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Abstract. By recreating the first kind of matter in the history of the universe, the quark-gluon
plasma (QGP), through PbPb collisions, scientists can study the state of the early universe after
the big bang. In this paper, the data from PbPb collisions collected by the Alice experiment at
Large Hardron Collider is analyzed to investigate the properties of the QGP. The team focused
on Fourier decomposition of azimuthal and angular correlation analysis, using data at a center-
of-mass energy of 5.02 TeV per nucleon pair. The distributions of the transverse momentum pr,
the pseudo-rapidity n and the azimuth angle ¢ were plotted and analyzed. The shapes of plots
didn’t perfectly match the predictions because of data fluctuations and the limitations of detectors.
However, the trend of positive correlation between the coefficients and the transverse momentum
pr was found. The results confirm previous research findings on the collective motion and
anisotropic flow of QGP. The study provides insights into the QGP's behavior and supports the
theoretical predictions about its properties.
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1. Introduction

1.1. Basics

Measuring PbPb collisions is considered a traditional method of studying the primordial state of the
universe since it recreates the quark-gluon plasma (QGP) form of matter well and tracks its evolution.
ALICE has carried out many comprehensive studies of the results produced by PbPb collisions, from
the initial state to the QGP phase and to the transition to hadronic matter. Due to the interactions of
collisions, QGP will form a fluid state that demonstrates collective motion feature-flow, it behaves like
an almost perfect liquid. Its flow resistance is the lowest known, and the way it changes shape over time
is also unique. The theory developed by Alver et al. [1], indicates that event-by-event fluctuations will
cause a finite triangularity value in Glauber Monte Carlo events. This triangular anisotropy in the initial
collision state will lead to a triangular anisotropy in particle production in the AMPT model (A Multi-
Phase Transport Model). The hydrodynamic flow is introduced as triangular flow. It has built the
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relationship between triangularity, the ridge, and broad away-side structures observed in dihadron
correlations. (The structures will be shown in the later sections) This paper will conduct an analysis of
the ALICE’s data of PbPb collisions at /Syny = 5.02TeV (Corresponding Number: 800ub—1),
acquired in 2015, including the Fourier decomposition on azimuthal correlations, and angular
correlations analysis. The results will shed light on the understanding of the properties of the QGP and
confirm the conclusions given by previous research.

1.2. ALICE experiments

The ALICE (A Large lon Collider Experiment): The detector was designed to investigate heavy-ion
physics at the LHC (Large Hadron Collider) primarily to study the quark-gluon plasma form of matter.
According to quark confinement, no quarks are observed in isolation, in which quarks and gluons are
tightly bound together. But at the laboratory condition generated by ALICE (temperatures over 100, 000
times that of the Sun), the quark confinement would open, and the initial state of the universe just after
the Big Bang would be well simulated, protons and neutrons would melt, freeing the quarks and gluons.
Since heavy ions-Pb,gs have many nucleons (protons and neutrons), these heavy nucleons instantly
“melt” the nuclei of the colliding part after a high-energy collision, stirring up lots of particles to form
a “molten” substance known as quark-gluon plasma (QGP). The central-barrel detectors of ALICE are
embedded in the solenoid with magnetic field B = 0.5 T so that particles can be produced at a moderate
rate. It has a wide range of measurements: transverse momentum threshold down to 0.15 GeV/c, and
particle identification ability up to 20 GeV/c.

1.3. Literature review

The study of quark-gluon plasma (QGP) and its properties, especially its collective flow behavior, has
been a core topic in the field of high-energy heavy ion collisions. For example, the study of elliptic flow
coefficients v, and higher order coefficients v; is crucial to understanding anisotropic flows. The
theory of calculating v, by event-by-event fluctuations and Fourier expansion of azimuthal
distributions has become the standard method of QGP research. It provides a robust method to analyze
collective flow behavior [1,2]. This coefficient measures the anisotropy of particle emissions relative to
the collision plane. Further research, focusing on the theory of v;, which relates to triangular flow, adds
to the understanding of the complex behaviour of QGP. The CMS collaboration has experimentally
studied the evolution of QGP with respect to the measurement of different collision centralities[3].
Relativistic viscous hydrodynamics is important in explaining the collective flow behavior observed
after these collisions, showing agreement with experimental data [4-6]. For the detailed correlation
structure of particle emissions, the dihadron azimuthal correlation method has been proved to be a
powerful tool, especially for examining anisotropies at both low and high transverse momenta. This
method involves measuring the angular correlation between pairs of particles (An and Ad), which helps
identify collective flow patterns such as elliptic and triangular flows. Several studies have successfully
used this method to extract the coefficients v, and v; in different centrality of PbPb collisions,
revealing key insights into QGP's dynamic behavior under various conditions [7,8]. In addition to studies
focusing on anisotropy at low transverse momentum, recent research high transverse momentum ranges
also provide crucial ideas. Wang et al. [9], using data from the CMS detector, conducted the first
measurements of anisotropies up to 100 GeV/c in PbPb collisions. Other large facilities, such as RHIC
[10], also provide a comparison of the LHC results and confirm its universality at different collision
energies.

