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Abstract

Results on long-range two-particle azimuthal correlations for charged particles in CMS
Open Data proton-proton (p-p) collisions at

√
SNN = 7 TeV are presented, using Open Data

from the 2nd half of 2010, over a full azimuthal coverage & a pseudorapidity coverage of
0.1< η <2.4. The two-particle correlation function is derived from a similar, official CMS
study written in late September, 2010, using the 1st half of the 2010 p-p,

√
SNN = 7 TeV,

data [1]. The results from the CMS Open Data study are then directly compared to the results
from the original 2010 study. The results between the two studies are found to be qualitatively
similar; just as in the original study, a ridge-like structure emerges across 2< ∆η <4 & ∆φ ≈0
when observing the 2-particle correlation function for high-multiplicity data. Therefore this
project further helps to validate the CMS 2010 Open Data set.
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1 Introduction

The main goal of this project is to try and recreate the Compact Muon Solenoid (CMS) study in
long-range azimuthal correlations [1], in order to further validate the CMS 2010 p-p,

√
SNN = 7

TeV, Open Data set. By doing so, this analysis will also showcase the benefits of the open data
project; that physicists outside of the CMS collaboration, or even non-physicists, can run their
own analyses or studies on data gathered from CMS. This can in turn open new possibilities for
research by cross-referencing studies & analyses between different experiments.

Throughout this paper, the specifics of the two-charged particle correlation function, used in
both the original 2010 study and this study on CMS 2010 Open Data, will be discussed, as well
as any discrepancies between the two studies. This section, more specifically, will start discussing
some basic High-Energy Physics (HEP) phenomenology, as well as a brief overview of the CMS
detector.

1.1 CMS Open Data Project

The CMS collaboration is the first among the 4 main experiments at the Large Hadron Collider
(LHC) to release a part of its data to the open public [2]. The main goal of the CMS Open
Data project is to provide the data, alongside similar analytic tools used by the CMS, to the open
public. By doing so, one should be able to analyze data from CMS in a ”home-like” environment.
The data that is open to the public is unselected, but calibrated, research-level data. Data where
no post-detector cuts have been applied, and where detector triggers can be manipulated freely.
While there are only a quite limited amount of documentation open to the public at the time of
writing this report, the CMS Open Data project has come far since its inception.

1.2 Brief Overview of Basic HEP Phenomenology

1.2.1 Transverse Momentum

One of the key variables to observe during a high-energy physics experiment is the momentum, and
how it is conserved, of tracks and other objects throughout the system. The CMS detector is, as
well as most particle detectors are, built concentrically around the particle beam-axis. Thus, the
momenta of the particles that scatter perpendicular to the beam-axis are easier to measure, and
defined as the transverse momentum, pT ,of the corresponding particle. The transverse momentum
is referred to as:

pT =
√
p2
x + p2

y (1)

Where px and py are the Cartesian values of the momentum perpendicular to the beam-axis.
Furthermore, the pT for the incoming protons is zero before the collision (the total momentum is
focused along the beam axis), and non-zero for the individual outgoing particles. Observing the
pT for each particle is therefore giving a picture of what occurs during the collision.

1.2.2 Azimuthal and Polar angles

For cylindrical coordinates, two angles are measured for each particle track. The polar angle, also
known as the scattering angle, θ, is the longitudinal angle between the beam-line and the particle
track. In Cartesian coordinates, assuming the z-direction is along the beam-line, it represents the
angle from the z-axis to the particle track.

In contrast, the azimuthal angle φ is defined as the horizontal angle between a track and an
arbitrary axis, around the beam-line. In Cartesian coordinates, assuming that the z-direction is
along the beam-line, it represents the angle from the x-axis to the particle track.
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Figure 1: Figures illustrating common HEP variables. The left-hand figure illustrates the az-
imuthal and polar angles for spherical coordinates [3] . The right-hand figure showcases the
relation between the scattering angle and pseudo-rapidity [4].

