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Abstract
This thesis provides estimates for the number of χc1 and χc2 states at the centre-of-mass
energy

√
s = 13 TeV in pp collisions for ALICE in LHC Run 3 for different integrated

luminosities. For this, the χc mesons are studied in the radiative J/ψ decay channel
χc → γJ/ψ, using the J/ψ reconstructed in the e+e− and the radiative decay channel.
The Monte Carlo simulation of the χc mesons includes the realistic detector accep-
tance, the lepton, J/ψ and photon reconstruction efficiencies and photon conversion
probability in the detector material based on Run 2 measurements.

Zusammenfassung
Diese Arbeit liefert Abschätzungen für die Anzahl der χc1- und χc2-Zustände bei einer
Schwerpunktsenergie von

√
s = 13 TeV in pp-Kollisionen für ALICE in LHC Run 3

für verschiedene integrierte Luminositäten. Dazu werden die χc-Mesonen im radia-
tiven J/ψ-Zerfallskanal χc → γJ/ψ untersucht, wobei die im e+e−- und dem radiativen
Zerfallskanal rekonstruierten J/ψ verwendet werden. Die Monte-Carlo-Simulation der
χc-Mesonen beinhaltet eine realistische Detektorakzeptanz und die Rekonstruktionsef-
fizienzen von Leptonen, J/ψ und Photonen sowie die Wahrscheinlichkeit der Photo-
nenkonversion im Detektor auf der Grundlage von Run-2-Messungen.
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Chapter 1

Introduction and Theoretical
Background

1.1 Motivation

Charmonium (cc) production in hadronic collisions is of considerable interest for un-
derstanding hadronisation (the process of the formation of hadrons out of quarks and
gluons) in quantum chromodynamics (QCD). Most experimental observations of char-
monium production consist of J/ψ measurements. A significant contribution of J/ψ
production is indirect, resulting from the decay of higher mass states, in particular, the
radiative decay of the χc states. Compared to proton-proton (pp) collisions, charmo-
nium production is suppressed by the quark gluon plasma (QGP) in lead-lead (PbPb)
collisions at medium and high momenta. However, there is an increased production
at small momenta at medium rapidity. Measurements in pp collision without QGP act
as a reference for measurements with QGP as well as improve theoretical pertubative
QCD calculations.

This study calculates the estimated number of χc states in pp collisions at
√

s = 13 TeV
for various running scenarios in LHC Run 3 with ALICE.
The simulated χc mesons are reconstructed through their radiative decay χc → J/ψ+γ,
using the ALICE J/ψ reconstructed in the e+e−. Not all three χc states are considered
in the estimates, since the χc0 → J/ψ+ γ branching fraction is ∼ 30 times smaller than
that of the χc1 and χc2 and its yield is therefore not significant at the expected integrated
lumiosities.
This thesis aims to estimate the number of χc states and their pT -distributions in a
pT -range down to 0 GeV/c and analyse the effect of different single lepton selection
criteria.
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1.2 Standard Model
The Standard Model (SM) is the most successful theory of particle physics to date. It
describes the smallest experimentally observed particles of matter (classifying all ele-
mentary particles) and their interactions. The SM describes the set of three of the four
fundamental forces, namely the electromagnetic, weak and strong interactions. It omits
gravity, which is one of the reasons why the SM is not a complete theory.

In the SM, the elementary particles are divided into two groups, namely the fermions
and the bosons.
The gauge bosons with spin 1 act as mediators of interactions between fermions. The
SM of particle physics has a total of twelve gauge bosons (on the right of Fig. 1.1):
the photon, three weak bosons and eight gluons. Photons mediate the electromagnetic
interaction, W± and Z bosons the weak interaction and gluons the strong interaction.
The final element of the SM is the Higgs boson, a spin 0 scalar particle [1].
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Figure 1.1: The elementary particles, force carrying gauge bosons and interactions of
the Standard Model of particle physics [2]

The twelve fermions (on the left of Fig. 1.1) are fundamental constituents of matter
with spin 1/2. Their anti-particles (not depicted in Fig. 1.1) have the same mass and
spin but opposite charge. The fermions are ranked in three generations, going from left
to right. The fermions of the first generation on the left of Fig. 1.1 are the basic build-
ing blocks of ordinary matter: protons and neutrons consist of up and down quarks,
electrons surround atomic nuclei and electron neutrinos are created in β+ decays.
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The fermions can be further distinguished between quarks and leptons.
There are six types of quarks, known as flavours: up (u), down (d), strange (s), charm
(c), bottom (b) and top (t). Quarks obey all three of the strong, weak and electromag-
netic interactions. The quarks from higher generations possess larger masses, allowing
them to decay to lighter quarks. Under standard conditions, owing to a phenomenon
known as colour confinement (discussed in more detail in Section 1.3), quarks can be
found only in bound states known as hadrons. There are two types of hadrons: mesons
consist of a quark and an antiquark, baryons contain either three quarks or three anti-
quarks.
While quarks are confined to bound states, leptons are free in existence. The two
main classes of leptons are charged leptons and their respective neutral leptons (neu-
trinos). The charged leptons electron (e−), muon (µ−) and tau (τ−) with corresponding
anti-particles (e+, µ+, τ+) interact electromagnetically and weakly. Neutrinos (ν) only
interact weakly since they are not electromagnetically charged and are therefore dif-
ficult to detect. Their masses are too small to have been determined, upper limits on
the possible neutrino masses of at least nine orders of magnitude lighter than the other
fermions have been determined [1].

1.3 Quantum Chromodynamics and Hadronisation
Quantum Chromodynamics (QCD) is the theory of the SM describing the strong inter-
actions. This section only gives a very brief insight, the key point to be made is that
quarks cannot be observed as free particles under standard conditions.

Whilst the interaction in quantum electrodynamics (QED) is mediated by a massless
photon, the interaction in QCD is mediated by eight massless gluons. In QED, particles
can have one type of charge (antiparticles carry the opposite charge), in QCD there are
three types of "colour" charge (again, antiparticles carry the opposite charges). Only
particles with non-zero colour charges couple to gluons, the mediators of strong inter-
action, which is why leptons don’t experience the strong force.
The concept of "colour confinement" implies that only colour singlet states, i.e. colour-
less combinations, can exist as free particles. Consequently, quarks are always confined
to bound colourless states and only objects with zero colour charge can propagate as
free particles. The precise process of the formation of colourless hadrons from quarks
and antiquarks (hadronisation) is poorly understood. Most of the phenomenological
models providing reasonable descriptions of experimental data are motivated by QCD.