2. Math and Equations

2.1. The Correlation Function

Three parameters used in this analysis are p; , n and ¢. Where p,. is the transverse momentum of
each particle, n is a function of the horizontal angel in the polar coordinate known as pseudorapidity,
and ¢ is the azimuthal angel of the transverse plane. The function relationship of ) and 0 is given by:
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n = —In(tan(6/2)) (1)
Trigger particles are defined as all charged particles originating from the primary vertex with |n| <
24 and in a given transverse momentum range. One event can have multiple trigger particles. The
Hadron pairs are defined as every trigger particle associating with one remaining charged particle
with |n|] < 2.4 and also in a specified transverse momentum range. The analysis done in the next
section is based on this Hardon pairs model. So, the data of An and A¢ instead of ¢ and n is used
to demonstrate the property of the Hadron pairs. The histogram of An and A¢ is related to the number
of Hadron pairs, i.e., how the number of Hardon pairs changing in different An and A¢ interval:
1 d*Npgie @
Nyig dA¢dAn

where Ny, is the number of the trigger particles in the event. For simplicity, in the following section
our analysis did not divide the histogram by Ny;,. Equation (4) is known as the measured per-trigger-
particle associated yield distribution of charged hadrons as a function of |An| and |A¢|. In different
centrality classes of PbPb collisions, the two-dimensional correlation would be different. In our research,
the centrality is around 35-40%. The one-dimensional A¢ correlation functions are obtained by

integrating the 2D distribution with respect to An over a limited region from n_. to n__:

max’
1 deair _ 1 Mmax ] dszair
Ntrig dA¢ n Ntrig dA¢dAﬂ

min

(3)
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2.2. Relativistic Fluid Mechanics

Correlation structures in ultra-relativistic heavy-ion collisions have been well-studied in recent years.
Based on Relativistic Fluid Mechanics, the initial shape of the flow will determine the distribution result
given by equation (5). And from the previous section, the correlation function can be expanded by
Fourier Series. Each term in the Fourier series corresponding to a symmetric shape of the flow. The
initial shape of the collision center does not necessary to be symmetric, it can be any asymmetric shape
and that leads to an anisotropic distribution of the azimuth angle. However, any asymmetric initial shape
can be decomposed by many symmetric shapes, so the final distribution result can be thought of as the
cause of many symmetric flows. Based on a recent study, the dominant term in two-particle collisions
is featured by elliptic flow, which will leadto a cos(2A¢) term in the distribution result. The cos(2A¢)
term is the second term in the Fourier series of the correlation function. Since the group is researching
on pair collisions so in the analysis part,a cos(2A¢) term is added in the fit function. The fitting result
should show that the coefficient v2 is much bigger than v3 because the type of flow for two-particle
collisions is elliptic.

2.3. Fourier Series
As mentioned in the previous section, the azimuthal correlation function can be decomposed into Fourier
series:

1 deair Nassoc
= 1+ 2V A 4
N = §1 1 cos(na)) @
Py

Base on the theoretical results given by higher-order relativistic hydrodynamic flow caused by initial
fluctuations of the geometric shape, if correlation function is determined only by the single-particle
azimuthal anisotropy cause by the expansion of the ion collision, then these Fourier coefficients are
associated by different flow coefficients. The coefficient v1 of the Fourier series can be obtained by the
formula:

(v1-v1)?