1.2.3 Rapidity and Pseudo-rapidity

In order to measure the linear components of the momentum, two new factors are introduced.
Namely the rapidity and the pseudo-rapidity. The rapidity of the detector system is defined as[X]:

y = ln
E + pz
E − pz

= tanh−1 vz (2)

Where E is the energy of the particle (E =
√
m2 + p2, where p is the total momentum ), p the

different momentum components and vz is the parallel velocity. As the particles in the accelerator
move at relativistic speeds, it is thus more useful to measure the rapidity instead of the standard
velocity. Furthermore, rapidity is Lorentz additive for boosts along the beam-axis. However,
rapidity can sometimes be hard to measure, therefore an approximation of the rapidity, namely
pseudo-rapidity, is used instead. The pseudorapidity is defined as:

η =
1

2
ln

|p| + pz
|p|− pz

= − ln tan(
θ

2
) (3)

Where p and pz are defined like the rapidity variables, and θ is the scattering angle. Since the
rapidity is Lorentz additive for boosts along the beam axis, assuming that pseudorapidity is a
sufficient approximation of rapidity, then pseudorapidity will also be Lorentz additive. As is
seen in equation 3, in the limit of mass-less particles (such as photons), pseudo-rapidity becomes
identical to rapidity.

1.3 Brief Overview of the CMS Detector

The CMS detector is one of the 4 large detectors that operate at the LHC. The detector is set up
concentrically around the beam-line, with several onion-shaped layers of different detectors. As
the name suggest, the detector contains a large solenoid magnet, with a diameter of 7m, boasting a
magnetic field up to 3.8T[5]. The detector has full azimuthal coverage, as well as a pseudorapidity
coverage of 0.1< η <2.5 for the main tracking chamber [6].

The detector layout can be seen in fig.2, and illustrates the different detector layers and their
functions. The components that are important for this study are enclosed within the solenoid
magnet; mainly the silicon trackers. The silicon trackers do not only detect the spatial coordinates
of each track, but can also be used in order to calculate their pT . This is done by measuring the
bending radius of each track due to the applied magnetic field[7].
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Figure 2: An illustration of the CMS detector. and its various components [5]

2 Discovery of Ridge from 2010 study

This report will mainly focus on validating and recreating the discovery of long-range angular
correlations for p-p data. The first occurrence of this phenomenon was published in 2010[1], using
the first half of the 2010 data. Henceforth, any mentions in this report of ”the 2010 study/analysis”
or ”the original study” will be in reference to this paper. The 2010 study is divided into two
analyses; one focused on short-range angular correlations (|∆η| < 2), and one focused on long-
range angular correlations (2.0 < |∆η| < 4.8).

The data used in the 2010 analysis is what is described as minimum bias data; data that is
taken with as little detector bias as possible. This is done by obtaining the events that do not
strike a main trigger, but instead strike a auxiliary trigger. These auxiliary triggers contain the
minimal definition of whether a track exists or not, thus the data is called minimum bias. This is
not the be confused with zero bias data, which is defined by sampling all the data that does not
strike the main triggers. In contrast to minimum bias, zero bias data leaves room for recording
”empty” events, whilst minimum bias still retains a certain threshold.

In addition to the minimum bias data, two other high multiplicity pixel triggers (HLT) were
used in order to gather high multiplicity data. These triggers play an important role in gathering
extra high multiplicity data for the investigation of the long-range correlations, as the ”ridge
phenomena” is only apparent at multiplicities over 110.