Another consequence of QCD is the idea of asymptotic freedom. The so-called cou-
pling constant αS of QCD is large at low energy scales and small at high energy scales.
This means that the strength of the interaction between quarks is strong at large sepa-
rations and weakens as the quarks get closer to one another [1]. At high energies, QCD
can be explained through perturbative theories, i.e. only the lowest-order term is sig-
nificant. Low energy processes however cannot be explained by perturbation theories.
Here, first-principle calculations such as the hadronisation process are not possible.
Alternative theories such as lattice QCD have been developed.
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1.4 Quark-Gluon Plasma
The idea of asymptotic freedom has a great consequence: At high enough tempera-
tures and/or densities, the coupling constant approaches zero and the strongly interact-
ing quarks and gluons become free and transform themselves into a state of matter in
which they are no longer confined. This state is called ‘quark–gluon plasma’ (QGP).
The critical temperature between the confined hadronic phase and the deconfined plasma
phase is estimated to be around Tc = (156.5 ± 1.5) MeV [3]. Such temperatures only
ever existed in the electroweak phase transition that started around 10 picoseconds after
the Big Bang and lasted for 10 microseconds. This is thought to have taken the form
of QGP [4].
To create QGP, extremely high energy densities and temperatures as well as a large
number of particles, ideally tens of thousands, are needed. Collisions of protons pro-
duce too few particles to fulfil these conditions. In ultra-relativistic heavy-ion colli-
sions, however, such extreme conditions can be achieved for a short amount of time
and a QGP can be created. The QGP then expands and cools, resulting in a transition
back to confined matter (hadronisation). Due to much smaller energies in nuclear col-
lisions in the laboratory than in the Big Bang, this happens at a time-scale of ∼ 10−22s
[4]. Nonetheless, lead–lead collisions at the LHC studied with the specially designed
ALICE detector (see Chapter 2) make it possible to quantify the QGP’s physical prop-
erties as well as the processes of hadronisation.

One of the phenomena considered to be a signature of QGP production in collision at
the LHC by ALICE is the suppression of the J/ψ production due to the created medium.
Figure 1.2 shows that large energies (at the LHC) increase the number of cc pairs by
around a factor of 200 compared to lower energies (at the RHIC), making charmonium
formation slightly more likely at the phase boundary. This so-called (re)generation is
expected to have the most significant effect on the J/ψ production at low pT at midra-
pidity due to a larger charm quark density. At large pT , the J/ψ production is sup-
pressed due to colour screening and/or energy loss of charm quarks in the deconfined
medium [4].
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Figure 1.2: J/ψ (re)generation at the LHC: At low energies, the QGP screens interac-
tion between the only pair of cc produced; at hadronization, other two quarks (u, d,
s) can pair with the c or c to from D mesons. At high energies, many more cc pairs
are produced; at hadronization, cc quarks from different original pairs can combine to
form a charmonium J/ψ particle [4]

1.5 The J/ψ meson
The production of the J/ψ meson is a well-studied subject of many theoretical calcu-
lations and experiments, [5, 6] are used in this thesis. It has a width of Γ = (92.6 ±
1.7) keV/c2 and a mass of m = (3096.900 ± 0.006) MeV/c2 [7].
The J/ψ is an unstable particle and decays shortly after its production. The branching
ratios of the most important decay channels are listed in Fig. 1.3:Citation: R.L. Workman et al. (Particle Data Group), to be published (2022)
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Figure 1.3: The decay channels and branching ratios of the most important J/ψ decay
modes [7]

J/ψ can be produced through different decays in hadronic collisions. In so-called
prompt production, the J/ψ is produced either through direct production of J/ψmesons
from cc pairs produced during hard scattering or indirect production from the decay of
higher mass states. In non-prompt production, the J/ψ mesons come from decays of
hadrons containing b quarks. Non-prompt production makes up approximately 10% of
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the J/ψ production at low pT up to approximately 3 GeV/c and increases with increas-
ing momentum.

1.6 The χc mesons
As mentioned above, a significant contribution of J/ψ production is indirect. In partic-
ular, the radiative decay of the χc states accounts for a significant fraction of the J/ψ
production seen in hadronic collisions.
The level scheme in Fig. 1.4 shows the experimentally established states of charmonia.
The cc pairs can evolve into heavier charmonium states χc(1P) and ψ(2S) that undergo
transitions into J/ψ(1S) mesons. The decay of the χc(1P) states into J/ψ and a sin-
gle photon considered in this thesis is omitted in Fig. 1.4 for clarity. The respective
quantum numbers JPC are also listed in Fig. 1.4.
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Figure 1.4: The level scheme of the cc states showing experimentally established states
with solid lines. Only observed hadronic transitions are shown; the single photon tran-
sitions ψ(nS ) → γηc(mS ), ψ(nS ) → γχcJ(1P) and χcJ(1P) → γJ/ψ are omitted for
clarity [7]

The properties of the χc states can be seen in Tab. 1.1. The χc0 will be neglected in this
thesis, since its branching fraction in the radiative decay to J/ψγ is only roughly 1%.
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mass [GeV/c2] full width Γ [MeV/c2] measured lifetimes [s] BR [%]
χc0 3.41475 18.8 ± 3.5 (6.095 ± 0.339) · 10−23 1.40 ± 0.05
χc1 3.51066 1.19 ± 0.21 (7.84 ± 0.37) · 10−22 34.3 ± 1.0
χc2 3.55620 1.97 ± 0.09 (3.341 ± 0.153) · 10−23 19.0 ± 0.5

Table 1.1: Selected χc properties; the branching ratio (BR) refers to the radiative decay
of χc → J/ψ + γ; numbers taken from [7]

The decay of χc to J/ψ has been the subject of several studies. Measurements of the
ratio of χc and J/ψ help to understand the properties of the QGP. The radius of the χc

is greater than of the J/ψ, i.e. the charm and anticharm are at a greater distance from
one another which increases the probability of the cc pair to be separated in QGP.
The CDF collaboration measured the fraction of J/ψ mesons originating from χc me-
son decays in pp collisions at

√
s = 1.8 TeV in 1997. The fraction including only

prompt production was determined to be ≈ 30% for pJ/ψ
T > 4.0 GeV/c and |ηJ/ψ| < 0.6

[8].
A more recent measurement from the LHCb collaboration in 2012 of the prompt cross
section ratio of χc to J/ψ in pp collisions at a centre-of-mass energy of

√
s = 7 TeV

through the decay of χc → J/ψ → µ+µ−γ, covering the J/ψ transverse momentum
range 2 − 15 GeV and rapidity range 2.0 − 4.5 can be seen in Fig. 1.5 [9]. The fraction
of J/ψ from χc at forward rapidity examined by LHCb is approximately between 10
and 35% for 2 < pT < 15 GeV/c [9].

436 LHCb Collaboration / Physics Letters B 718 (2012) 431–440

Fig. 4. Ratio ! ("c ! J/#$ )/! ( J/#) in bins of p J/#
T in the range 2 < p J/#

T <

15 GeV/c. The LHCb results, in the rapidity range 2.0 < y J/# < 4.5 and assum-
ing the production of unpolarised J/# and "c mesons, are shown with solid black
circles and the internal error bars correspond to the statistical error; the external
error bars include the contribution from the systematic uncertainties (apart from
the polarisation). The lines surrounding the data points show the maximum effect
of the unknown J/# and "c polarisations on the result. The upper and lower lim-
its correspond to the spin states as described in the text. The CDF data points, at"

s = 1.8 TeV in pp̄ collisions and in the J/# pseudo-rapidity range |% J/# | < 1.0,
are shown in (a) with open blue circles [5]. The two hatched bands in (b) corre-
spond to the ChiGen Monte Carlo generator prediction [16] and NLO NRQCD [17].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this Letter.)

the non-prompt J/# fraction according to a bifurcated Gaussian
function. The relative systematic uncertainty from the non-prompt
J/# fraction is found to be in the range (1.3–10.7)% and is given
for each p J/#

