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Abstract

This work will present first studies of ψ(2S) production in TRD-triggered p-p-
collisions at

√
s = 13TeV in the electronic decay channel. Data from the ALICE

experiment is used, where a cut of pT > 2 GeV
c is applied. The data is examined

in pT -ranges of 1.5 - 5.5
GeV
c , 5.5 - 10.5 GeV

c and 1.5 - 10.5 GeV
c . Different methods

are used for the signal extraction: One where splines prefitted to the resulting
distributions of a Monte-Carlo (MC) simulation are fitted to the data, and one
where a Crystal Ball function is fitted directly to the data. Both of these fits
are done with quadratic background functions on the one hand, and exponential
background functions on the other. The resulting signal integrals are then again
extracted via two different methods - Simple integrals over the bin counts in the
resulting histogram, and integration of the fitted curves. In the end, a systematic
error may be estimated from the comparison of the different results from the
methods and their variations. To correct for the detector efficiencies, results
from a complete ALICE Toy-MC simulation are used. Finally, the ratio of J/ψ
to ψ(2S) production is calculated.

Zusammenfassung

Diese Arbeit stellt erste Untersuchungen der ψ(2S)-Produktion in TRD-getrig-
gerten-p-p-Kollisionsdaten bei

√
s = 13TeV im elektronischen Zerfallskanal an.

Dazu werden Daten des ALICE-Detektors herangezogen, mit einem Cut von
pT > 2 GeV

c . Die Daten werden in pT -Intervallen von 1.5 - 5.5 GeV
c , 5.5 - 10.5 GeV

c

und 1.5 - 10.5 GeV
c untersucht. Verschiedene Methoden der Signalextraktion wer-

den genutzt: Zum einen werden auf die resultierenden Signalkurven einer Monte-
Carlo (MC) Simulation prefittete Splines auf die Daten gefittet, zum anderen
wird eine Crystal-Ball-Funktion direkt auf die Daten gefittet. In beiden Fällen
wird jeweils einmal mit einer quadratischen, und einmal mit einer exponentiellen
Untergrundfunktion gearbeitet. Außerdem werden zwei verschiedene Methoden
zur Signalintegration verwendet: Die Integration der Bineinträge aus dem re-
sultierenden Histogramm und die direkte Integration der Fitkurven. Schließlich
kann der systematische Fehler aus einem Vergleich der verschiedenen Ergeb-
nisse der Methoden und ihrer Variationen abgeschätzt werden. Die Korrek-
tur um die Detektoreffizienzen erfolgt durch eine vollständige ALICE Toy-MC
Simulation. Schlussendlich wird das Verhältnis der J/ψ- zu ψ(2S)-Produktion
berechnet.
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1 Introduction

1.1 Motivation

The study of quarkonia and their excited states may yield significant insights
into the realms of Quantum Chromodynamics, as it offers a possibility to probe
into the behavior of particles whose interaction it dominates. This way the
non-relativistic limit of Quantum Chromodynamics (QCD) may be tested [1].
The J/ψ in particular is of special importance to the exploration of the quark
gluon plasma (QGP): As first described in [2], the suppression of the J/ψ bound
state serves as an indicator for achieving the QGP state, which prevents J/ψ
formation due to the asymptotic freedom of the strong force in such high energy
scenarios as the QGP. A competing process has been described in [3]: When the
number of charm-anticharm pairs is sufficiently large, as is the case at very high
beam energies, deconfined charm quarks may form J/ψ again in hadronization.
These examples go to show the importance of understanding the behavior of
the J/ψ.

The ψ(2S), being one of these particles and the main focus of this work, is itself
an excited state of the J/ψ, which will be discussed in greater depth later. A
comparison of the production rates of these two particles will be a subject in
the following chapters.

The production of ψ(2S) at
√
s = 13TeV has been thoroughly investigated in

the muonic channel, to name a recent example per the work [4]. The production
of J/ψ at 13TeV in the dielectronic decay channel has been recently investigated
in [5]. But as the available statistics for 13TeV-p-p-collisions in the electronic
decay channel from the ALICE experiment grow, it now appears feasible to
extract the ψ(2S) peak from these datasets.

1.2 The Standard Model of particle physics

The basis of particle physics is the so-called Standard Model of particle physics
(SM), which describes the collection of fundamental particles with different
quantum numbers and invariant mass, and their fundamental interactions. There
are multiple subsets of these fundamental particles, which each share different
properties.

The most fundamental distinction might be the differentiation into fermions,
which have half-integer spins, and bosons, which have integer spins. Bosons are
transmitters of fundamental forces: The weak force, electromagnetic interaction,
and the strong force.

Bosons can be further classified into gauge bosons which have spin 1, and scalar
bosons with spin 0. The Higgs boson accounts for the only instance of a fun-
damental scalar boson in the SM. The gauge bosons include the W±- and Z0

bosons, transmitters of the weak force, photons γ, messenger particles of electro-
magnetic interaction, and gluons, messenger particles of the strong force.
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The fermions occur in three so called generations, the particles in each of which
differ from their lower-generation-counterpart with respect to their rising mass,
but are otherwise equal in their fundamental interactions.

Fermions may be subdivided into quarks and leptons. The main difference be-
tween these sets is that quarks are subject to strong interaction via gluons,
whereas leptons are not. This prevents stable configurations of isolated, free
quarks, for normal nuclear matter, as the strong potential includes an attrac-
tive component, the confinement term. The gluon may take on one of three
possible color charges and exchange them between quarks. These color charges
dictate the strong interaction. No isolated color charge may exist as long as
the confinement is held up; hence for a combination to be stable, the sum of all
color charges must even out. This can be achieved by either a combination of
all three color charges or a combination of a color charge with its anti-color (see
below). More exotic configurations are also possible but will not be discussed
due to their lack of relevance to this work.

Quarks of every generation come in pairs of different charges (− 1
3 e and +2

3 e),
they also differ in their flavor quantum numbers, which is further described
below. Leptons of every generation come in pairs of one negatively charged par-
ticle with −e and a corresponding neutrino each, a neutral particle of minuscule
mass. The negative charge of the former particle enables it to interact via the
electromagnetic force, the force carrier of which is the photon. At the same
time, the neutrinos’ relevant interactions are limited to the weak force.

The positively charged quarks in ascending order of mass are the up quark u,
the charm quark c, and the top quark t. Their corresponding negatively charged
counterparts are the down quark d, the strange s, and the beauty quark b. The
negatively charged leptons are the electron e−, the muon µ− and the tauon τ−.
They each have a corresponding neutrino: νe, νµ and ντ .

For each particle in the SM there is a corresponding antiparticle. These antipar-
ticles have the same mass, spin, and stability as their “regular counterparts”,
but are inverse in their charge-like quantum numbers. If all charge-like quantum
numbers are zero, a particle may be its own antiparticle. This is the case for
the photon, the Z0 boson and the Higgs boson.

The fundamental forces imply specific conservation laws for characteristic prop-
erties of the fundamental particles. For example, different kinds of quarks differ
in their flavor quantum numbers. In contrast, different leptons differ in their
lepton quantum numbers, characteristic quantities which correspond to the type
of particle. They are conserved under all except the weak interactions (except
for the isospin, which is not conserved in electromagnetic interaction). These
conservation laws naturally encompass classically known ones, such as conser-
vation of charge and energy, in all interactions. The weak interaction stands out
in its role in allowing for conversions between many different kinds of particles
that would otherwise be forbidden [1].
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1.3 The J/ψ and ψ(2S) meson

Pairs of quark and corresponding antiquark are bound by the strong force and
are called quarkonia. Most of their quantum numbers cancel out to zero, they
are most easily differentiated by their mass and decay modes. For this work,
the combination of the charm and the anticharm (cc̄) are most relevant. These
form a bound state of two color charged fermions, the so-called charmonium,
as predictable by means of QCD: This yields the following potential for such a
configuration in the vacuum:

V(r) = κr − 4

3

αs
r

With an attractive term scaling with 4
3αs, where as is the coupling constant

of the strong force, and the confinement term scaling linearly with the string
tension constant κ [1]. In the limit of small distances r the confinement vanishes,
and the potential effectively resembles the potential of a two-body system bound
by the coulomb force, for example a hydrogen atom, positronium or protonium.
As such, the system of two bound fermions may be excited to different energy
levels [6].

