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1. Introduction

The fundamental feature of heavy-ion collisions is a production of a deconfined Quark Gluon
Plasma (QGP). Hydrodynamic expansion of QGP is reflected in an enhancement in the azimuthal
correlation of the particles production which extends over a broad pseudorapidity range. They are
understood to be the result of azimuthal anisotropies of the single-particle distributions:
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where ¢ is the azimuthal angle of the particle emission, and the harmonics v, and phase ®,, are
the magnitude and phase of the n-order anisotropy. These anisotropies are a consequence of spa-
tial asymmetry in the interacting off-centre ions and fluctuations of collision geometry. Previously
reported results provide evidence that produced matter behaves like a nearly perfect fluid [1-3].
However, the ridge which extends over large pseudorapidity range is also observed in p+Pb colli-
sions [5,6]. Possibly this structure originates from the same mechanism which is present in heavy
ion collisions. However, alternative interpretation base on the saturation of parton distribution in
the lead nucleus is capable to reproduce an observed effect in the p+Pb data [7-9].

Recent results show that the ridge structure in two-particle azimuthal correlations can be also
observed in high-multilpicity pp collisions [10-13]. It is remarkable observation as formation of an
extended nuclear matter was not expected in small collision systems. Similarly to p+Pb collisions
the origin of the ridge could be different from that in Pb+Pb collisions. However, the recent study
show it might comes from sinusoidal modulation of the per-event single particle azimuthal angle
distributions [11].

2. Two particle correlations

The two particle correlations are measured as a function of the relative azimuthal angle A¢ =
¢¢ — ¢ and relative pseudorapidity An = n¢ —n®. The superscripts a and b denote the two par-
ticles in the pair, which are conventionally called "reference/trigger" and "associated" particles,
respectively. The correlation function is defined as:

S(Ap,An)
B(Ag,AN)’

where S(A@,An) is a distribution constructed from same event and B(A¢,An) is constructed

C(A¢,An) = 2.1

from mixed events. All particles in the given event are used to obtain the S distribution. In re-
sult, it contains the physical correlations between particle pairs and correlations resulting from the
acceptance effects. The mixed events are selected to have similar track multiplicity N/} and v,
coordinate of vertex such that acceptance effects are compensated in the S/B ratio. In order to take
into account tracking efficiency varying with pr and 1, charged tracks are weighted by 1/€(pr,n)
when calculating the pair distributions. Conventionally C(A¢,An) function is normalized such that
the A¢-averaged value is unity for |[An| > 2. Then, by integrating the numerator and denominator

of Eq. 2.1 over |An| one can obtain one-dimensional correlation function C(A¢):

_ Jd|an|s(Ag,an) _ S(A9)

) = dlaniB(a0,an)  B@9)'

2.2)




Angular correlations in pp and p+Pb collision Piotr Janus

The range 2 < |An| < 5 is chosen to suppress contributions from the short range correlations (e.g.
jets, resonance decays). A more physical meaning has "per-trigger-particle yield" which is C(A¢)
function with additional normalization:
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Y(A¢) = (2.3)

where N“ denotes the total number of trigger particles. This normalization allows subtraction of
the Y (A¢) distribution in one event-activity class from the Y (A¢) distribution in another.

The template fitting method developed by ATLAS [11] is used to estimate and remove the
impact of back to back dijets and other processes which correlates only a subset of the all particles
in the event. This approach is assuming that jet-correlation has shape independent of the event
multiplicity and at low multiplicity the structure of two particle correlation result predominantly
from back to back dijets. With these assumptions the measured Y (A¢) distribution is described
by a superposition of a "peripheral" Y (A¢) distribution, Y?¢"P"(A¢), scaled up by a multiplicative
factor and a function describing ridge:

Yr(A0) = G(1 4 Y 2vco8(nA9)) + Y77 (A9). 24
n=2

where F and v, , are free parameters. The parameter G is fixed by the requirement that the integral
of Y'*"Pl(A¢) is equal to the integral of measured Y (A¢).

The summary of results in the inclusive pr interval 0.5 < pr < 5 GeV is presented in Fig-
ure 1. It shows v;, v3 and v4 obtained from the 5.02 TeV, 13 TeV pp and 5.02 TeV p+Pb template
fits as a function of N’;¢ (top panel) and as a function of a trigger particle pg for th eN/; > 60
multiplicity range (bottom panel). Harmonics v3 and v4 are not shown for the 5.02 TeV pp data
due to large systematic uncertainties associated with the choice of peripheral reference. From this
results several conclusions can be drawn. In the p+Pb collisions v, increase with increasing N/;¢
while in the pp collisions v; is independent of N/i¢ within uncertainties. The pp and p+Pb v>(pr)
presents similar trends with both increasing with pt at low pr values, reaching a maximum near
3 GeV. Comparison of the v, between 13 and 5.02 TeV pp collisions show no significant energy
dependence. More comprehensive summary can be found in Ref. [14].