T bin in Table 2.
The method used to determine the systematic uncertainty due

to the fit procedure in the extraction of the "c yields is discussed
in detail in Ref. [3]. The uncertainty includes contributions from
uncertainties on the fixed parameters, the fit range and the shape
of the overall fit function. The overall relative systematic uncer-
tainty from the fit is found to be in the range (0.4–3.2)% and is
given for each bin of p J/#

T in Table 2.
The systematic uncertainty related to the calibration of the sim-

ulation sample is evaluated by performing the full analysis using
simulated events and comparing to the expected cross-section ra-
tio from simulated signal events. The results give an underesti-
mate of 10.9% in the measurement of the ! ("c ! J/#$ )/! ( J/#)
cross-section ratio. This deviation is caused by non-Gaussian signal

Table 3
Ratio ! ("c ! J/#$ )/! ( J/#) in bins of p J/#

T in the range 2 < p J/#
T < 15 GeV/c

and in the rapidity range 2.0 < y J/# < 4.5. The first error is statistical and the
second is systematic (apart from the polarisation). Also given is the maximum effect
of the unknown polarisations on the results as described in Section 5.

p J/#
T (GeV/c) ! ("c ! J/#$ )/! ( J/#) Polarisation effects

2–3 0.140+0.005+0.015
#0.005#0.011

+0.025
#0.014

3–4 0.160+0.003+0.017
#0.004#0.012

+0.028
#0.015

4–5 0.168+0.003+0.019
#0.003#0.012

+0.035
#0.018

5–6 0.189+0.004+0.021
#0.004#0.015

+0.048
#0.025

6–7 0.189+0.005+0.022
#0.004#0.016

+0.054
#0.028

7–8 0.211+0.005+0.024
#0.005#0.017

+0.064
#0.033

8–9 0.218+0.007+0.026
#0.007#0.019

+0.068
#0.034

9–10 0.223+0.009+0.030
#0.009#0.019

+0.070
#0.034

10–11 0.226+0.011+0.030
#0.011#0.022

+0.073
#0.036

11–12 0.233+0.013+0.034
#0.013#0.026

+0.070
#0.036

12–13 0.252+0.018+0.037
#0.017#0.029

+0.071
#0.035

13–15 0.268+0.018+0.038
#0.017#0.025

+0.080
#0.037

shapes in the simulation which arise from an untuned calorimeter
calibration. These are not seen in the data, which is well described
by Gaussian signal shapes. This deviation is included as a system-
atic error by sampling from the negative half of a Gaussian with
zero mean and a width of 10.9%. The relative uncertainty on the
cross-section ratio is found to be in the range (6.3–8.2)% and is
given for each bin of p J/#

T in Table 2. A second check of the proce-
dure was performed using simulated events generated according to
the distributions observed in the data, i.e. three overlapping Gaus-
sians and a background shape similar to that in Fig. 1. In this case
no evidence for a deviation was observed. Other systematic uncer-
tainties due to the modelling of the detector in the simulation are
negligible.

In summary, the overall systematic uncertainty is evaluated by
simultaneously sampling the deviation of the cross-section ratio
from the central value, using the distributions of the cross-section
ratios described above. The systematic uncertainty is then deter-
mined from the resulting distribution as described earlier in this
section. The separate systematic uncertainties are shown in bins
of p J/#

T in Table 2 and the combined uncertainties are shown in
Table 3.

7. Results and conclusions

The cross-section ratio, ! ("c ! J/#$ )/! ( J/#), measured in
bins of p J/#

T is given in Table 3 and shown in Fig. 4. The mea-
surements are consistent with, but suggest a different trend to
previous results from CDF using pp̄ collisions at

"
s = 1.8 TeV

[5] as shown in Fig. 4(a), and from HERA-B in pA collisions at"
s = 41.6 GeV, with p J/#

T below roughly 5 GeV/c, which gave
! ("c ! J/#$ )/! ( J/#) = 0.188 ± 0.013+0.024

#0.022 [4].
Theory predictions, calculated in the LHCb rapidity range 2.0 <

y J/# < 4.5, from the ChiGen Monte Carlo generator [16] and from
the NLO NRQCD calculations [17] are shown as hatched bands in
Fig. 4(b). The ChiGen Monte Carlo event generator is an imple-
mentation of the leading-order colour-singlet model described in
Ref. [18]. However, since the colour-singlet model implemented in
ChiGen does not reliably predict the prompt J/# cross-section,
the ! ("c ! J/#$ )/! ( J/#) prediction uses the J/# cross-section
measurement from Ref. [2] as the denominator in the cross-section
ratio.

Fig. 4 also shows the maximum effect of the unknown J/#
and "c polarisations on the result, shown as lines surrounding the

Figure 1.5: The fraction of J/ψ mesons originating from χc meson decays in pp colli-
sions at

√
s = 7 TeV [9]

The χc production and the relative amounts of the χc1 and χc2 spin states have pre-
viously been measured in pp collisions at various energy and pT -ranges by ATLAS,
LHCb and CMS. A selection of recent measurements in pp can be found e.g. in the
following papers [10, 11, 12, 13]. Different proton nucleus collisions have been studied
as well, see e.g. [14, 15].

7



So far, there are no existing measurements for PbPb collisions.

Based on a previous ALICE J/ψ measurement and LHCb ratios of σ(χc)/σ(J/ψ) and
σ(χc2)/σ(χc1), this thesis aims to make predictions for the number of χc1 and χc2
mesons expected in pp collisions at

√
s = 13 TeV for ALICE in Run 3 for different

integrated luminosities.
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Chapter 2

The ALICE experiment and the
upgraded ITS

ALICE (A Large Ion Collider Experiment) is one of the four big experiments at the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research
(CERN, derived from Conseil Européen pour la Recherche Nucléaire), focusing on
QCD. The main goal of the ALICE collaboration is to investigate the physical proper-
ties of the QGP, created under the extreme conditions of high temperature and energy
density created in the nuclear-nuclear collisions at the LHC [16].
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Figure 2.2: General view of the ALICE detector.

rails can connect to removable extensions on the A side in order to allow the displacement of the
structures for installation or maintenance.

In addition there are large structures installed on both sides of the space-frame which serve as
supports for services. The services on the C side of the experiment are leaving the solenoid through
gaps in the permanently closed magnet door. The services on the A side of the experiment must be
removable and are therefore fixed to a structure called the mini-frame which can be removed for
maintenance of the ALICE detectors.

All support structures inside the solenoid field volume are made of non-magnetic materials.
The layout of the support structures follows the 18 fold segmentation of the TPC. The structural
beams are placed in the insensitive regions between the readout chambers of the TPC detector.

A concrete beam shield around the beamline dominates the space between the L3 solenoid
and the A section of the LHC tunnel. The muon arm spectrometer is installed on the C side of
the solenoid. It is comprised of a normal conducting dipole magnet and five stations of tracking
chambers. Particles emitted in the direction of the muon arm are absorbed in the muon arm absorber
(figure 2.2), which reaches into the L3 solenoid, and a 300 t iron filter wall.