The ground state of the charmonium is called J/ψ, it owes its double name to its
simultaneous discovery by two different groups: The group of Samuel C. C. Ting
at Brookhaven National Laboratory published proof of the particles existence in
November of 1974 [7], as did the group of Burton Richter at SLAC, which gave
more accurate measurements of the width of its resonance [8], at the exact same
date. The discovery of the J/ψ at the same time marked the discovery of the
charm quark. These results would soon be validated by follow-up experiments
in Frascati [9], and be topped off by the discovery of the first excited state
ψ(2S) of the J/ψ by the group of Richter [10], as well as Richter and Ting
being awarded the 1976 Nobel Prize for Physics. These advances would go on
to spark the “November Revolution” of particle physics, which would see many
more important discoveries of particles containing charm quarks [11].

The J/ψ has an invariant mass (minv) of (3096.900 ± 0.006)MeV, and a full
width at half maximum (Γ) of (92.9± 2.8) keV [12]. The first excitation of the
J/ψ is called ψ(2S) and has an invariant mass of (3686.097± 0.025)MeV, and
a full width at half maximum of (294 ± 8) keV [12]. Both particles have the
quantum numbers JPC = 1−−.

The decay of the J/ψ mainly branches into hadronic decays with (87.7±0.5)%,
(5.961 ± 0.033)% into µ+µ−, which has been studied and the results of which
serve as the expectation for this thesis, and (5.971± 0.032)% into e+e−, which
is the relevant channel for this work. There is also a small contribution of
(0.88± 0.14)% of e+e−γ.

When comparing the lifetimes, or rather inversely correlated to these, the reso-
nance widths of the J/ψ and ψ(2S) to other particles in the same mass regime,
it becomes obvious that these charmonia are unusually stable (e. g. the ρ-
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meson: minv = (775.26 ± 0.25)MeV, Γ = (147.8 ± 0.9)MeV [12]). This is
because the strong decay of quarkonia into three pions must be mediated by
three gluons. One color carrying gluon cannot be sufficient, as the products are
all color singlets. A decay via two gluons is also forbidden, causing the process
to necessarily involve three real gluons, resulting in a decay width ∝ α3

s. But
because the coupling constant αs does get very low at high energies, this pro-
cess ist suppressed [13]. This phenomenon is called the OZI rule, after Susumu
Okubo, George Zweig and Jugoro Iizuka.

In fact, this is the reason why the J/ψ can be properly studied in the electronic
channel in the first place, as due to the suppression of the strong decay channel,
the latter becomes suppressed enough to compete with the dilepton decay chan-
nel, allowing for the observations necessary for this work [14]. The observation
that the ψ(2S) is considerably less stable than the J/ψ is to be attributed to
the fact that the ψ(2S) may decay into the J/ψ via the emission of a photon or
a pion [6].
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2 Data

2.1 Data selection

For this work, all the TRD-triggered ALICE-data from
√
s = 13TeV p-p-

collisions from the time period of 2017 to 2018 was used, since it is especially
important to gather as much statistics as possible to make the ψ(2S) peak,
which is very faint in the electronic channel, accessible for proper analysis. The
number of TRD-triggered events after cuts in the data is 5 400 336.

2.2 Main causes for noise and background

Besides statistical noise distorting the signal shape in the dataset, there is also
the combinatorial background. In the case of J/ψ and ψ(2S) observation the
combinatorial background is mostly dominated by semileptonic decay of charm-
or anticharm-quarks from D-mesons (cd̄, cū, cs̄) or their antiparticles up to a
certain pT value [15], as seen in Figure 1.

sc

e

νe

Figure 1: Feynman diagram of semileptonic decay of either charm- or anticharm-
quarks

For higher pT , semileptonic decays of B-mesons (b̄d, b̄u) or their antiparticles
become a relevant source for the combinatorial background, as seen in Figure 2.
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c, ub

e

νe

Figure 2: Feynman diagram of semileptonic decay of either beauty- or
antibeauty-quarks [16]

This background, combined with the relatively low cross section of the ψ(2S)
makes it challenging to observe the ψ(2S) – especially in the electronic channel,
since the peak that is very subtle on its own (as discussed below) gets even more
smeared out by bremsstrahlung acting heavily on the e− and e+. This shifts
some relevant entries into a tail to the left of the peak, so that only a very slight
peak remains over the background.

2.3 Cuts

For the data to be included in the analysis, certain criteria are demanded to be
met. First of all, the tracks need to be well reconstructable in ITS and TCP, to
ensure good quality of the results.

Furthermore, the detector can only detect events with pT > 1GeV/c, as limited
by the electron identification. There is also a pseudorapidity-cut of |η| < 0.84.
To exclude further pion noise, low pT bins of under 1.5GeV were excluded in
the later analysis. In order to reduce background from photon conversions, a hit
in an SPD-layer is also required. This way only charged particles that already
existed in their respective form at the time of passing the inner tracking system
are included in the analysis, as photons would not elicit a signal in the SPD
[17].

There are also some cuts on Nσ. I. e. the σ deviation between the theoretically
predicted values and the measured amounts of energy deposition of a particle
of a certain type passing through the detector, which is then divided by the σ
width of the expected distribution for this particles energy deposition. These

cuts demand
∣∣∣Ne−

σ

∣∣∣ < 3, since it allows for identification of electrons, as well as
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|Np
σ | > 2, and |Nπ

σ | > 2, which allows for hadron rejection of Pions and Protons
[17][15].

2.4 Initial look at the data

An overview of the data relevant to this work is displayed in Figure 3.
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Figure 3: Overview of the data for pT of 1.5 - 13.0GeV

It becomes evident that there is a slowly decreasing background, on top of which
there are two relevant peaks to be seen. The J/ψ peak at around 3.1GeV com-
pletely dominates the plot, and nicely displays the tail due to bremsstrahlung
losses of the electrons on the left rising edge. This becomes particularly obvi-
ous compared to the dimuonic peak in Figure 5, which does not exhibit such a
pronounced tail. The ψ(2S) peak at about 3.7GeV is barely made out with the
naked eye, and almost overshadowed by a statistical “bump” on its left side,
see Figure 4. The dimension of the expected production ratio of around 40 - 50
clearly shows here.
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Figure 4: Zoom in on Figure 3. The “bump” at around 3.5GeV is practically
as pronounced as the ψ(2S) peak at around 3.65GeV, which necessitates strong
constraints on the fit parameters.

2.5 Expectations

To get a rough idea of the results expected, dimuonic p-Pb collision data from
LHC Run 2 was inspected, the same data was used in analysis of J/ψ at forward
rapidity of 2.03 - 3.53, reported in [18], for more details see there. The advantage
here is the higher statistics and therefore lower relative noise in the muonic
channel, thus follow much lower statistical errors and an easier fit. The data was
analyzed by fitting each signal at the suspected minv with a two-sided Crystal
Ball function, together with a background modeled by a quadratic polynomial.
Because this is not this work’s topic, the results are not further discussed but
merely displayed in Figure 5.
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Figure 5: The resulting fit on the dimuonic p-Pb data

From the fit, the number of J/ψ in the data is extracted to be 132 667±727, and
the number of ψ(2S) to be 2922± 235. This yields a ratio of J/ψ over ψ(2S) of
45.4± 3.7. This value may be used as an approximate reference to validate the
plausibility of the results of this work, since the relative cross sections of J/ψ to
ψ(2S) production should be sufficiently comparable in these two cases of muonic
and electronic channels. This comes with the caveat that the data has not been
corrected for efficiencies and acceptances, which might still drastically change
the value, as the main analysis in this work will later show. So this equivalence
is to be seen as strictly empirical.
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3 Signal extraction

Multiple different methods used for the signal extraction will be discussed and
compared. The goal for all of them will be to fit the J/ψ and ψ(2S) peaks to
quantify their signals, which allows for the calculation of the ratio of J/ψ to
ψ(2S) events.