The main result, where the long-range angular correlations can be seen, is found below in fig.3.
The analytically functions displayed in the figure will be discussed more thoroughly in Section
3. Comparing the low-multiplicity case against the high-multiplicity plot, one can note that they
both have ridge-like structures around |∆η| ≈ ∆φ ≈0, as well as one large ridge at ∆η ≈ π
across the whole ∆η range. However, both of these ridges were expected at the time. The novel,
unexpected, feature here is the small ridge around ∆φ ≈ 0, 2< |∆η| <4, which can only be seen
for the high-multiplicity case. Until this study, this phenomena was only expected to occur in
heavy-ion collisions [8]. Recreating this small ridge will be the main goal throughout this CMS
Open Data analysis.
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Figure 3: Results showcasing the 2-particle correlation function from the 2010 study[1]. The left-
hand figure displays the 2-particle correlation function for inclusive MinBias data, with a kinematic
1.0GeV/c< pT <3.0GeV/c cut. The right-hand figure displays the same correlation function and
kinematic cut, but for events with a multiplicity over 110, using all triggers.

3 Method of Analysis

3.1 Short-Range & Long-Range Correlation Analysis

In order to see whether this analysis was viable or not, the data distribution of the Open Data
set had to be compared with the data distribution from the 2010 study. This was done by
selecting the appropriate minimum bias triggers, along with the HLT70, HLT85 and HLT100
triggers used in the 2010 experiment. After applying the appropriate triggers, a kinematic cut of
|η| < 2.4, pT > 0.4GeV/c was applied to the tracks associated to the ”best” vertex (the vertex
containing the largest amount of connected tracks), to ensure a low fake-rate. The remaining

multiplicity for each such vertex is in this case defined as Noffline
trk . The association between tracks

and verticies was simply done by backwards-extrapolating the tracks back to a common starting
point (with appropriate uncertainties; see track collection used [9]) where they all intersect. The
vertex definitions differs somewhat between the CMS Open Data study and the 2010 study; these
differences will be covered in section 4.2.

Once the total data distribution was reconstructed, the events were divided into 10 + 4 bins in
track multiplicity, which in this case equals to Noffline

trk . The 10 bins were used in order to track

Noffline
trk from 3 to ∞, in intervals that can be seen below. This binning was mainly used for the

short-range correlations. Each bin roughly contained the same number of average entries:

• 10-bin 7 TeV: [3,7],[8,9],[10,11],[12,13],[14,17],[18,23],[24,29],[30,37],[38,49],[50,∞]

In contrast, the 4 other bins were used for the high-multiplicity comparisons, and are used in order
to study long-range correlations. The binning is defined as follows:

• 4-bin 7 TeV: [3,34],[35,89],[90,109],[110,∞]

The reason for having 10+4 bins is simply to reconstruct the 2010 paper as accurate as possible.
As is hinted in the paper, but more so confirmed in its corresponding analysis note [10], is that
the short-range correlation 10-bin system was the original plan for the project. However, as the
ridge effect was only seen in high-multiplicity data, they quickly implemented the 4-bin system,
but chose to still present some results using the 10-bin system. The 10 bins in this report are the
same as the ones in the analysis note.

The charged two-particle correlation analysis was first individually done within each bin, and
then averaged together in order to arrive at the raw two-particle correlation function. The corre-
lation function itself is dependent on two analytic functions; one for the signal distribution SNN ,
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and one for the background distribution BNN . SNN , which is merely the charged two-particle
pair density function, is defined as follows:

SNN (∆η,∆φ) =
1

Nsignal
event (Nsignal

event − 1)

d2Nsignal

d∆ηd∆φ
(4)

where Nsignal
event corresponds to the number of tracks processed in the signal distribution for each

event. This number may differ from Noffline
trk , as additional kinematic cuts can be applied after

the event has been slotted into its appropriate Noffline
trk bin. These cuts will be displayed on the

relevant figures in Section 4.1. If nothing else is mentioned for a specific plot, the same kinematic
|η| < 2.4, pT > 0.4GeV/c cut from Noffline

trk was also applied to Nsignal
event .

d2Nsignal

d∆ηd∆φ is defined as a tracks ∆η (∆η = η1− η2) and ∆φ (∆φ = φ1−φ2) as compared to any
other given track in the event. This quantity is recorded for every given pair in the event, and is
then weighted by the total number of pairs (Nsignal

event (Nsignal
event − 1)) in said event, event-by-event.