2.1.2 Safety infrastructure

Fire detection in large volumes such as surface halls and the underground cavern is ensured by roof-
mounted permanently installed smoke detectors. Fire detection in parts of the detector is ensured

– 11 –

Figure 2.1: ALICE detector in Run 2 [16]

ALICE is made up of various detectors arranged in cylindrical shells around the in-
teraction point (see Fig. 2.1), designed to determine the species and precise trajectory
of the charged particles generated in the collisions. Each detector provides certain in-

9



formation in order to reconstruct the tracks and the energies of the produced particles
and their decay products. The tracking system consists of the Inner Tracking System
(ITS), which is located directly around the beam pipe, followed by the Time Projection
Chamber (TPC) and the Transition Radiation Detector (TRD). They are part of the cen-
tral barrel that is surrounded by the solenoid magnet, which is responsible for bending
the tracks of charged particles.

Relevant for this study are the ITS and the TPC.
The TPC is the major tracking device and particle detector, providing continuous, three-
dimensional tracking of charged particles between radii of 80 cm and 250 cm from the
central interaction point [17].
The ITS determines the primary and secondary decay vertices of particle decays within
a few millimetres to centimetres of the primary interaction point with high precision
[18].

The ITS in LHC Run 2 consisted of six layers of silicon detectors surrounding the 1-
mm-thick beam pipe enclosing the ultra-high vacuum of the accelerator. In 2021, the
ITS was upgraded to ITS2 to improve the tracking precision, the tracking efficiency at
low-transverse momenta and the readout rate capabilities.
The new ITS2 consists of seven concentric detector layers. A key feature of the new
ITS2 is the very low mass of the three innermost layers. In comparison to the old
ITS, the first layer in the new ITS2 is closer to the interaction point and the beam pipe
radius and material budget are reduced [18]. A table comparing the key upgraded fea-
tures from ITS and ITS2 can be found in the Appendix (A.1).
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Chapter 3

Analysis: Outline

This chapter provides an overview of the content and method of this thesis.

The aim of this thesis is to calculate an estimated number of χc1 and χc2 mesons in pp
collisions at

√
s = 13 TeV for ALICE Run 3. For this, the χc mesons will be simulated

based on real experimental measurements.

The kinematics of the J/ψ have been widely studied and different ratios of prompt χc

to J/ψ and χc1 to χc2 production have been measured. Thus, the kinematics of the χc1
and χc2 mesons are calculated based on realistic J/ψ measurements from pp collisions
by the ALICE collaboration as well as ratios of the cross sections of χc to J/ψ and χc1
to χc2 measured by LHCb. Additionally, in the Monte Carlo (MC) simulation, different
kinematic selection criteria and efficiencies are applied analogously to the J/ψ analy-
sis. Finally, the estimated number of mesons at the integrated luminosity from Run 3
can be calculated.

The following chapters will give a detailed description of the different steps.
The kinematics of all included particles will be discussed in Chapter 4, Chapter 5 goes
through the step-by-step effect of the selection criteria on the kinematic distributions
and eventually the expected number of χc mesons will be presented in Chapter 7.

Later, the analysis is extended to present the effect of stricter selection criteria on the
single leg cuts of the J/ψ daughter tracks. Furthermore, the extrapolation of the pJ/ψ

T -
distribution at low momenta in the not yet measured range 0 − 3 GeV/c and its effect
on the expected number of the χc states will be discussed.
Finally, the effect of lepton transverse momentum smearing will be discussed in chapter
8, since the reconstructed invariant masses of the simulation are not realistic distribu-
tions obtained in an analysis of experimental data.

11



3.1 Monte Carlo simulation
The Monte Carlo simulation is done within the ALICE O2 framework [19]. One χc0,
χc1 and χc2 each are simulated per event.

The χc mesons decay to a J/ψ and a photon via the radiative decay χc → J/ψ + γ. The
χc mesons with the following PDG masses and Breit Wigner widths are listed in Tab.
3.1. (The full table can be found in the Appendix (A.3).)

particle mass [GeV/c2] width [GeV/c2]
χc0 3.41475 1.05 · 10−2

χc1 3.51066 8.40 · 10−4

χc2 3.55620 1.93 · 10−3

Table 3.1: Mass and width of χc resonance [19]

The J/ψ further decay to e+e− or via the radiative decay (e+e−γ). The detector resolu-
tion and interaction with the detector material are disregarded.

The χc decays and J/ψ decays in the dielectron channel are simulated with the EvtGen
package [20]. The radiative decay of the J/ψ is handled by PHOTOS [21]. A docu-
mentation of the decay table with the decay properties, i.e. the process of the decay,
can be found in the Appendix (A.3).

3.2 Kinematics in collisions
To begin with, some basic kinematic concepts relevant for the considered collisions are
introduced.

The relativistic energy E and 3-momentum p of a particle of mass m form a 4-vector

pµ = (E,p),

referred to as 4-momentum. Both E and p are separately conserved, hence the 4-
momentum is also conserved. The scalar product of a 4-vector

pµpµ = E2 − p2 (3.1)

is Lorentz-invariant, i.e. frame independent.
For a particle at rest, the 4-momentum pµ = (m, 0) and its Lorentz-invariant scalar
product pµpµ = m2. Thus,

m2 = E2 − p2 (3.2)

12



applies in all inertial frames.
For a system of n particles, the squared invariant mass is equal to

pµpµ = (
n∑

i=1

Ei)2 − (
n∑

i=1

pi)2. (3.3)

In a particle decay, the invariant mass of the decay products equals the mass of the
decaying particle [7, 1]. Hence, the invariant masses of the J/ψ and χc mesons are
calculated from their decay products e+, e− and γ.

Another quantity to be introduced is the transverse momentum pT , given as

pT =
√

px · px + py · py, (3.4)

where x and y describe the transverse plane in Fig. 3.1b. The detectors are surrounded
by a solenoid magnet whose magnetic field bends the tracks of the particles in the xy-
plane.

Finally, rapidity and pseudorapidity are introduced. In hadron collider experiments, the
scattered partons are observed as jets. The angle of these jets with respect to the beam
axis z (described in Fig. 3.1a) are relatively well measured. These jet angles can be
expressed in terms of rapidity y:

y =
1
2

ln
(

E + pz

E − pz

)
(3.5)

where E and pz are the measured energy and longitudinal z-component of momentum
of a jet.
For high energy jets, the jet mass is small compared to the energy (m << E) and the
longitudinal momentum can be approximated by pz ≈ E cos θ. Here, θ describes the
polar angle of the jet with respect to the beam axis and cos θ = pz/p. The rapidity is
then approximated by

y ≈
1
2

ln
(

1 + cos θ
1 − cos θ

)
=

1
2

ln
(
cot2

θ

2

)
(3.6)

This equals the pseudorapidity η defined as

η = − ln
(
tan

θ

2

)
(3.7)

So, for very high energies or negligible jet masses, the rapidity and pseudorapidity are
approximately the same. In any case, η can be measured when the mass and momentum
of the particle are unknown [7, 1].
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proton proton

z, pz

interaction point

(a) Collision along the z axis (b) xy - plane

Figure 3.1: Kinematics for collision along the beam axis, commonly denoted with z
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Chapter 4

Analysis Part 1: χc-Kinematics

This chapter discusses the kinematic derivations necessary for the simulation as well
as the trends of the different kinematic distributions of the different particles.