Dividing the data into pT -bins allows for better screening for potential problems
in certain pT -Intervals, and the selection of the best pT -bins for the final eval-
uation. The data was divided into a fixed set of pT -bins, which were adjusted
for best performance on the selected reference method. The performance was
judged by multiple criteria:

• χ2
red of the fit, which should be as close to one as possible

• The signal-to-background ratio, which should be as high as possible

• The shape of the pull-plot of the data and the fit, which is expected to be
statistically distributed around zero

• The prominence of the ψ(2S) peak, which should be clearly recognizable,
and not be overshadowed by statistical fluctuations

According to these criteria, the bins 1.5 - 5.5GeV, 5.5 - 10.5GeV and 10.5 -
13.0GeV were chosen. Even in this range the last bin still proved to be prob-
lematic and is therefore disregarded in further analysis. The actual metrics for
the selected bins will be discussed further down below.

3.1 Monte-Carlo simulation of template peaks

The methods used partially rely on and were partially optimized using a Monte-
Carlo (MC) simulation of the expected invariant mass spectrum.

3.1.1 Simulation of the J/ψ-MC-Peak

The template peaks originate from a full MC simulation of the setup. Prompt
J/ψ generation directly from the beam, as well as non prompt J/ψ generation
from hadron decays was taken into account. These J/ψ were then simulated
to decay radiatively or non-radiatively, according to their branching ratio. Af-
ter that, the transport through the detector gets simulated, and all relevant
interactions are taken into account. This leads to a correct pT -distribution as
well as the formation of the tail due to bremsstrahlung to the left of the main
peak.

The simulation was performed for a
√
s of 8TeV at the parameters specific to

the J/ψ [17]. The template for the ψ(2S) peak was then obtained by scaling
the invariant mass.
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3.1.2 Obtaining the ψ(2S)-MC-Peak

Under the assumption that the overall shape of the ψ(2S) resonance is equivalent
to that of the J/ψ, except for the amplitude of the signal of course, the ψ(2S)-
MC-dataset can be derived from the J/ψ-MC-dataset via a simple shift of the
peak of the curve. As the invariant masses of both particles are known, the
contents of each bin are shifted as many bins to higher invariant masses as
there are bins in between the two. In practice, the ψ(2S) peak was shifted one
bin further to higher masses, since this improved the fits noticeably. This is
justified by the fact that this kind of shifting introduces aliasing errors, which
are discussed later. This results in the following two distributions:
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Figure 6: The original (blue) and the shifted (red) MC-peak

It can be seen that both distributions still have the same amplitude. However,
this will not cause any problems, since they are only used as shape templates,
which will be scaled accordingly by weight parameters.

This approach was compared to a rerun of the MC simulation with parameters
set for the ψ(2S) from [17], but no significant deviations were found. This work
will therefore use the ψ(2S)-MC-peak obtained by bin-shifting.

The approach of simple bin shifting may cause an aliasing problem, which is
discussed later on.

3.2 MC template fit

For this method, the MC simulation for both the J/ψ and the ψ(2S) peak
served as templates for splines, which were fitted by a ROOT-internal algorithm.
These splines are then weighed with free parameters and added together into
one model with a background function. The background function used in this
case is a quadratic polynomial. After subtracting the fitted background function
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from the dataset, one may count all the remaining histogram entries, integrating
over a specific interval around the peaks.

This method is the one that produces the results most compatible with the
expectations for the ratio of J/ψ to ψ(2S) counts. It, therefore, serves as the
baseline for comparison with all other methods, and the pT bins selected for
evaluation were optimized for this particular method.

Figure 7 shows a typical example of the result of a template fit with a quadratic
background function.
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Figure 7: The resulting fit of the template method in the 5.5 - 10.5GeV pT bin

The good fit of the peak J/ψ is clearly visible, with the tail of the bremsstrahlung
accounted for in the sum of the signals and background fits. The ψ(2S) peak
is rather flat but seems to be a good fit as hinted to by the different criteria
mentioned and the results. It is examined more closely in Figure 8.
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Figure 8: Zoom in on Figure 7. Despite the small stastistics, the ψ(2S) peak
stands out from the background enough for the fit to take on quite a plausible
shape.

3.2.1 Selection of pT bin borders

A particular set of pT -bin-borders was selected heuristically. The bin borders
1.5, 5.5, 10.5, and 13.0 were chosen. After inspection of the results, however,
it became clear that the results of the last pT bin have to be discarded, for the
lack of statistics renders the results unusable. As described, these decisions were
based on several metrics, as visualized by the following figures, where they are
each plotted over the midpoints of the selected pT bins.
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Figure 9: The pT -spectrum of χ2
red

The χ2
red plot in Figure 9 might suggest that the higher bins have increasingly

good fits, but this might as well be a result of the comparatively huge error
bars of the data in the higher pT regime, as can be seen in Figure 36, when
comparing them to the errors in, for example, Figure 7.
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Figure 10: The pT -spectrum of the signal-to-background ratio for the J/ψ when
integrating the bins
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Figure 11: The pT -spectrum of the signal-to-background ratio for the ψ(2S)
when integrating the bins
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The signal-to-background ratios in Figure 10 and Figure 11 show that the sig-
nal value obtained from the analysis grows larger and larger compared to the
background. This is because background events are not as likely to produce
tracks with such high pT : The combination of two tracks that would contribute
to the combinatorial background is of quadratic dependence on the number of
tracks available in the respective pT range, diminishing the number of combi-
natorial background entries much faster than the amount of signal entries at
higher pT .

Eventhough the relative height of the background gets lower, the statistics of the
signal sink too. Again, this is visible in Figure 36, when compared to Figure 7,
as the ψ(2S) peak is barely discernible from the statistical fluctuations. The fit
may then make the peak accessible to the integration of the bins, which results
in a seemingly good signal-to-background ratio, but one can clearly make out
that the fit is not reliable enough in this pT bin range anymore. This becomes
more obvious when comparing Figure 14 with Figure 15.
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Figure 12: The fitted model and its pull diagram in the 5.5 - 10.5GeV pT bin
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Figure 13: The fitted model and its pull diagram in the 10.5 - 13.0GeV pT bin
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In the pull diagrams Figure 12 and Figure 13, there are certain features, like
the falling side of the peak in both cases, which elicit a bigger deviation from
zero. Still, all in all, they both seem to be distributed rather statistically than
systematically around zero. But again, the comparatively big error bars in
the higher pT bin should result in a lesser amplitude of the fluctuations in
Figure 13. This is the case to a certain degree, but not enough, since when
disregarding the greatest deviating point in Figure 12, the two pull diagrams
appear very similar in amplitude, showing that the lower pT bin is better suited
for evaluation.
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Figure 14: Zoom in on Figure 12. The ψ(2S) peak is weak compared to the
background, but does have smaller relative uncertainties than the peak in Fig-
ure 15
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Figure 15: Zoom in on Figure 13. The ψ(2S) peak is stronger compared to the
background, has greater relative uncertainties compared to Figure 14

3.2.2 Results from the integral of the bin counts

Using the fit in Figure 7, the background function is subtracted from the data,
and the values of the residual histogram are integrated in a certain interval
around the two peaks by counting the entries in the range. This will yield
one bin integral for each peak. An integration range of 2.921 - 3.159GeV was
chosen for the J/ψ, and shifted by the corresponding mass difference of the two
charmonia for the ψ(2S) peak.
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Figure 16: The background residual data with the template method in the 5.5 -
10.5GeV pT bin

Figure 16 shows the result of the background subtraction; from here the two
peaks may be integrated.