The distribution averaged between all the different Noffline
trk bins, and finally normalized to the

unit integral.
In contrast, the background distribution BNN , which is represents a collection of completely

uncorrelated particle pairs, is defined as follows:

BNN (∆η,∆φ) =
1

Nsignal
event N

bkgrd
prv.event

d2Nmixed

d∆ηd∆φ
(5)

here, N bkgrd
prv.event is simply defined by the Nsignal

event from the previous event, in the same multiplicity

bin. d2Nmixed

d∆ηd∆φ is defined as a tracks ∆η and ∆φ, in the current event (where the signal distribution

is collected), compared to any other given track across another event. This quantity is recorded
for every given pair across the two events, and then weighted by the total number of pairs across
the two events Nsignal

event N
bkgrd
prv.event, event-by-event. This will ensure a mixed distribution that is

completely uncorrelated, as ∆η and ∆φ are calculated between two completely different events.
Lastly, just as with the signal distribution, the background distribution is averaged between all
the different Noffline

trk , and finally normalized to the unit integral. The background distribution

is calculated with mixed events within each Noffline
trk multiplicity bin, in order to ensure that

there is sufficient background statistics for high multiplicity events. This is due to the fact that
low-multiplicity events have a much higher frequency than high-multiplicity events. Thus, if one
would always calculate the background by mixing the current even with the ”previous” event,
there is a great possibility that the Noffline

trk >110 event is mixed with a 3< Noffline
trk <7 event.

For both the background and signal, the full ∆φ-range was stored, but only the absolute ∆η
range was stored. This is due to the fact that the tracks order in each event should not make
any physical difference. For aesthetic purposes, the ∆η range is then mirrored across the negative
values. Furthermore, an additional kinematic cut, |∆η| > 0.06, |∆φ| > 0.06, is applied in order
remove track pairs from photon conversions, and other residual effects.

Once the signal and background distributions are reconstructed, the charged two-particle cor-
relation function R(∆η,∆φ) can be calculated:

R(∆η,∆φ) =

〈
Navrg

(
SNN (∆η,∆φ)

BNN (∆η,∆φ)
− 1

)〉
N

(6)

The track multiplicity factor Navrg (also referred to as N-1 in the 2010 study) represents the
average multiplicity in each multiplicity bin, whereas SNN

BNN
− 1 simply translates to SNN−BNN

BNN
,

which represents the ratio between the signal and background distribution. As BNN is completely
uncorrelated, the ratio between SNN and BNN will be able to display if there are any correlations
within SNN . The projections for both ∆η and ∆φ were recorded for the correlation functions
(R(∆η), R(∆φ)), as well as for the background and signal distributions respectively. They are
each respectively defined as:
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R(∆η) =

〈
Navrg

(
SNN (∆η)

BNN (∆η)
− 1

)〉
N

(7)

SNN (∆η) =

∫
SNN (∆η,∆φ)d∆η (8)

BNN (∆η) =

∫
BNN (∆η,∆φ)d∆η (9)

R(∆φ) =

〈
Navrg

(
SNN (∆φ)

BNN (∆φ)
− 1

)〉
N

(10)

SNN (∆φ) =

∫
SNN (∆η,∆φ)d∆φ (11)

BNN (∆φ) =

∫
BNN (∆η,∆φ)d∆φ (12)

3.2 Recap of Various ”N-Labeled” Variables

There are several variables labeled as ”N” throughout the study. Below is a table giving a brief
recap of their definitions: Observing Table 1, it is important to note that the 4 bottom multiplicity

Table 1: A table containing the various ”N-like” variables

Function Variable Definition

n/a Noffline
trk

The number of tracks connected to the best vertex
alongside a |η| < 2.4, pT > 0.4GeV/c kinematic cut

SNN (∆η,∆φ) Nsignal
event (Nsignal

event − 1)

The number of pairs processed for the signal
distribution. May contain additional cuts compared to
Noffline
trk

BNN (∆η,∆φ) Nsignal
event N

bkgrd
prv.event

The number of pairs processed for the background
distribution. Simply mixes Nsignal

event from two different
events.