4.1 Derivation of χc pT -distributions
The pT -distributions for the different χc mesons for the χc-simulation are obtained
through multiplications of the realistic J/ψ pT -distribution [5] with the ratios R = σ(χc)

σ(J/ψ)

[9] and R12 =
σ(χc2)
σ(χc1) [11].

Neglecting χc0 due to its small branching fraction (as discussed in Section 1.6) means
that

σ(χc) = σ(χc1 ) + σ(χc2 ) = σ(χc1 ) + R12 · σ(χc1 ) (4.1)

and therefore

σ(χc1 ) =
1

1 + R12
· σ(χc) and σ(χc2 ) =

R12

1 + R12
· σ(χc) (4.2)

Substituting pχci
T for σ(χci) (i = 1, 2) gives

pχc1
T =

1
1 + R12

· pχc
T and pχc2

T =
R12

1 + R12
· pχc

T . (4.3)

Using pχc
T = R · pJ/ψ

T finally gives

p
χc1
T =

R
1 + R12

· pJ/ψ
T (4.4)

and
p
χc2
T =

R
1 + 1

R12

· pJ/ψ
T (4.5)

In the following sections, the J/ψ pT -distributions obtained from measurements in pp
collisions at

√
s = 13 TeV and midrapidity measured by ALICE [5] and the ratios from
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LHCb measurements at
√

s = 7 TeV and forward rapidity [9, 11] will be discussed.
It is important to mention that the pT -distribution of the J/ψ is strongly dependent of
the centre-of-mass energy. The pT -distributions of the χc have a very similar energy
dependence to that of the J/ψ [22]. Thus, the ratios R and R12 are assumed to be
independent of the beam energy and can be used in spite of the different centre-of-
mass energy.
The invariant masses are reconstructed from the four-vectors of the respective decay
products as discussed in Section 3.2

4.2 Inclusive J/ψ

The pT -distributions for the χc-simulation are calculated using the measured pT -distributions
for inclusive J/ψ production in pp collisions at

√
s = 13 TeV [5].

The data used is from ALICE collaboration measurements of the inclusive J/ψ pro-
duction cross section in pp collisions at a centre-of-mass energy

√
s = 13 TeV, at

midrapidity (|y| < 0.9) and using a minimum-bias data sample corresponding to an
integrated luminosity Lint = 32.2 nb−1. The J/ψ mesons are reconstructed in the e+e−

decay channel.
A simple power law function of the type

f (pJ/ψ
T ) =

A · pJ/ψ
T

(1 + ( pJ/ψ
T
p0

)2)n
(4.6)

with the parameters A = 2.2855, p0 = 3.73619 and n = 2.81708 is used to fit the
measured pT -distribution.
The rapidity-distribution for the J/ψ is a Gaussian distribution fitted to experimental
data for the prompt J/ψ in pp collisons at

√
s = 13 TeV for ALICE and LHCb at mid-

and forward rapidity. The same Gaussian distribution is used for the χc mesons in the
simulation.

4.3 Ratio of prompt χc to J/ψ production
The ratio R = σ(χc → J/ψ)/σ(J/ψ) seen in Fig. 4.1a is taken from the LHCb mea-
surement of the ratio of cross sections for prompt charmonium χc to J/ψ production in
proton-proton interactions at a centre-of-mass energy of

√
s = 7 TeV. The χc mesons,

from a data sample of integrated luminosity of 36 pb−1 collected during 2010, are iden-
tified through their decay χc → J/ψ→ µ+µ−γ covering the J/ψ transverse momentum
range 2 < pJ/ψ

T < 15 GeV/c and rapidity range 2.0 < y < 4.5. Prompt production of
χc refers to χc mesons that are produced directly, or indirectly via the decay of higher
excited charmonium states and do not arise from the decay of a b-hadron [9].
The pT -integrated value is given by

R = σ(χc→J/ψ)
σ(J/ψ) = 0.188 ± 0.013 (stat) +0.024

−0.022 (syst) [9].

The linear approximation
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R = 0.121 + 0.011 · pJ/ψ
T

fitted to the LHCb data in Fig. 4.1b reweights the distributions used in the simulation.
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Fig. 4. Ratio ! ("c ! J/#$ )/! ( J/#) in bins of p J/#
T in the range 2 < p J/#

T <

15 GeV/c. The LHCb results, in the rapidity range 2.0 < y J/# < 4.5 and assum-
ing the production of unpolarised J/# and "c mesons, are shown with solid black
circles and the internal error bars correspond to the statistical error; the external
error bars include the contribution from the systematic uncertainties (apart from
the polarisation). The lines surrounding the data points show the maximum effect
of the unknown J/# and "c polarisations on the result. The upper and lower lim-
its correspond to the spin states as described in the text. The CDF data points, at"

s = 1.8 TeV in pp̄ collisions and in the J/# pseudo-rapidity range |% J/# | < 1.0,
are shown in (a) with open blue circles [5]. The two hatched bands in (b) corre-
spond to the ChiGen Monte Carlo generator prediction [16] and NLO NRQCD [17].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this Letter.)

the non-prompt J/# fraction according to a bifurcated Gaussian
function. The relative systematic uncertainty from the non-prompt
J/# fraction is found to be in the range (1.3–10.7)% and is given
for each p J/#

T bin in Table 2.
The method used to determine the systematic uncertainty due

to the fit procedure in the extraction of the "c yields is discussed
in detail in Ref. [3]. The uncertainty includes contributions from
uncertainties on the fixed parameters, the fit range and the shape
of the overall fit function. The overall relative systematic uncer-
tainty from the fit is found to be in the range (0.4–3.2)% and is
given for each bin of p J/#

T in Table 2.
The systematic uncertainty related to the calibration of the sim-

ulation sample is evaluated by performing the full analysis using
simulated events and comparing to the expected cross-section ra-
tio from simulated signal events. The results give an underesti-
mate of 10.9% in the measurement of the ! ("c ! J/#$ )/! ( J/#)
cross-section ratio. This deviation is caused by non-Gaussian signal

Table 3
Ratio ! ("c ! J/#$ )/! ( J/#) in bins of p J/#

T in the range 2 < p J/#
T < 15 GeV/c

and in the rapidity range 2.0 < y J/# < 4.5. The first error is statistical and the
second is systematic (apart from the polarisation). Also given is the maximum effect
of the unknown polarisations on the results as described in Section 5.

p J/#
T (GeV/c) ! ("c ! J/#$ )/! ( J/#) Polarisation effects

2–3 0.140+0.005+0.015
#0.005#0.011

+0.025
#0.014

3–4 0.160+0.003+0.017
#0.004#0.012

+0.028
#0.015

4–5 0.168+0.003+0.019
#0.003#0.012

+0.035
#0.018

5–6 0.189+0.004+0.021
#0.004#0.015

+0.048
#0.025

6–7 0.189+0.005+0.022
#0.004#0.016

+0.054
#0.028

7–8 0.211+0.005+0.024
#0.005#0.017

+0.064
#0.033

8–9 0.218+0.007+0.026
#0.007#0.019

+0.068
#0.034

9–10 0.223+0.009+0.030
#0.009#0.019

+0.070
#0.034

10–11 0.226+0.011+0.030
#0.011#0.022

+0.073
#0.036

11–12 0.233+0.013+0.034
#0.013#0.026

+0.070
#0.036

12–13 0.252+0.018+0.037
#0.017#0.029

+0.071
#0.035

13–15 0.268+0.018+0.038
#0.017#0.025

+0.080
#0.037

shapes in the simulation which arise from an untuned calorimeter
calibration. These are not seen in the data, which is well described
by Gaussian signal shapes. This deviation is included as a system-
atic error by sampling from the negative half of a Gaussian with
zero mean and a width of 10.9%. The relative uncertainty on the
cross-section ratio is found to be in the range (6.3–8.2)% and is
given for each bin of p J/#

T in Table 2. A second check of the proce-
dure was performed using simulated events generated according to
the distributions observed in the data, i.e. three overlapping Gaus-
sians and a background shape similar to that in Fig. 1. In this case
no evidence for a deviation was observed. Other systematic uncer-
tainties due to the modelling of the detector in the simulation are
negligible.