The results of applying this method to the data are shown in Table 2, Table 3,
and Table 4. To give an example, in the bin 5.5 - 10.5GeV the value of the J/ψ
integral is 5350.9 ± 82.1, and the value of the ψ(2S) integral is 130.1 ± 33.2,
resulting in a ratio of 41.1± 10.5.

The results match the expectation quite well but have a rather big statisti-
cal error. The other results in the corresponding tables seem to deviate from
the expectation a bit, with, for example, a ratio of 30.3 ± 7.0 in the pT bin
1.5 - 5.5GeV, but corrections made in the following sections will show that this
method does yield results that are very close to the expected values, meriting
its use as the reference method.

3.2.3 Results from the integral over the fit

Alternatively, the signals may be evaluated by directly integrating over the tem-
plate splines themselves instead of the residual bin entries. For this, the exact
same fit and integration ranges as before were used, as seen in Figure 16.

The results of this approach can again be seen in Table 2, Table 3, and Table 4.
With this method the results in the pT bin 5.5 - 10.5GeV are, for the J/ψ
integral 5195.6 ± 79.1, and for the ψ(2S) integral 119.4 ± 30.3, with a ratio of
43.5± 11.1.

This is very close to the expectation. Looking at the tables, the fit integral
seems to be in accordance with the bin counting integral in general, which
should be expected, since as long as the data histogram has sufficient statistics,
the curve of the fitted spline should match the course of the histogram very
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closely. Though it can be seen in the excluded pT bin 10.5 - 13.0GeV that when
the number of entries gets too sparse, the results will deviate heavily, which
furthermore justifies the bin’s exclusion.

3.2.4 Fitting with an exponential background function

The two methods presented used the same fitting functions, but varied in de-
termining of the integrals over the peaks. Without changing the core concept of
fitting an MC template to the data, one can change the background function.
An exponential function proved yielded the next best results compared to the
quadratic polynomial used before.
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Figure 17: The resulting fit of the template method and an exponential back-
ground function in the 5.5 - 10.5GeV bin

Figure 17 shows a typical example of the result of a template fit with an expo-
nential background function. Compared to Figure 7 the background on the left
flank seems to be better accounted for; otherwise, the difference is not remark-
able. This difference becomes even less prominent in the left pT bin, where there
is a lower signal-to-background ratio, as can be seen when comparing Figure 37
and Figure 38.

With this method, a different residual histogram is obtained, analogous to Fig-
ure 16.
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Figure 18: The background residual data with the template method and an
exponential background function in the 5.5 - 10.5GeV pT bin

The histogram in Figure 16 can then be evaluated by integrating the bin counts
in the same range as before. Results can be seen in tables Table 2, Table 3, and
Table 4. In the pT bin 5.5 - 10.5GeV the method yields the number of J/ψ in
the bin counting integral to be 5444.3 ± 82.1; for ψ(2S) it yields 153.8 ± 33.2,
resulting in a ratio of 35.4 ± 7.7. This result is worse than the previous ones,
but will profit from corrections later.

The plotted functions in Figure 16 can, in the same way, be evaluated by inte-
grating over the fitted curves. The results are to be found in the tables Table 2,
Table 3 and Table 4. In the pT bin 5.5 - 10.5GeV the method yields the num-
ber of J/ψ in the fit function integral to be 5303.6 ± 78.2; for ψ(2S) it yields
151.9±31.9, resulting in a ratio of 34.9±7.3. As expected, these numbers align
quite well with the ones from the bin integral.

3.3 Crystal Ball fit

Instead of using the MC simulations as a template for the fit, one may fit a
Crystal Ball function (CB) to the signals in the dataset. This has been done
using the “CBShape”-definition provided by ROOT. The background on the
other hand was fitted the same two ways as before, with a quadratic polynomial,
and an exponential function respectively. The workings of this method will again
be exemplarily shown using the pT bin 5.5 - 10.5GeV.
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Figure 19: The resulting fit of the CB fit method in the 5.5 - 10.5GeV pT bin

As can be seen in Figure 19 the fit with CB signals and a quadratic background
function works out favorably, very comparable to the template method in Fig-
ure 7. The pull diagram in Figure 20 shows that there are no notable statistical
deviations of the curve from the data, as the fluctuations around zero seem quite
random.
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Figure 20: The fitted CB model and its pull diagram in the 5.5 - 10.5GeV pT
bin

The complete values for all bins and methods are to be taken from Table 2,
Table 3 and Table 4 again.

The fit with the quadratic background yields a J/ψ to ψ(2S) ratio of 32.6 ±
13.4 when integrating the residual bins. When integrating over the fitted CB
functions, the ratio calculates to 31.8±6.6. These values seem to be very low in
comparison to previous values, but this will be partially corrected later.

In the case of the exponential background function, the ratio from the bin
integral amounts to 33.5 ± 7.1, and the ratio from the fit function integratinos
to 33.1± 12.3. The statistical error of the latter value becomes rather big, this
is because the relative errors of the J/ψ and ψ(2S) value become unusually
large, as can be seen in Table 2 and Table 3. This may be due to the fact that
the fit seems to disagree on how much the exponential background contributes
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to the tail, which becomes visible when comparing the leftmost sides of the
plots in Figure 19 and Figure 39. The ratio value from the bin integration
approach seems to be less affected, which makes sense, because the deviation
in slope on the left side of the exponential curve affects its shape at higher pT
less dramatically than it would the CB function: Here, a slightly different tail
may result in relatively strong alterations of the peak shape too. Thus the error
bars of the residuals stay small during the bin integration, while the uncertainty
of the CB fit carries over into the functions integral, rendering the integrated
functions value so relatively uncertain.

3.4 Results when evaluating over both pT bins

The methods mentioned above may also be applied to data of both pT bins
1.5 - 5.5GeV and 5.5 - 10.5GeV at once. This approach may provide more data
in the wide pT bin but has the disadvantage that one cannot select for higher pT
where there is a higher signal-to-background ratio. All methods discussed will
now be reapplied to the data in this way; the full results are shown in Table 6,
Table 7, and Table 8.

3.4.1 MC template-fit

The resulting fit of the MC template with a quadratic background function in
the 1.5 - 10.5GeV pT interval can be seen in Figure 21.
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Figure 21: The resulting fit of the template method and quadratic background
function in the wide 1.5 - 10.5GeV pT bin

Compared to Figure 7, one notices a slightly worse signal-to-background ratio.
That said, the higher number of entries may result in more accurate results.
The comparison of the pull plot in Figure 22 with Figure 12 shows that the
fit is just as acceptable, save for a few outliers. In the range of 3.5 - 3.6GeV a
small “bump” becomes visible. This can be attributed to change, as it can be
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seen in Figure 22 that only three orderly ascending minv bins constitute this
bump, which is plausibly caused by chance when analyzing such a number of
minv bins.
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Figure 22: The fitted model and its pull diagram in the 5.5 - 10.5GeV pT bin

With this approach, the ratio of integrals of the residual bin counts yields 32.0±
5.7, and the integral of the fitted templates yields 33.2± 6.3.

When using the exponential background one again obtains a comparable fit, as
seen in Figure 23.
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Figure 23: The resulting fit of the template method and an exponential back-
ground function in the wide 1.5 - 10.5GeV pT bin

With the exponential background function, the ratio of integrals of the residual
bin counts yields 32.7 ± 5.9, and the integral of the fitted templates yields
32.9± 6.0 in the wide pT bin.

The values for both background functions still agree quite well but are noticeably
lower than that of the reference method.

