional collisions in the same bunch crossing (pile-up) and vertex position in the beam direction.
Corrections are applied to account for most of these effects, and systematic uncertainties are as-
signed in each case [16, 17]. In all the figures, the size of the systematic uncertainty is represented
by shaded boxes around each point.

The v,, v3 and v4 coefficients as a function of Ngiﬂi“e for PbPb, pPb and pp collisions are shown
in Fig. 1. The coefficients are extracted using a two-particle correlation method that estimates and
subtracts the di-jet contribution using a low-multiplicity control region, which is considered to do
not give flow contributions [16, 17]. The results are presented with and without the subtraction
of the di-jet correlations, which are more important in low-multiplicity events. For all v,, similar
trends are observed for pp and pPb, i.e., it increases and tends to saturate at higher Ngl‘;ﬂi“e. In PbPb,
v, seems to always increase, even at higher multiplicities, and v, has higher magnitude than in the
pPb and pp cases. In addition, almost no dependence on center-of-mass energy is observed for both
vy and v3 in pPb collisions.

In Fig. 2 the v, coefficient is obtained as a function of pr for different particle species: in-
clusive charged hadrons, ht, Kf and A/A. For all the systems the v, increases with particle pr,
reaching maximum values around 2 < pr < 4 GeV. A mass ordering (lower particle masses corre-
sponding to higher magnitudes of v,) for low-pr particles (pt < 2 GeV) is observed for the three
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Figure 1: Fourier coefficients (v,, n=2-4) as a function of charged particle multiplicity for pp, pPb and
PbPb collisions in various center-of-mass energies. The v, coefficients are extracted using a two-particle
correlation method with (points) and without (lines) di-jet correlations subtraction [17].
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Figure 2: Fourier coefficient (,) as a function of pr for different particle species and colliding systems. The
measurements are performed using a two-particle correlation method with subtraction of di-jet contributions
to the coefficients [16].

systems. The splitting is more pronounced in smaller systems.

The v, measurement from multi-particle cumulant technique [19] and the Lee-Yang Zeros
(LYZ) method [20] are presented on Fig. 3. The latter considers an asymptotic form of the cu-
mulant expansion to explore the correlation among all the particles in the event. The results are
compared to v, values obtained with the two-particle correlation method. A similar behavior of
multi-particle v, is observed across all colliding systems within the experimental uncertainties:
V2 {4} ~ V) {6} for PpP; V2 {4} ~ VvV {6} ~ VvV {8} for pr and v, {4} ~ V) {6} ~ V3 {8} ~ V) {LYZ}
for PbPb. These results provide an important evidence for a collective behavior of the particles
produced in the final state of small colliding systems. However, a significant splitting between
v2{2} and v, {multi-particle} is observed in pPb and PbPb at high-multiplicity, while v, {2} and
vy {multi-particle} are approximately equal in high-multiplicity events produced in pp collisions.
In hydrodynamic models, this can be connected with differences among the systems regarding
initial-state geometry fluctuations (see for example Ref. [21]).

Further studies to understand the collectivity in small systems are presented in Fig. 4. The
correlations between different Fourier coefficients, v, and vy, are extracted using the symmetric
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Figure 3: Fourier coefficient (v2) as a function of charged particle multiplicity for PbPb, pPb and pp colli-

sions. v§*® {2,|An| > 2} is measured using two-particle correlation method with subtraction of di-jet contri-

butions. The v, {4}, vo {6} and v, {8} are extracted using multi-particle cumulant method and v, {LYZ} is
obtained using the Lee-Yang Zeros technique [16].

cumulants, SC(n,m) [22]. These correlations are presented before (top plots) and after (bottom
plots) normalization by the two-particle v, from Fig. 1. A positive value of SC(n,m) means that
vy and vy, are correlated and a negative value means that they are anticorrelated. For the three
systems SC(2,4) is positive for the entire multiplicity range. In pPb and PbPb collisions, SC(2,3)
starts with positive values at lower multiplicities and then decreases to negative values from around
Nt‘;lf(ﬂi“e > 60. In pp collisions, SC(2,3) suggests to move into negative values for Nt‘;{;ﬂi“e ~ 110.
Nevertheless, the current precision of the measurement does not allow for firm conclusions. As
shown in Fig. 1, v, coefficients have different magnitudes depending on the system size. This is
mainly due to the initial-state geometry. Therefore, normalizing the SC(n,m) by the corresponding
vy coefficients allows a proper comparison across systems as shown in Fig. 4 bottom plots. At high
multiplicities, the normalized SC(2,3) has similar behavior in pPb and PbPb, which point to similar
initial state fluctuations. The normalized SC(2,4) measurements show a clear ordering between pp,
pPb and PbPb systems. This could be explained by different transport properties of the created
medium in the different colliding systems.

In summary, recent results on multi-particle azimuthal correlations in pp, pPb and PbPb col-
lisions from the CMS detector at LHC are presented in a wide multiplicity range for different
collision energies, particle species and pr. Measurements involving multi-particle correlations in-
dicate that the collective behavior observed in relativistic nucleus-nucleus collisions is also present
in small systems, such as pp and pPb. In addition, results presented on the correlations between
different orders of Fourier harmonics provide valuable information to constrain theoretical models
and deepen our knowledge of the initial state geometry and its fluctuations in hadronic colliding
systems.
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Figure 4: Correlations between v, and vy,, SC(n,m), as a function of charged particle multiplicity for PbPb,

pPb and pp collisions. Top: correlations between vy, and v, measured with the symmetric camulants method.
Bottom: normalized correlations using the symmetric cuamulants technique for the numerator and v, from
two-particle correlation for the denominator [17].
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