In summary, the overall systematic uncertainty is evaluated by
simultaneously sampling the deviation of the cross-section ratio
from the central value, using the distributions of the cross-section
ratios described above. The systematic uncertainty is then deter-
mined from the resulting distribution as described earlier in this
section. The separate systematic uncertainties are shown in bins
of p J/#

T in Table 2 and the combined uncertainties are shown in
Table 3.

7. Results and conclusions

The cross-section ratio, ! ("c ! J/#$ )/! ( J/#), measured in
bins of p J/#

T is given in Table 3 and shown in Fig. 4. The mea-
surements are consistent with, but suggest a different trend to
previous results from CDF using pp̄ collisions at

"
s = 1.8 TeV

[5] as shown in Fig. 4(a), and from HERA-B in pA collisions at"
s = 41.6 GeV, with p J/#

T below roughly 5 GeV/c, which gave
! ("c ! J/#$ )/! ( J/#) = 0.188 ± 0.013+0.024

#0.022 [4].
Theory predictions, calculated in the LHCb rapidity range 2.0 <

y J/# < 4.5, from the ChiGen Monte Carlo generator [16] and from
the NLO NRQCD calculations [17] are shown as hatched bands in
Fig. 4(b). The ChiGen Monte Carlo event generator is an imple-
mentation of the leading-order colour-singlet model described in
Ref. [18]. However, since the colour-singlet model implemented in
ChiGen does not reliably predict the prompt J/# cross-section,
the ! ("c ! J/#$ )/! ( J/#) prediction uses the J/# cross-section
measurement from Ref. [2] as the denominator in the cross-section
ratio.

Fig. 4 also shows the maximum effect of the unknown J/#
and "c polarisations on the result, shown as lines surrounding the

(a) Solid black circles: rapidity range 2.0 < yJ/ψ < 4.5 and assuming the production
of unpolarised J/ψ and χc mesons; internal error bars: statistical error; external error
bars: include systematic uncertainties (apart from polarisation); lines surrounding data
points: show maximum effect of the unknown J/ψ and χc polarisations; in blue: CDF
data points, at

√
s = 1.8TeV in pp collisions and in the J/ψ pseudo rapidity range

|ηJ/ψ | < 1.0 [9]
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(b) Ratio fitted with linear polynomial R = 0.121+0.011 · pJ/ψ
T for simulation; the plot shows

the data points and the squared sum of the statistical and systematic errors. The systematic
errors regarding the polarization are not included; data from [23]

Figure 4.1: Both graphs show the same ratio σ(χc → J/ψ)/σ(J/ψ) in bins of pJ/ψ
T in

the range 2 < pJ/ψ
T < 15 GeV/c as measured by the LHCb collaboration at

√
s = 7 TeV

[9]
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4.4 Ratio of prompt χc2 to χc1 production
The ratio R12 = σ(χc2)/σ(χc1) shown in Fig. 4.2a is taken from the LHCb measurement
of the prompt production of charmonium χc0, χc1, χc2 mesons in pp collisions at a
centre-of-mass energy of

√
s = 7 TeV. The χc mesons were identified through their

radiative decay to J/ψγ, with J/ψ → µ+µ− and photons that converted in the detector.
A data sample, corresponding to an integrated luminosity of 1.0 fb−1 collected by the
LHCb detector, was used to measure the relative prompt production rate of χc1 and χc2
in the rapidity range 2.0 < y < 4.5 as a function of the J/ψ transverse momentum from
3 < pJ/ψ

T < 20 GeV/c [11].
The ratio of cross-sections of χc1 and χc2, integrated over pJ/ψ

T is given by

R12 =
σ(χc2)
σ(χc1) = 0.787 ± 0.014 (stat) ± 0.034 (syst) ± 0.051 (pT model) ± 0.047 (BR) .

The first uncertainty is statistical, the second is the systematic uncertainty dominated by
the photon efficiency, the χc1 tail parameters and background modelling, the third is due
to the choice of pT -spectrum and the fourth is from the branching fraction uncertainty
[11]. Similar to the linear fit of R in Section 4.3, the pT -differential ratio R12 is fitted
with the second degree polynomial approximation

R12 = 1.43953 − 0.145874 · pJ/ψ
T + 0.00638469 · (pJ/ψ

T )2

in Fig. 4.2b, which is used to reweight the distributions to then use them in simulations.
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hashed rectangle. (right) Comparison of the LHCb results (with total uncertainty) with the NLO
NRQCD calculation from Ref. [5] (blue shading) and the LO NRQCD calculation of Ref. [23]
(solid green). The LHCb results are obtained assuming the �c mesons are produced unpolarized.
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Figure 6: Comparison of the ratio of �c2 to �c1 cross-sections obtained by LHCb using calorimetric
photons [12] (green open squares), CMS result [11] (blue filled squares), CDF result (purple filled
triangles) [10] and the result presented here (red open circles) under the assumption (left) of
unpolarized states and (right) under the assumption (m�c1 , m�c2) = (0, 0) in the helicity frame.
The uncertainty due to the limited knowledge of the branching fractions of �c ! J/ �, which is
common to all the measurements, is not included here.

uncorrelated between the analysis presented here and the LHCb analysis using calorimetric
photons, since the data samples are di↵erent, the photon reconstruction is based on
di↵erent subdetectors (calorimeter or tracker) and the background modelling is performed
in a di↵erent way. The measurements are in agreement but the results of the analysis using
converted photons are systematically lower. As underlined in Sec. 6 analysis-dependent
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(a) The statistical uncertainty is shown with a red error bar and the systematic uncer-
tainty with a hashed rectangle [11]
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(b) Ratio fitted with 2nd degree polynomial R12 = 1.43953 − 0.145874 · pJ/ψ
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0.00638469 · (pJ/ψ
T )2 for simulation; data from [24]

Figure 4.2: Both graphs show the same ratio of σ(χc2)/σ(χc1) in bins of pJ/ψ
T in the

range 4 < pJ/ψ
T < 20 GeV/c as measured by the LHCb collaboration at

√
s = 7 TeV for

2.0 < y < 4.5. The plot shows the data points and the squared sum of the statistical and
systematic errors. The systematic errors regarding the polarization are not included.

20



4.5 Kinematic distributions
This section presents relevant kinematic distributions. First, the kinematic distributions
of the χc and J/ψ mesons and thereafter those of the photons, leptons and antileptons
are shown. At the end of this chapter, the opening angles of the different particles are
discussed.