3.4.2 Crystal Ball fit

The resulting fit of the CB function with a quadratic background in the 1.5 -
10.5GeV pT interval can be seen in Figure 24.
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Figure 24: The resulting fit of the CB fit method and a quadratic background
function in the wide 1.5 - 10.5GeV pT bin

Compared to Figure 19, it is noticeable that the signal-to-background ratio
becomes worse in the wide bin, but also that the fitted CB peak for J/ψ seems
to be pointier at the top. This also leads to a seemingly worse fit of the left
rising edge of the peak, with some values too high and some values too low. The
pull fit captures these systematic problems, as seen when comparing Figure 25
to Figure 20. Besides the huge deviations at the J/ψ peak, the rest of the pull
shows that the fit worked out well. Again, the bump at 3.5 - 3.6GeV becomes
visible, but does not disturb the fit of the ψ(2S) peak.
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Figure 25: The fitted model of the CB fit method with a quadratic background
function and its pull diagram in the wide 1.5 - 10.5GeV pT bin

With all these issues in mind, the results for the J/ψ to ψ(2S) ratios are surpris-
ingly acceptable, with 37.3 ± 8.0 for the integral of bin entries and 44.0 ± 12.0
for the integral of the fitted signals.

In the case of an exponential background function, the fit changes slightly, as
seen in Figure 26.
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Figure 26: The resulting fit of the CB fit method and an exponential background
function in the wide 1.5 - 10.5GeV pT bin

Here the fit of the J/ψ peak is not as pointy, with the rising edge resembling
those of the earlier cases more than that of the fit in Figure 24. The correspond-
ing pull fit in Figure 40 shows this but still displays a degradation in quality
over, say, Figure 41, since the amplitude of the fluctuations is greater and still
seems to be partially more systematic.

But all in all, the more “conventional” fit is reflected in the results for the ratios,
which resemble the former ones more than the lattermost, with 30.1 ± 5.3 for
the bin integration, and 30.7± 6.4 for the fit function integration.
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4 Efficiency corrections

There are certain errors in the amount of J/ψ and ψ(2S) calculated in the
analysis, N raw

J/ψ and N raw
ψ(2S), that are due to the fact that the detector used does

not operate with perfect efficiency. The detection efficiency ε varies from particle
to particle, but if it is known, a value like N raw

J/ψ may be corrected according to
Equation 1.

NJ/ψ =
N raw
J/ψ

εJ/ψ
(1)

WhereNJ/ψ is the efficiency corrected number of J/ψ extracted from the dataset
and εJ/ψ is the efficiency for the detection of the particle, which is calculated
by Equation 2.

εJ/ψ = ε
J/ψ
Trg-TRDa

J/ψ
kin ε

J/ψ
reco (2)

Where ε
J/ψ
Trg-TRD is the efficiency of the TRD-trigger and a

J/ψ
kin is the kinematic

acceptance for events attributed to J/ψ decays, applied by η– and pT -cuts
to the tracks. Both values are highly pT -dependent but can be estimated by

running a Toy-MC simulation for the J/ψ- and the ψ(2S)-case. ε
J/ψ
reco is the

reconstruction efficiency, correcting for different cuts used to select good tracks
and identify electrons and positrons via their energy deposition in the Time
Projection Chamber, and also dependent on the track reconstruction algorithm
and the detector itself. This value is known to be about 33 − 37% over the
pT -spectrum for J/ψ recognition at the ALICE-detector, which shows its ap-
proximate independence of pT . Due to their similar characteristics, the same
value will be assumed for the ψ(2S), as the estimation of a new value would
require an even more thorough simulation, which is out of the scope of this work
[17].

The formular for the corrected production ratio
NJ/ψ
Nψ(2S)

of the two paticles of

interest can be easily derived from applying Equation 1 for both particles, which
yields Equation 3.

NJ/ψ

Nψ(2S)
=
N raw
J/ψ

εJ/ψ

εψ(2S)

N raw
ψ(2S)

=
N raw
J/ψ

N raw
ψ(2S)

εψ(2S)

εJ/ψ
(3)

One may use the approximation ε
J/ψ
reco = ε

ψ(2S)
reco , as εreco is, again, highly depen-

dent on the detector and the reconstruction algorithms, but not as dependent
on pT nor the exact properties of the particle itself. Since the pT -distributions of
electrons and positrons from J/ψ and ψ(2S) are similar, we expect the two εreco
to cancel out [17]. This leads to Equation 4, which may be used to calculate
the desired result corrected for the efficiencies.

NJ/ψ

Nψ(2S)
=

N raw
J/ψ

N raw
ψ(2S)

ε
ψ(2S)
Trg-TRDa

ψ(2S)
kin

ε
J/ψ
Trg-TRDa

J/ψ
kin

(4)
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4.1 Toy-MC efficiency simulation

The “AliDecayer”-package is employed to estimate the akin- and εTRD- effi-
ciencies for the J/ψ and the ψ(2S). For this, analogously to the fit template
mentioned earlier, the generation of the mother particle (J/ψ or ψ(2S)) is sim-
ulated in prompt and non-prompt form, i. e. generated directly from the beam
or as a product of hadronic decays. Then radiative and non-radiative decays of
the mothers into daughter particles are simulated according to the respective
branching ratios. After that, the transport through the detector gets simulated,
and all relevant interactions are taken into account. This leads to a realistic pT -
distribution and tail due to bremsstrahlung. Now all the cuts mentioned above
are applied to the simulated tracks, yielding a set of accepted tracks. For akin,
the tracks are checked for correct η and pT . In the case of εTRD, the two legs of
the event, electron, and positron, are evaluated using the efficiency parameters
specific to their respective particle type.

As the exact number of mother particles in the simulation is known, it is possible
to determine the fraction of mother decays that resulted in the registration of
valid tracks after the application of all cuts. With sufficiently high numbers
of simulated events, this ratio can then be taken to be the efficiency of the
detection εTot. One may also choose to calculate a ratio after some of the cuts
to evaluate their respective impact on the number of detected events. This is
also done here, yielding the efficiencies akin and εTRD.

The efficiencies vary over the pT -spectrum, thus the simulations have to be ad-
justed in their binning, depending on the binning chosen for the data analysis.
To better understand the behavior of the efficiencies as a function of pT , the
efficiency functions are presented one by one with high pT resolution, before
showing the total efficiencies with binning used in the analysis. In order to fa-
cilitate the optimization of the pT -bin-borders for the data analysis, the different
efficiencies were plotted with fine binning:
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Figure 27: akin as a function of pT for J/ψ and ψ(2S)

As can be seen in Figure 27, the number of particle candidates that make
it through the kinematic cut required for J/ψ or ψ(2S) identification shows
an initial dip up to pT -values of about 2GeV or 3.5GeV, respectively. The
kinematic cut includes a pseudorapidity- (η) cut, and a cut on pT of the observed
pairs, with slightly different values for each particles and antiparticles, as their
detection behaviors are slightly different [17].

It can be seen that after the dip, an almost linear increase is visible for a few
GeV, after which the curve flattens more and more. The explanation for this
is that the decay products are not alway ejected symmetrically from the beam
axis. It may be the case that one daughter particle is canted towards the beam,
while the other is turned away from it. This causes the former to lose pT in
the lab system, while while the latter gains pT . For low pT , this may cause the
inward track to fall below the critical threshold of 1GeV, where the electron
will not be detected as such anymore. This forfeits both the tracks, since if
one leg is missing, the event will not pass count towards the data. This lowers
the efficiency for such cases. With higher pT the angle at which the decay
would need to happen in order for it to fail to pass the cuts gets sharper and
sharper, thus these cases get more and more improbable. This results in the
slow, asymptotic growth of the efficiency curve along pT .
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Figure 28: The pT -differential efficiencies of the TRD-trigger for J/ψ and ψ(2S)

The curve in Figure 28 which shows the TRD-trigger-efficiency for J/ψ and
ψ(2S) as a function of pT follows a relatively similar pattern, but missing the
initial dip, and having a more pronounced plateau at the end than the akin
curve in Figure 27. The strong fluctuations at high pT are of statistical nature,
and would give way to a more even plateau if the simulation was carried out
to a higher degree of accuracy. This is based on a comparison of the result
shown above to simulations of lower precision, the latter of which exhibit much
stronger fluctuations at higher pT . In this TRD-trigger efficiency there is no dip
at low pT .
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Figure 29: The pT -spectrum of εtot for J/ψ and ψ(2S)