R(∆η,∆φ) Navrg The average multiplicity over all signal events
R(∆η,∆φ) N The average multiplicity over all multiplicity bins

variables do not necessarily have to coincide with Noffline
trk . Once an event has been put into its

appropriate Noffline
trk bin, further kinematic pT cuts may be applied. Thus the number of tracks

that play a part in the correlation analysis may be different the number of Noffline
trk tracks it

contains. Furthermore, it may be wise to divide Nsignal
event (Nsignal

event − 1) with a factor of 2 while
doing the signal analysis, as it is unnecessary to fill the same pair correlation twice (track 1 &
track 2 compared to track 2 & track 1 etc). This is not explicitly stated in the 2010 study, but
was assumed to remove additional redundancy. However, the same does not hold true for the
background distribution; the more data yielded for the background, the better. The additional
factor of 2 (or, any other factor depending on how much background one wants) will still cancel out
compared to the signal distribution, whilst normalizing to the unit integral for both distributions.
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4 Results & Discussion

4.1 Preliminary Results

As explained in section 4.1, the first necessary cornerstone of this project was to ensure that the
inclusive data distribution of the CMS 2010 Open p-p data was similar to the data used in the
2010 study. The comparison between the two data-sets can be seen below in fig.4

Figure 4: Inclusive data distributions of Noffline
trk used in analysis, with their respective triggers.

The left-hand figure illustrates the data distribution used in the CMS Open Data analysis. The
right-hand figure illustrates the data distribution used in the original 2010 study[x].

As is seen in fig.4, the data distributions between the two studies are qualitatively similar. The
exception of this is the ”left-shoulder” seen for the HLT-triggers in the left-hand part of fig.4.
This behavior is probably due to the different vertex definition of Noffline

trk between the two
studies, which will be discussed in more detail in section 4.2. All things considered, the bump of
low-multiplicity events from the HLT-triggers do not play any role of importance to the final
analysis. This is due to the fact that the final results mostly consists of comparing the Minimum
Bias trigger with events that have an Noffline

trk > 110, thus circumventing this bump entirely.

Table 2: Number of Noffline
trk events for different triggers and bins. The negative numbers in the

third column represents a deficit, of the same bin, compared to the 2010 study.

Noffline
trk & Trigger Event Count Diff. to 2010

Inclusive MinBias 9.568M -11.862M

Noffline
trk >110, MinBias+HLT70+HLT85 109.6K -244.4K

Noffline
trk >100, MinBias+HLT70+HLT85+HLT100 904.3K 550.3K

Table 2 displays a breakdown of the numbers for the entries in fig. 2. Comparing these numbers
to the same distribution in the original paper, one can find that the total number of MinBias
events in the Open Data study is less than one half of the original study. Using only the same
HLT triggers as in the original study for the high-multiplicity events, the CMS Open Data study
only yields a third of the original distribution. However, when applying the HLT100 trigger, the
total number of high-multiplicity events exceed the original paper by almost a factor of 3.