The pT -distributions of the J/ψ and χc mesons obtained according to the calculations
in the previous Section 4.1 are shown in Fig. 4.3.
The difference in the pχc1

T and pχc2
T distributions is simply due to the factor R12 in the

relation pχc1
T = R12 · pχc2

T . This approximated second degree polynomial R12 is equal
to unity at pT ≈ 3.57 GeV/c. As seen in Fig. 4.2, R12 is greater than unity below
and smaller than unity above this value. Thus, the pχc2

T distribution is above the pχcc1

T
distribution in the range from zero up to pT ≈ 3.57 GeV/c and then below for greater
pT .
The reweighting of pJ/ψ

T with R/(1+R12) for pχc1
T (compare to Eq. 4.4) and R/(1+1/R12)

for pχc2
T (compare to Eq. 4.4) result in the relations of the pT -distributions of the J/ψ

and χc mesons seen in Fig. 4.3.
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Figure 4.3: Simulated pT -distributions of J/ψ, χc1 and χc2

The correlation of pJ/ψ
T and pχc1

T is shown in Fig. 4.4, the corresponding plot for χ2 can
be found in Fig. A.3a in the Appendix. The transverse momenta of χc1 and J/ψ show
a linear correlation. Since the χc1 decays to J/ψ and γ, pJ/ψ

T < pχc1
T . The correlation

broadens at larger pT , smearing downward.
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Figure 4.4: pT -correlation of χc1 and J/ψ

Fig. 4.5 shows the reconstructed invariant masses of J/ψ and the χc1 and χc2 mesons,
calculated according to Section 3.2. The peaks of the invariant masses are distinct and
correspond to the measured masses. The width of the distributions comes from the
Breit-Wigner distributions with the parameters listed in Tab. 1.1, the tails on the left of
each peak are due to the radiative decays of the J/ψ.
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Figure 4.5: Reconstructed invariant masses of J/ψ, χc1 and χc2

The following discussion considers only the χc1 and not the χc2 meson, but it is exem-
plary for both since they show very similar trends. The corresponding χ2-distributions
can be found in Figure A.7 in the Appendix.
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The distributions of ϕ and θ of the χc1 and J/ψ in Fig. 4.6 are almost identical. The ϕ-
distributions for χc1 and J/ψ in Fig. 4.6a show that the angle in the xy-plane described
in Fig. 3.1 is isotropically distributed across the whole xy-plane (range (0, 2π)). The
θ-distributions in 4.6b show the angle along the beam direction. The particles cover the
whole range (0, π) and most are deflected by ∼ π/4 rad in either direction of the beam
axis.
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Figure 4.6: Angular distributions of χc1 and its corresponding J/ψ
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Figure 4.7: Rapidity distributions for χc1 and its corresponding J/ψ

The Gaussian distributions in Fig. 4.7 show the predetermined rapidities introduced
in Section 4.2. These are the distributions fitted to experimental data for the prompt
J/ψ in pp collisons at

√
s = 13 TeV for ALICE and LHCb at mid- and forward rapidity.
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The following Figs. 4.8 and 4.9 show the kinematics for the photon on the left and
lepton and antilepton on the right. Again, these plots belong to the χc1 decay, the plots
for the χc2 can be found in Figs. A.4 and A.5 in the Appendix.
The pT -distributions in 4.8 describe exponentially decreasing spectra. The majority of
photons are found in the range below 1 GeV/c, most leptons and antileptons are in the
range up to 4 GeV/c.
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Figure 4.8: pT -distributions of the photon from the χc1 decay and leptons and antilep-
tons from the corresponding J/ψ decay

The ϕ-distributions show that the photons and e+e− are also isotropically distributed in
the whole xy-plane (right in Fig. 3.1, range (0, 2π)). Figures 4.9e and 4.9f show the
angle θ relative to the beam axis (z-axis in Fig. 3.1, range (0, π)). Theses distributions
differ slightly from the J/ψ and χc θ-distributions in Fig 4.6b, there is no dip at π/2 rad,
meaning that more of these lighter particles than mesons are not deflected. The rapidity
(and in these cases of very light to massless particles also pseudorapidity) is simulated
symmetrically as seen in Figs. 4.9a and 4.9b.
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(f) θ-distributions of lepton and antilepton

Figure 4.9: Kinematics of the photon from the χc1 decay and leptons and antileptons
from the corresponding J/ψ decay

Further interesting distributions to be looked into are the opening angles between dif-
ferent particles. Particles should be separated enough to be easily detected and dis-
tinguished. Additionally, knowledge about the opening angles can be used to better
reconstruct the decay and detect the correct electrons and positrons. The signal to
background ratio could be improved in the analysis by introducing a selection criteria
on the angle ranges of the particles. This could also be used as input for the machine
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Figure 4.10: Opening angles for χc1 and the corresponding J/ψ

On the one hand, the opening angles of the J/ψ and χc mesons are similar, Fig.4.10a
shows exactly this. Most events have very small to zero opening angles. Fig.4.10b
shows the opening angle of the photon and the J/ψ as well as the opening angle of the
photon and the χc. These two distributions are similar and both show that the J/ψ or
χc have non zero but nontheless very small opening angles with the photon.
On the other hand, the plots in Fig. 4.11a show that their decay products e+ and e−

have opening angles far greater than zero. Since these are the ones that are detected in
the measurement, detection is possible.
The opening angles of photon and lepton as well as the opening angles of photon and
antilepton in Fig. 4.11b show that these particles have opening angles greater than
zero as well, meaning that all decay products travel in different enough directions to be
detected separately. Fig. 4.11c shows the correlation of the opening angle of e+e− and
the transverse momentum of the J/ψ.
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Figure 4.11: Different opening angles of lepton and antilepton from the χc2 decay
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Chapter 5

Analysis Part 2: Efficiencies

To calculate the χc reconstruction efficiency, several selection criteria are applied. The
overall efficiency is then calculated as the quotient of the number of χc mesons after
applying all criteria over the number of χc mesons with selected rapidities. This is ex-
plained below in more detail.

In a standard J/ψ data analysis, the J/ψ is reconstructed from the e+e− candidates
corresponding to the J/ψ decay channel into an electron-positron pair or the radiative
decay channel of which only the electron-positron pair is measured. Their tracks are
reconstructed and detected in the ITS and the TPC. A track in the electron-positron
pair is also referred to as a "single leg". In this χc analysis, the J/ψ mesons are recon-
structed analogously. Hence, the same selection criteria for the kinematic acceptance
are applied. Further, the efficiency of a standard J/ψ analysis in p-Pb collisions, i.e. a
full MC simulation with particle transport through the detector and with track recon-
struction, is implemented [25]. The requirements are summarised in Tab. 5.1.

Cut number Condition
1 χc rapidity |yχc | < 0.9
2 Single leg cuts of J/ψ daughter tracks: pe

T > 1 GeV/c and |ye| < 0.9
3 J/ψ reconstruction efficiency
4 Photon efficiency

Table 5.1: Selection Criteria applied in the simulation of the reconstructed χc mesons

The overall efficiency is then calculated as ϵ = Entries after final Cut
Entries after first Cut .