The value εtot shown in Figure 29 is equivalent to the product of the TRD-
efficiencies and the kinematic acceptance, it consequently follows a similar pat-
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tern to them. One can make out two bumps, which result from the initial
dips of the kinematic acceptances multiplied by the initial increase of the TRD-
efficiencies. Then follows a short interval of relatively constant increase, followed
by an interval approaching the form of a plateau.
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Figure 30: The pT -spectrum of ε
ψ(2S)

εJ/ψ

Generally, the two curves of εtot always follow a comparable pattern, as should
be expected from the J/ψ and the ψ(2S). The εtot of the two particles differ
a little in their amplitudes, however, which becomes critically important when

correcting their ratios for detection efficiency. To obtain the value εψ(2S)

εJ/ψ
, the

two εtot spectra are divided. The resulting curve seen in Figure 30 is consistent
with the observations that the two curves are mostly equal in the pT regime from
about 14GeV onwards, with the statistical fluctuations carrying over, as well
as the linear-like regime in the medium pT bins 5 - 10GeV: In these intervals,
εψ(2S)

εJ/ψ
is close to one. In the first few bins, however, up to pT values of around

4GeV, εψ(2S) has a much higher amplitude than εJ/ψ, as the quotient of the
curves reaches values of up to 2.4. These exact amplitudes are, however highly
dependent on the binning chosen for the simulation, as can be seen by the dip
that splits the initial peak in the quotient curve. This constitutes another reason
to exclude the lower pT bins from the analysis.

As a side remark, there is another efficiency that comes into play when in-
tegrating the extracted signals – the limits of the integration determine what
percentage of the extracted signal is evaluated. This efficiency is of course de-
pendent on the integration intervals width, as well as the shape of the signal,
which determines how much of it lies within the integration interval, e. g. the
signals of J/ψ and ψ(2S) have long tails due to bremsstrahlung, which is why a
relatively big portion of the signal may lie outside the boundary when integrat-
ing in a symmetric integral around the peak. That is however not relevant in
this case, since the integral intervals are chosen to be of equal width, and shifted
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according to the mass difference between the two charmonia, which minimizes
the differnce in efficiency due to their equal shape. This efficiency then also gets
canceled out in the calculation of the ratio, similar, but even more rigorously
than in the case of εreco.

4.2 Applying the efficiency corrections

The total efficiencies can now be calculated by applying Equation 4 to the ratios
in Table 4 and Table 8. For this, the Toy-MC simulation needs to be run on the
proper pT bin widths, 1.5 - 5.5GeV and 5.5 - 10.5GeV, as well as 1.5 - 10.5GeV,
respectively.

The resulting efficiencies for the smaller pT bins are to be seen in Figure 31,
Figure 32 and Figure 33. Their ratio can be found in Figure 34. The third
bin 10.5 - 13.0GeV is still included here but is of no relevance to the actual
corrections to the data because, as discussed, this bin is discarded.
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Figure 31: akin as a function of pT in the pT bins used for evaluation

akin in Figure 31 follows its counterpart with fine binning Figure 27 - In the
beginning, the ψ(2S) efficiency is a little higher, which is well reflected. The
middle bin aligns with the fact that the two curves almost match in their slope
and height, and the rightmost bin captures the near equivalence of the two
curves, save for statistical fluctuations, with the ψ(2S) curve being only slightly
lower in the 5.5 - 10.5GeV and 10.5 - 13.0GeV bin.
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Figure 32: εTRD as a function of pT in the pT bins used for evaluation

εTRD in Figure 32 behaves pretty much analogously; here the equivalence in the
middle bin is even more pronounced, as expected from Figure 28.
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Figure 33: εtot as a function of pT in the pT bins used for evaluation

εtot Figure 33 is the product of akin and εTRD, and follows the same progression
as well.

To calculate
NJ/ψ
Nψ(2S)

via Equation 4, the ratio of the total values in Figure 33

needs to be calculated, which results in the histogram shown in Figure 34.
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Figure 34: The pT -spectrum of the ratio of the total efficiency of ψ(2S) over
J/ψ

What remains now is to multiply the raw ratios
Nraw
J/ψ

Nraw
ψ(2S)

with the efficiencies

from Figure 34, as per Equation 4. It becomes obvious that the values most
affected will be those in the pT bin 1.5 - 5.5GeV, which will be corrected to
higher values, as opposed to the ratios from the 5.5 - 10.5GeV bin, which will
be slightly lowered by the correction. As an example, the efficiency corrected
value of the MC template fit with a quadratic background function in the 1.5 -
5.5GeV pT bin is, with the bin integration method, 41.9± 9.7, which is a clear
improvement from the original value of 30.3 ± 7.0. On the other hand, the
same value for the 5.5 - 10.5GeV pT bin is 41.1± 10.5, which gets corrected to
39.4±10.1. One can see from this that there are also cases where the correction
does not represent an improvement. The full set of corrected values for these
pT bins can be seen in Table 5.

4.2.1 Applying the efficiency corrections on the wide pT bins

To apply the corrections to the wide 1.5 - 10.5GeV pT bin, the Toy-MC simula-
tion needs to be rerun on this range. The resulting values are shown in Table 1.

J/ψ ψ(2S)

akin 0.269 521 0.313 537
εTRD 0.124 436 0.137 336
εtot 0.033 538 0.043 059
ε
ψ(2S)
tot

ε
J/ψ
tot

1.283 909

Table 1: Results of the Toy-MC simulation for the 1.5 - 10.5GeV pT bin
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In this case, the results will be corrected to higher values. The example of
the bin integration value from the MC template fit method with a quadratic
background, 32.0 ± 5.7, gets quite dramatically improved to 41.0 ± 7.3. This
holds true for most of these values; the two counterexamples (namely the two
values of the CB fit with quadratic background) and the rest of the corrected
results can be seen in Table 9.
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5 Comparison of results and conclusion

5.1 Results of the pT binwise evaluation

pT bin Method Backgr. Integral of bins Integral of fit

1.5 - 5.5GeV
MC template

quad. pol. 11 939.0± 146.2 11 661.4± 141.4

exp. 11 979.5± 146.2 11 712.7± 140.6

CB fit
quad. pol. 12 267.7± 166.4 12 350.9± 316.6

exp. 12 396.8± 227.7 12 245.1± 184.6

5.5 - 10.5GeV
MC template

quad. pol. 5350.9± 82.1 5195.6± 79.1

exp. 5444.3± 82.1 5303.6± 78.2

CB fit
quad. pol. 5518.3± 90.0 5489.1± 100.8

exp. 5512.3± 147.4 5466.5± 871.9

Table 2: Overview of resulting values for J/ψ

pT bin Method Backgr. Integral of bins Integral of fit

1.5 - 5.5GeV
MC template

quad. pol. 393.6± 90.9 368.8± 89.7

exp. 379.3± 90.9 364.7± 88.6

CB fit
quad. pol. 468.4± 94.5 477.5± 102.4

exp. 468.6± 122.8 491.5± 65.8

5.5 - 10.5GeV
MC template

quad. pol. 130.1± 33.2 119.4± 30.3

exp. 153.8± 33.2 151.9± 31.9

CB fit
quad. pol. 169.3± 69.3 172.4± 35.5

exp. 164.5± 34.5 165.2± 55.2

Table 3: Overview of resulting values for ψ(2S)
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pT bin Method Backgr. Integral of bins Integral of fit