Moving onwards, the data from fig.4 was put into their appropriate multiplicity bins as ex-
plained in section 4.1, to then have the signal & background distributions calculated accordingly to
equations 4 & 5 respectively. The only Noffline

trk bin presented in the results is the Noffline
trk >110

bin. This is due to the fact that the long-range correlation ridge is most prevalent in this bin.
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Since there is no Monte-Carlo simulation for the CMS 2010 Open Data to compare with, showing
the individual bins made little sense. This of course will be made more prevalent if the same
analysis is applied unto CMS 2011 Open Data.
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Figure 5: Several plots showcasing the signal and background distributions for the 2-particle
correlation for the Noffline

trk >110 bin . a) The total signal distribution SNN (∆φ,∆η) for

Noffline
trk . b) The total background distribution BNN (∆φ,∆η) for Noffline

trk . c) The ∆η projection
from BNN (∆φ,∆η) & SNN (∆φ,∆η) respectively. d)The ∆φ projection from BNN (∆φ,∆η) &
SNN (∆φ,∆η) respectively.

As can be seen through fig’s 5a-d, there is a stark contrast between the signal and background
distributions. Both distributions are normalized to the unit integral. Using the 2-particle
correlation function as described in equation 6, as well as applying a 1.0GeV/c< pT <3.0GeV/c
kinematic cut on both particles in each correlation pair(comparatively to fig.x in section 3), the

final 2-D two-particle correlation distribution for the Noffline
trk > 110 can be obtained, and is

displayed in fig.6.
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Figure 6: The 2-particle correlation function R(∆η,∆φ), for Noffline
trk >110 with a kinematic cut

of 1.0GeV/c< pT <3.0GeV/c, as seen from three different angles. The main-leading jet peak
around ∆η ≈ ∆φ ≈0 is severely cut-off in order to exhibit the structure outside of that region.

4.2 Diversions From the 2010 Study

There were several diversions & differences done in this project as compared to the original 2010
discovery, thus a fully quantitative comparison is not possible. Some of the differences will be
covered in this section.

Firstly, the data set from the CMS Open Data project differs from the ones used in the original
2010 project. The data set used in the 2010 project can be found here[10], and consists of minimum
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bias data from the first half of the 2010 7 TeV run. In contrast, the data sets used in this analysis
can be found here[9], and consists of minimum bias data from the second half of the 7 TeV run.

The original project contains a slightly different definition of what to include in Noffline
trk .

Instead of simply including the tracks connected to the largest vertex for any given event, an
auxiliary condition is added to include tracks that have a small separation between the beam
axis,z, and the impact parameter,b, relative to the primary vertex. Furthermore, in addition to
Noffline
trk multiplicity bins, the original study contained vertex bins. Thus the correlation function

R(∆η,∆φ) was only calculated for signal and background events that had their primary verticies
in approximately the same spots inside the detector. Both of these definitions were omitted due
to practical reasons, but would have been included if no ridge-like structure would have been seen
without them. Fortunately, this was not the case.

Moreover, as opposed to the data used in the 2010 study, the CMS 2010 Open Data data
set does not contain Monte-Carlo (MC) simulations. Whilst the CMS 2011 Open Data set does
include MC simulations, the triggers from the 2010 Open Data set do not necessarily directly
translate to the 2011 Open Data triggers. Thus further investigation into the triggers would be
required before implementing the same study to the 2011 CMS Open Data sets.

5 Conclusion

The 2010 study in long-range angular correlations, using the charged 2-particle correlation func-
tion, for 7 TeV p-p collisions has been qualitatively reconstructed, thereby validating the CMS
2010 7 TeV p-p Open Data. Observing fig.x, the correlation function was reconstructed in such
a way that the small ridge is apparent in the region of ∆φ ≈0, 2< ∆η <4, suggesting long-range
angular correlations. Comparing fig.x with the same plot from the original study, even though the
two studies diverge in certain aspects, one can find that they retain the same qualitative aspects.
Thus validating that the CMS 2010 Open Data is indeed at ”research-level” caliber.

Looking forwards, what could be done is to apply the same study on CMS 2011 7 TeV p-p
Open Data. As the 2011 sample contains MC simulations, a more quantitative approach to the
original 2010 study can be performed.
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Figure 7: A final figure directly comparing the results from the CMS 2010 Open Data analysis
(left), to the results from the original 2010 study (right)
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