3. Muon and charged particle correlations

As it was shown in the previous section particle production in high energy p+Pb and pp
collisions display an enhancement in the azimuthal correlation of the particles production which
extends over a broad pseudorapidity range. To further investigate phenomena observed in the
p+Pb collisions the long-range correlation between muons and inclusive charged particles was
measured by ATLAS [17]. Most of the prompt muons in the range 4 < pr < 8 GeV result from
decay of heavy-flavor hadrons containing charm and bottom quark [15]. If a QGP is produced
in p+Pb collisions, then partial thermalization of heavy-flavour may be visible in this momentum
range [16]. Measuring this long-range correlation can provide information on the origin of the
azimuthal anisotropy seen in p+Pb collisions.
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Figure 1: Comparison of the v, obtained from the two-particle correlation method in 5.02 TeV, 13 TeV
pp and 5.02 TeV p+Pb, as a function of N7;¢ (top panel). The pt dependence of the v, for the N/;¢ > 60
multiplicity range [14] (bottom panel).

The long range correlations where extracted using approach presented in the Section 2 with
muon as an associated particle. One dimensional correlation function C(A¢) is obtained according
to Eq. 2.2 but integrating is done over 1 < |An| < 5. The template fitting method makes similar
assumptions with exceptions that fit is performed to C(A¢) instead of per-trigger-particle yield
Y (A¢). Figure 2 presents summary of the muon hadron' correlations with 0.5 < p$ < 5 Gev and
4 < p# < 6 GeV on the left panel and for the pr dependence of the muon v, with 4 < p# <8
GeV. Non-negligible values of muon v, was measured and it is consistent with no N/} dependence
within presented uncertainties.

4. Multi-particle correlations with the subevent method

The template fitting method is suppressing the non-flow correlations impact by removing pairs
with low pseudorapidity separation (JAn| < 2) and fitting shape of peripheral events, where flow is
assumed to be negligible. However, a multi-particle cumulant method [18] is used to reduce directly
correlations from jets and dijets. Proposed approach is relying on the Q-cumulants discussed in
Refs. [19,20], which has been recently extended to the case of subevent cumulants [21]. The
standard method is briefly summarized below.

The two- or four-particle azimuthal correlations in one event are evaluated as:

{2},) = <ei"(¢’1*€1>2)>7 ({4},) = <ef"(¢1+¢zf¢b*¢4)> 4.1)
These correlation can be used to define cumulants for two- or four-particle correlations:

enf2} = (({2}0)), en{4} = (({43n)) — 2(({2}n))? (4.2)

!In practice all charged particles are used as reference particles, however since they are mostly hadrons (, p, K)
therefore the muon-hadron correlation is justified.
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Figure 2: The v, obtained from the template fits to 7 — & correlations with 0.5 < p%"b < 5 GeV (circles) and
to h — u correlations with 0.5 < p <5 Gev and 4 < pff < 6 GeV (squares) (left panel). the pt dependence
of the muon v; integrated over a broad multiplicity range of N/} > 100 [17] (right panel).

Finally, the flow coefficients from two- and four-particle cumulants are defined as:

V{2t = Ven{2}, va{d}n = v/ —cn{4} 4.3)

To suppress the non-flow correlations, which usually involve few particles which are close
each other in 77, a subevent cumulant method has been proposed [21]. In this approach particles
are divided into several subevents, each covering a distinct 1 interval and then only particles from
different subevents are correlated. With three subevents the four-particle azimuthal correlations
and cumulants are evaluated as:

({4ha)2app e = (M OHO=0T=00) DLy — (141 g e — 20420 ) ({23 )t (44

The v,{4} obtained with the three subevent method are presented in Figure 3 for charged par-
ticles with 0.3 < pt < 3 GeV in three collision systems.The v,{4} values are smaller than v2{2}
from the template fit method in both systems. This difference can be interpreted as influence of
event-by-event flow fluctuations associated with fluctuating initial condition [25]. More compre-
hensive summary can be found in [23].

5. Summary

This report summarize studies performed in four systems: 5.02 and 13 TeV pp collisions,
5.02 and 8.16 TeV p+Pb collisions by the ATLAS experiment. Measurements of v, harmonics
were performed using two methods, two particle correlation with non-flow subtraction based on
templates obtained for peripheral events and a novel sub-event cumulant method. Comparisons
presented in Figure 1 show that v,, v3 and v4 values for 5.02 and 13 TeV pp collisions do not
significantly vary with center-of-mass energy. The v, values obtained in pp collisions at both
energies are observed to be independent of N/;¢ within uncertainties. Measurement performed
with the sub-event cumulant method show that magnitude of v,{4} is smaller than v,{2}. It can
be interpreted as influence of event-by-event flow fluctuations associated with fluctuating initial
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Figure 3: The v»{4} calculated for charged particles of 0.3 < pr < 3 GeV using the three subevent cumu-
lant method in 5.02 TeV pp (left panel), 13 TeV pp (middle panel) and 5.02 TeV p+Pb collisions (right

panel

) [23]. They are compared to v, obtained from a two-particle correlation analysis [14,22] where the

non-flow effects are removed by a template fit procedure (solid circles) or with a fit after subtraction with
zero-yield at minimum (ZYAM) assumption [24] (solid line).

condition [25]. The azimuthal muon-hadron correlation was also studied and non-negligible values

of V2

were measured.
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