1.5 - 5.5GeV
MC template

quad. pol. 30.3± 7.0 31.6± 7.7

exp. 31.6± 7.6 32.1± 7.8

CB fit
quad. pol. 26.2± 5.3 25.9± 5.6

exp. 26.5± 6.9 24.9± 3.4

5.5 - 10.5GeV
MC template

quad. pol. 41.1± 10.5 43.5± 11.1

exp. 35.4± 7.7 34.9± 7.3

CB fit
quad. pol. 32.6± 13.4 31.8± 6.6

exp. 33.5± 7.1 33.1± 12.3

Table 4: Overview of resulting ratios

pT bin Method Backgr. Integral of bins Integral of fit

1.5 - 5.5GeV
MC template

quad. pol. 41.9± 9.7 43.6± 10.6

exp. 43.6± 10.5 44.3± 10.8

CB fit
quad. pol. 36.2± 7.3 35.7± 7.7

exp. 36.5± 9.6 34.4± 4.6

5.5 - 10.5GeV
MC template

quad. pol. 39.4± 10.1 41.7± 10.6

exp. 33.9± 7.3 33.5± 7.0

CB fit
quad. pol. 31.2± 12.8 30.5± 6.3

exp. 32.1± 6.8 31.7± 11.7

Table 5: Overview of resulting ratios corrected for efficiencies

5.2 Results of the evaluation over both pT bins
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Method Backgr. Integral of bins Integral of fit

MC template
quad. pol. 17 282.1± 167.7 16 833.0± 162.8

exp. 17 372.1± 167.7 16 943.0± 161.5

CB fit
quad. pol. 17 219.1± 188.0 16 777.4± 308.1

exp. 17 549.0± 299.6 17 585.6± 940.9

Table 6: Overview of resulting values for J/ψ in collective pT bins of 1.5 -
10.5GeV

Method Backgr. Integral of bins Integral of fit

MC template
quad. pol. 540.8± 96.3 506.3± 95.1

exp. 531.6± 96.3 514.8± 94.0

CB fit
quad. pol. 461.6± 99.0 380.9± 103.3

exp. 582.3± 102.5 572.5± 115.4

Table 7: Overview of resulting values for ψ(2S) in collective pT bins of 1.5 -
10.5GeV

Method Backgr. Integral of bins Integral of fit

MC template
quad. pol. 32.0± 5.7 33.2± 6.3

exp. 32.7± 5.9 32.9± 6.0

CB fit
quad. pol. 37.3± 8.0 44.0± 12.0

exp. 30.1± 5.3 30.7± 6.4

Table 8: Overview of resulting ratios for collective pT bins of 1.5 - 10.5GeV

51



Method Backgr. Integral of bins Integral of fit

MC template
quad. pol. 41.0± 7.3 42.7± 8.0

exp. 42.0± 7.6 42.3± 7.7

CB fit
quad. pol. 47.9± 10.3 56.6± 15.4

exp. 38.7± 6.8 39.4± 8.2

Table 9: Overview of resulting ratios for collective pT bins of 1.5 - 10.5GeV
corrected for efficiencies

5.3 Summary of overall behavior

One notices multiple trends and patterns in the results when looking at the
tables presented in this section.

Obviously, in all cases, the numbers of J/ψ must be higher than the numbers
of ψ(2S), because this is to be physically expected by a great margin. Conse-
quently, the absolute statistical errors of J/ψ values are greater - But in fact,
the relative statistical errors for J/ψ are smaller than those for ψ(2S), which is,
again, to be expected due to lesser statistics for the ψ(2S).

The bin integral values of the same pT bin sometimes seem to have very similar
statistical errors. This is due to the fact that this error consists of contributions
from both the error of the actual data, which is equal across the methods, and
the uncertainty of the fitted function in the intervals relevant for the integration.
The latter, however is quite small over these short intervals: The background fits
all agree quite well, and have good convergence. Thus, the main contribution to
each bin’s statistical error stems from the error on the data itself, which explains
the similar errors regardless of signal- or background fitting functions.

The statistical errors for integrals tend to be larger compared to bincounting
errors. This could be because, as discussed, the errors on the bincounting are
determined, by the statistical error of the data, besides a minuscule contribution
by the background fit. The signal fits on the other hand derive their uncertainty
not only from the statistical error of the data, but also from the uncertainties
of fitting realistic data that does not perfectly fit the model. Because of this,
the statistical error of the bin integrals basically represents a minimum limit for
the statistical error of the integral fits, which then can only be increased by the
uncertainties of the fitting process.

The CB fit seems to produce slightly higher NJ/ψ and Nψ(2S) values than the
MC template fit in general. One possible explanation might be that the peak
of the actual Crystal Ball function is a little pointier than the peak that gets
simulated and fitted with a spline by the MC simulation, this way the peak is
“cut off” when fitting the template, but not when fitting the actual CB function.
This explanation would be more substantial, however if this was reflected in a
systematic difference between bin integrals, which should then not be subject
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to this increase of values and fit function integrals in the CB fit method, which
should be increased in comparison. This is not the case, however, as discussed
below.

When comparing the corrected values, the MC template fit almost consistently
beats the CB fit in terms of lesser deviations from the expected value. When
comparing values in the same pT bin, regardless of the background fit function
or method of signal integration, any MC template value will be closer to the
expectation than any CB fit value. This might be because the CB function is
not entirely suited to fit this signal. But then again, the expectation must not
necessarily hold for this scenario - But also, when compared to the reference,
the bin integrated MC template fit with a quadratic background in the higher
pT bin, the results tend to match much better for the MC template fit in all
cases.

Between the integral over bin counts and the integral over the fits no clear ten-
dency is visible, which makes it unlikely that this choice of evaluation introduces
a systematic error of a magnitude relevant for the improvement of these meth-
ods. The statistical errors of the two evaluation methods also seem to have no
deeper systematic tendency, but there are some notable cases, namely in Ta-
ble 6, where the integral of the fit function has a much higher statistical error
than the integral over the bins. This error is susceptible to such fluctuations if
the fit does exhibit strange behavior - As is the case there: The pull distribution
in Figure 25 is more problematic than others, as explained already, causing the
relatively big statistical error in 16 777.4± 308.1. The error of 17 585.6± 940.9
is even bigger, though this cannot be immediately seen from the pull distribu-
tion in Figure 40, which appears rather regular in comparison to the former
one.

5.4 Final value and systematic error

As many different methods were explored, they yielded different results. If one
now regards the MC template fit method with a quadratic background in the
5.5 - 10.5GeV pT bin evaluated via integrating the bin counts as the reference
procedure, the final result is 39.4± 10.1.

One can now calculate the deviation σsys of all the results from the N other
methods xi from this value xref via Equation 5 to get an estimate for the sys-
tematic error of the value.

σsys =

√√√√ 1

N

N∑
i=0

(xi − xref)2 (5)
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This leads to a systematic error of 5.4, yielding a result of:

NJ/ψ

Nψ(2S)
= 39.4± 10.1 (stat)± 5.4 (syst)

= 39.4± 25.6% (stat)± 13.6% (syst)

The relatively high statistical uncertainty of the final value results can be further
lowered by taking the arithmetic mean of the efficiency corrected values for the
two pT bins of the reference method, 41.9 ± 9.7 for 1.5 - 5.5GeV and 39.4 ±
10.1 for 5.5 - 10.5GeV. This results in a final value of 40.6 ± 7.0 (stat). With
this mean treated analogously to the value from earlier one gets a noticably
smaller statistical error, and a slightly higher systematic error, with a final
result of:

NJ/ψ

Nψ(2S)
= 40.6± 7.0 (stat)± 6.0 (syst)

= 40.6± 17.3% (stat)± 14.8% (syst)

6 Conclusion

6.1 Discussion of the final value

The value of 40.6 ± 17.3% (stat) ± 14.8% (syst) does still have a great deal
of statistical uncertainty. This could be improved by gathering more data,
which will be, and is currently being done by further p-p observations at higher
luminosities. One could also think about including non p-p-data in the analysis,
such as p-Pb or Pb-Pb, which would increase statistics, but would necessitate
developing a new, adapted evaluation process.

6.2 Possible problems, suggested solutions and improve-
ments

6.2.1 Aliasing effects by lazy ψ(2S)-MC-signal generation

As the ψ(2S) signal is generated by shifting the J/ψ signal bin by bin, instead
of increasing every single datapoint that contributes to the histogram by the
exact mass difference of the two particles, the signal generated this way is prone
to aliasing effects, as seen in Figure 35.
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Figure 35: The aliasing problem. The MC signal gets shifted by the number of
bins between the two peaks NShift, and for some points (red dot), that works
out. But suppose the mass difference between the two peaks ∆minv does not
precisely align between the mid points of two bins. In that case, there might
always be some datapoints (green dot) that, if appropriately simulated, would
have to be placed in a different bin by actual invariant mass. This can be
especially problematic if the peak shapes are highly asymmetric, as is the case
with the data discussed.