1 Y _ _i=vl)” -
(PX)N=mj j cos(vld,vl)e 2re> dvldvl =vl (3)
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From this expression it can be known that the first coefficient is just the mean transverse momentum
times the total number of the particles. Since the transverse momentum is conserved, this coefficient
becomes trivial, and no information of the collision can be obtained from this coefficient. The rest of
the coefficients can be used to give a precise description of the collision data, and in particular the
coefficient v2 for anisotropic elliptic flow is expected to be the dominant term in the Fourier series of
data analysis.

3. Methodology and Data Analysis
In this project, the team followed the instructions given by Professor Gunther Roland to perform
correlation analyses using the open data from the ALICE experiment at the large hadron collider. The
data file contains 20000 collision events, and for each event, the CMS detector collected the following
data:

number of tracks: the number of charged particles;

pr: the transverse momentum;

n: the pseudo-rapidity;

¢: the azimuth angle.

Number of Tracks
o w -

o

-2 0 2
Py(GeV/C) n (rad)

Figure 1. Overall distribution of data implemented from ALICE experiment.

The units of p;. values are GeV/C. The pseudo-rapidity 7 is related to the angle 6 relative to the
beam axis z. The relationship is described by equation 3 in section 2. If n = 0, the angle is 90
degrees. if |n| is 1, the angle is 45 degrees. The unit of ¢ is radius (rad). The electric charges of the
particles were also detected in the ALICE experiment and provided in the data given, but they were not
used in our analysis. The data for p, n and ¢ are accurate to three decimal places. Firstly, Python
codes were written individually to read the data file and plotted separate p, n and ¢ histograms for
all the tracks. The histograms have 100 bins each. As shown in Figure 1, the distribution of p, ranges
from 0 to more than 5 less than 6 GeV/C, and gets the peak at more than 0.5 less than 1 GeV/C. The
number of tracks in the tail part of the distribution is too small to be seen. The curled-up region at the
very first part of the histogram is the result of the strong magnetic field of the CMS detector.

Roc% 6)

where R is radius, P is momentum, and B is magnetic field, at small momentum and strong magnetic
field, the radius would be very small, and the particles would be difficult to detect. If the logarithm of
the number of particles is set as the y-axis, the overall shape of the distribution won’t change, and the

quickly decreasing part of the plot would look like ep?T , where T is the temperature for the photons,
because there are thermal emissions for the particles. For even larger p, it will have a power law- like
shape due to the scattering of quarks or gluons in the quantum chromodynamics. The distribution of 1
ranges from —2.5 to 2.5 and is almost symmetric around 0. It has three dips. The dip at zero is as expected
according to the definition of pseudo-rapidity in relativistic kinematics, while the other two are due to
the limitations of the detector. The histogram for ¢ distribution is approximately but not perfectly flat
as it should be theoretically, since there is no preferred angle for the collision, because the detector used
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has some limitations and there are regions where it can’t detect particles as efficiently as other regions
(see Figure 2).

Figure 2. Distribution of o1 and d¢, paired across events, as if they were distinguishable particles.

Then angular correlation functions were used to process the data. In the first step, the An and A
for every pair of particles for each event were calculated. According to the definition of ¢, A¢ should
range from —m to . If A¢ is greater than m, we plus —2m; if A¢ is less than —x, we plus 2. Because of
the huge numbers of pairs of particles, the memory of the computer would be used up if the calculation
is done once for all. Therefore, the codes were designed to automatically run event by event and replace
the used memory by new data. After the calculations for every event, part of 1-dimensional and 2-
dimensional histograms were plotted. In the end, the histograms all summed up and the complete plots
for all the results were drawn. It took more than 40 minutes less than 1 hour for the laptop to run the
program. The An histogram for these uncorrelated particles has a triangular shape and is almost
symmetric about 0, which is suggested by mathematics. The difference for two uniform distributions
would be a triangle around the mean. The histogram for A¢ is approximately flat because of the flat
distribution of ¢. Drawing the 3-dimensional surface plots was tried but failed because the codes kept
crashing. A better computer should process the codes and plot the 3D histograms successfully. In the
next step, a function was fitted to the 1- dimensional A¢ histogram. The function of A¢ is in the
following form:

f(Ad) = N(1 + 2v,2 cos(2Ad) + 2v32 cos(3Ad)) @)