It can be seen that the actual ψ(2S) simulation would result in a slightly different
distribution among the bins than for the näıve bin shifting.

This effect has very real implications for the fit. Because of this effect the bins
had to be shifted one bin over in the direction of higher minv, as described
in section 3.1.2. This correction was motivated heuristically. As such it can
be improved upon, but in this case, only by choice of a finer minv binning,
which would minimize the aliasing effect, but could also potentially cause new
problems, as the minv bin widths were already optimized for having enough
statistics. The best solution seems to be to construct the ψ(2S) MC template
by a rerun of the simulation with the right parameters.

6.2.2 minv binning

As just described, theminv binning was optimized to be as fine as possible, while
still preserving enough entries per bin to compensate for statistical fluctuations
in order to produce a smooth enough curve for the fit. This optimization was
done with the 1.5 - 5.5GeV and 5.5 - 10.5GeV pT bins in mind. So in the case
of the 1.5 - 10.5GeV pT bin, the analysis could potentially benefit from a recon-
sideration of the minv bin widths. Because there are more statistics available, a
finer binning could be considered.
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6.2.3 Assumptions on εreco

It is assumed that the values ε
J/ψ
reco and ε

ψ(2S)
reco are roughly pT -independent, which

is only an approximation. One could perhaps improve the results of the efficiency
correction by taking the ever so slight dependence into account, and calculating
the values εreco for the different pT bins.

However, this would only make sense if the assumption that ε
ψ(2S)
reco = ε

ψ(2S)
reco

was dropped, otherwise the values would continue to cancel out in Equation 4.
This assumption is grounded in the similar properties of the J/ψ and the ψ(2S),
but should also be subjected to further investigation. One would need to run a
complete ALICE MC simulation to estimate the exact values.

6.2.4 Optimization of the pT bins

The work presented did rely on the same set of pT bins for every method. This
was done to be able to better compare the properties of the different fit- and
integration methods. Though this might not be optimal for the fit quality, as the
different fit functions might be able to cope with certain features and problems
introduced by a different choices of pT bins in different, perhaps better ways.
Therefore a next, potentially rewarding step would be to decouple the choice of
pT binnings for each fitting method, and optimize the quality for each method,
according to the criteria introduced in section 3.

6.2.5 Optimization of integration intervals

The integration intervals used for the evaluation of the fitted functions or the
background reduced data are possibly improvable. The current values are, con-
stant for all methods, and were chosen without much critical reflection for the
reference method. Thus, a different choice of the interval width, and its position-
ing over the peak could potentially produce better results, e. g. by excluding
parts that are subject to statistical fluctuations, or perhaps contrarily by widen-
ing the interval, in order to average out such fluctuations. It is important that
the two intervals have the same width and positioning relative to the minv of
the two resonances when evaluating a fixed set of entries, so as not to distort
the ratio of ψ(2S) to J/ψ. For different methods however it might prove ben-
eficial to choose different widths or positionings over the peaks for the interal
limits.

6.2.6 Verification of the dominance of the statistic error

The dominance of the statistic error over the systematic error is suggested by
the final results only to a certain degree. This is of importance for the further
choice for the course of action in improvement of the value, could be verified
rigorously by the application of the criterion introduced in [19].
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6.2.7 Further evaluation methods

There are also some more evaluation methods that could be employed to get
better values perhaps, or at least improve the approximation of the systematic
error. One such method would be to abstain from fitting the data altogether, and
instead calculate an expected background which to subtract from the data: One
can take the same-event-like-sign data and the mixed-event-unlike-sign data for
example to estimate the shape of the statistical and combinatorial background.
This distribtution can then be scaled by integrating these intervals of the data
are dominated by background, where the peaks are of negligible impact on
the number of entries. The distribution obtained this way then represents the
background that is expected to be underlying to the actual data, and can be
subtracted analogously to the fitted background functions from the methods
presented. This way only bin count integration and no integration of a fitted
function would be possible, but the method would stay very true to the actual
shape of the background, without a need to consider what the best fitting shape
would be.

6.2.8 Free parameters of the fits

The parameters of the fits were heavily constrained. In the case of the MC
template fit the only free parameter was the one that scaled the distribution,
thus, the width, shape and center of the resonances were fixed beforehand. This
is not too problematic, as it was ensured when running the MC simulation that
these parameters of the curve were sufficiently accurate. The background func-
tions had no fixed parameters, but with the right constraints on the parameter
ranges they converged quite well. The problem that might arise here is the fact
that the tail shape, width, and height of the CB function were all free param-
eters (though heavily constrained to achieve convergence), but the expectation
value of the peak was not, it was fixed to the respective J/ψ and ψ(2S) masses
provided in [12] instead. On the one hand, the heavy constraints on the other
parameters might prevent the fit from finding alternative solutions with param-
eter configurations outside the strongly constrained intervals, on the other hand,
the fixed expectation value may impede a more suitable convergence of the fit.
Therefore, one should at least consider giving these parameters a free range of
some small multiple of their statistical error, which might not change much in
the case of the well-determined J/ψ mass, but could have at least a minimal
impact in the case of the ψ(2S) - The amount by which the position of the
expectation value could alter the shape of the CB function in this case might
behave highly non linearly after all.

For further improvement one also should question whether the CB function is
still a sufficiently good description for the observed signals. This might be one
reason why the values from the CB fit seem to consistently deviate more from
the expected or reference values than the values from the MC template fit, which
does not make any assumptions on the signal shape, but instead relies on the
full simulation. Perhaps adjustments and corrections to the CB function need
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to be made, or a new, better function could be found alltogether with some
reasoning on the signal shape.

6.2.9 Problems with the Toy-MC simulation

A similar possibility to changing the fitting function would be to change the
shape of the resulting MC template. This can be achieved by tweaking the
settings of the MC simulation, like how the cuts are applied and the values of
their parameters. This might result in a template shape that is even more true
to the actual shape of the data.

6.3 Outlook

A multitude of possible methodological improvements was presented. By im-
plementation of these improvements alone the systematic error may possibly be
lowered signifcantly, and perhaps even then there might be more improvements
to be made. This would then presumably lower the systematic error in such
a way that the statistical error will stand out as the primary concern for the
accuracy of possible future results.

The current LHC Run 3 will provide a significant amount of new data, as higher
integrated will be luminosities achieved, yielding more statistics [20]. This will
aid in improving the statistical error.

More accurate measurements of the properties of charmonium will prove useful
as another possibility to validate predictions of QCD. But most importantly
it will help to achieve a better understanding the QGP, which in turn is of
the greatest importance to understand the properties of matter at the most
extreme of conditions, enabling the examination of primordial states of the
universe.
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minor consequent changes in the discussion were also implemented.
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A Further Plots
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Figure 36: The resulting fit if the template method in the 10.5 - 13.0GeV pT
bin. It has notably big error bars, which explain the good χ2

red in comparison
to the other pT bins in this method, but the fit is otherwise no more optimal,
when checked by eye.
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Figure 37: The resulting fit of the template method and a quadratic background
function in the 1.5 - 5.5GeV pT bin
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Figure 38: The resulting fit of the template method and an exponential back-
ground function in the 1.5 - 5.5GeV pT bin
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Figure 39: The resulting fit of the CB fit method with an exponential back-
ground in the 5.5 - 10.5GeV pT bin
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Figure 40: The fitted model of the CB fit method with an exponential back-
ground function and its pull diagram in the wide 1.5 - 10.5GeV pT bin
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Figure 41: The fitted CB model with an exponential background function and
its pull diagram in the 5.5 - 10.5GeV pT bin
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