where N is a normalized constant, which is not important, while v2 and v3 are what really matter.
After the function was defined in our python codes, the scipy.optimize.curve fit function was used to
optimize the parameters to get the best description of the histogram. By using this function, A¢ was
taken as the independent variable and the entries of the histogram became the dependent variable.
Providing the initial guesses to the parameters is a useful way to reduce the workload of computers.
The function returned two arrays. The first one showed the values of the parameters, and the second
one was a two-dimensional array called the Covariance Matrix. By extracting a diagonal array and
getting the square root of it, the uncertainties of the guesses were obtained. It was a surprise that the
initial guesses were crucial. When the team guessed N as 3.7 X 107, v2 as 0.5 and v3 as 0.02, the
function fitted looked appropriate.

e
I |

0 1 2 3
L]

Figure 3. Transverse momentum is set in between 0.49 to 0.75 GeV, absolute value of 6n set larger than

3
1, and absolute value of 3¢ set from —n to m, resulted in the uncertainty of 2.044 X 10 inamplitude.
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In the final step, particles from different p, ranges were selected, and the function was fitted to get
v2 and v3 for each interval. The ranges were not uniform. The selection was based on the distribution
of p;. For the tail part of the p; distribution, the chosen ranges were wider so that there could be
enough particles to give better results with reasonable uncertainties. The method to fitting functions was
the same as the one used in the previous section. Most of the functions fitted quite well. However, from
Figure 3, it was found that for the p; range from 0.49 to 0.75 GeV, the histogram had a peak around
A¢ = 0 and was much higher than the fitted function, while the peak was expected to be lower and
at A > 0. Attempts to get rid of that were made by only using the pairs of particles whose |An| >

1 or |An| > 2, but the peak still survived. One possible explanation was it might be a result of data
fluctuations. Therefore, the plots for pairs of particles whose |An| > 1 were used. Then a plot of v2
and v3 as a function of the transverse momentum p, was made. The error bars were given by the
uncertainties calculated by computer. The plot is shown in Figure 4, and v2, v3 values are listed in Table
1. The x-coordinates of the data points are the mid points of the p, intervals we chose. In general, v2
and v3 both have a trend of increasing with the increase of p; though there are some fluctuations. Yet,
for the v2 and v3 got from the first p; range, the error bars are relatively large, and the first v3 data
point is higher than predicted, which are the result of the unexpected peak. The last data points are
considerably low due to the small amount of data in the given p,. range.

Table 1. Fourier Coefficients.

pr (GeV/c) V2 Vaerr Vs Vserr

0.5~0.75 6.499 x 1072 4516 x 1073 3.823 x 1072 7.677 x 1073
0.75~1.00 7.998 x 1072 2.346 x 1073 3.293 x 1072 5.698 x 1073
1.00~1.25 9.060 x 1072 2422 x 1073 3.841 x 1072 5.712 x 1073
1.25~1.50 8.301 x 102 2.221 x 1073 3.519 x 102 5.237 x 1073
1.50~2.50 1.120 x 107! 1.853 x 1073 4951 x 10~2 4189 x 1073
2.50~6.00 6.088 x 102 2.956 x 1073 1.598 x 1072 1.126 x 1073

3 4

0 1

2
PylGev/C)

Figure 4. Fourier Coefficients retrieved by scipy.optimize.curve fit.

With respect to the model of Fourier expansion of the azimuthal distributions, with data selected
from the interval between its prior and next cutoffs in step of 0.125; specifically, the first data point at
0.625 in p; is from 0.5 to 0.75. The error bars are from square root of diagonal of covariance matrix.
See appendix.

4. Conclusion

This report explicitly states basic protocols and methodology, and the physical implications and
comparisons with other publications are to be addressed in more detail later. In this report, the data of
PbPb collisions from the ALICE experiment was analyzed to study the properties of the quark-gluon
plasma (QGP). The overall distributions of the data in the transverse momentum p.. , the pseudo-
rapidity n and the azimuth angle ¢ were plotted and their shapes were explained. Angular correlated
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functions were used to process the data and functions were fitted to different p ranges of ¢. In this
way, the Fourier Coefficients were successfully found and plotted to see the trend of positive correlation
between the coefficients and the transverse momentum p... The shapes of the distributions and the plots

are not perfectly as predicted because of the limitations of detectors and data fluctuations, but they don’t
affect the final result to a large extent.
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