5.1 Cut 1 - χc rapidity selection
As a kinematic cut the rapidity of the χc mesons is required to be |yχc | < 0.9 for each
of the three χc0, χc1 and χc2 mesons to ensure that the decay products are within the
acceptance of the detector.
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5.2 Cut 2 - Kinematic lepton acceptance
The single leg cuts of J/ψ daughter tracks impose conditions on the transverse mo-
mentum and pseudorapidity of both lepton and antilepton. This step corresponds to the
kinematic acceptance for each lepton.
Two conditions are required for the two leptons into which the J/ψ decays. Firstly,
it is required that the transversal momentum of the two legs is greater than 1 GeV/c.
Following the Bethe-Bloch formula, the mean energy loss per distance of the electrons
and hadrons is very similar in the TPC. They can be easily separated, i.e. the electrons
are well detectable, at momenta greater than 1 GeV/c. Furthermore, it is required that
the pseudorapidity of the two leptons is smaller than 0.9. The range of the used TPC
detector responsible for electron identification is −0.9 < η < 0.9.

5.3 Cut 3 - J/ψ efficiency

The radiative and non-radiative J/ψ decays are reconstructed through e+ and e−. These
pass the detector and interact with its material and are deflected in the magnetic field.
The kinematics (pT , η, ϕ etc) are reconstructed with the hit-information in the TPC.
The invariant mass for real J/ψ is calculated from the e+e− pairs.
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Figure 5.1: J/ψ reconstruction efficiency [25]

The J/ψ reconstruction efficiency, shown in Fig. 5.1, is taken from an analysis of
p-Pb collisions at

√
sNN = 8.16 TeV taken in LHC Run 2 [25]. It includes the track

reconstruction and electron identification of both leptons and is calculated as a function
of transverse momentum.
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5.4 Cut 4 - Photon efficiency
The inclusive photons are measured with the photon conversion method (PCM) with
cuts that are also used in the neutral pion analysis. In the PCM (Fig. 5.2) the photons
are detected through a photon conversion from γ → e+e− with a probability of ≈ 8.5%
in the detector material. The electron and positron e+e− are tracked with the ITS and
TPC detector and are identified with the TPC and TOF [26].

Figure 5.2: Photon Conversion Method [26]

The photon efficiency is calculated as the product of the corresponding photon recon-
struction efficiencies and the conversion probabilities from the photon analysis in pe-
ripheral PbPb collisions at

√
sNN = 5.02 TeV taken in LHC Run 2 [26, 27].

The conversion probabilities (Fig. 5.3a) were calculated as the number of converted
primary photons, divided by the number of all generated primary photons. It is deter-
mined by the amount and composition of detector material. The reconstruction effi-
ciencies (Fig. 5.3b) were calculated as the number of validated reconstructed primary
photons, divided by the number of all generated and converted primary photons. Both
reconstruction efficiency and conversion probability are shown as a function of the true
photon pT (instead of the reconstructed pT ) for a centrality class of 60-80%.

Despite the reduced material budget in the upgraded ITS2 in Run 3 (see Section 2),
the conversion probability is similar in both Run 2 and Run 3. This was investigated
in first MC simulations [28]. Within the scope of this thesis the conversion probability
(and reconstruction efficiency) will thus be assumed to be the same for both runs [26].
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Figure 5.3: The photon reconstruction efficiency and the conversion probability from
the photon analysis in peripheral PbPb collisions at

√
sNN = 5.02 TeV taken by ALICE

in LHC Run 2 [26]

5.5 Effect of selection criteria and Efficiency
This section shows the effect of the applied selection criteria discussed above and the
overall efficiencies obtained.
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Figure 5.4: Effects of applied selection criteria

The step by step effects of the selection criteria on the pT -distributions of J/ψ and χc1
are shown in Fig. 5.4. The effect on χc2 can be found in Fig. A.6 in the Appendix. The
number of particles decrease drastically. Figure 5.5 shows the ratios of the different
cuts, i.e. the effect of one cut to its previous one, comparing J/ψ and χc1 in Fig. 5.5a
and χc1 and χc2 in Fig. 5.5b. The overall efficiencies as ratios of the final and first cuts
are shown in Fig. 5.6.
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Figure 5.5: The ratios of the different cuts for J/ψ and the χc mesons

Figure 5.5a shows that applying Cut 1 on the rapidity of the mother particle |yχci | < 0.9
(i = 1, 2) doesn’t matter much, because not many χc exceed |yχc | < 0.9. The ratio of
Cut1/Cut0 is 90% and constant.

The ratio of Cut2/Cut1 shows the effect of the kinematic acceptance, i.e. the minimum
transverse momentum pe

T > 1 GeV/c and the cut on the pseudorapidity of the leptons
|ye| < 0.9. The single leg cuts show a pT -dependence: the leptons from the decayed
J/ψ have different high and low momenta, which explains the rise of both sides of the
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minimum around 2.5 GeV/c. Further, the single leg cuts seem to have slightly different
effects on the J/ψ and χc mesons, which is mainly explainable by the photon included
in the χc but not the J/ψ reconstruction. Partly, the slight difference of the pJ/ψ

T - and
pχc

T -scales could also have an effect. However, as seen in Fig. 4.4, the pJ/ψ
T and pχc

T are
linearly correlated and close enough to be considered equal for the sake of this exercise.

The ratio of Cut3/Cut2 is the applied J/ψ reconstruction efficiency, which is the same
for J/ψ, χc1 and χc2. This efficiency, unlike the single leg cuts, is hardly dependent of
the momentum. The J/ψ reconstruction efficiency as a function of pT is around 32-
37% and relatively flat. This weak pT -dependence results in alomst the same effects on
the χc mesons.
Figures 5.5a and 5.5b show that Cuts 2 and 3 reduce the number of particles by roughly
a factor of three.

The applied photon reconstruction efficiency and conversion probability in Cut 4 have
the most drastic effect and reduces the overall efficiency of the respective χc states to
roughly 0.2% (Fig. 5.6). While all cuts so far had exactly the same effects on χc1
and χc2 (All ratios except Cut4/Cut3 in Fig. 5.5b overlap completely), Cut 4 shows
different effects on the 2 mesons: The different masses of χc1 and χc2 result in slightly
different pT -distributions for the photons of each meson (see Fig. 5.7a), so the photon
reconstruction efficiency and photon conversion probabilities have slightly different
effect on the two. Figure 5.7b compares the pT -distributions of the photons from χc1
and χc2 after applying Cuts 3 and 4
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Figure 5.6: The overall efficiencies for J/ψ, χc1 and χc2, calculated by dividing the
respective pT -distributions after applying all cuts by the distribution after applying
only the first cut on the rapidity range of the mother particles

34



0 2 4 6 8 10 12 14
]c [GeV/γ

T
p

1

10

210

310

410

510

610

710

E
nt

rie
s 1

γ

2
γ

(a) pT -distributions of the photons from χc1 and χc2
before applying any Cuts

0 2 4 6 8 10 12 14
]c [GeV/γ

T
p

1

10

210

310

410

510

610

E
nt

rie
s 1

γ), ψCut 3 (reconstr. eff. J/

1
γCut 4 (photon eff.), 

2
γ), ψCut 3 (reconstr. eff. J/

2
γCut 4 (photon eff.), 

(b) pT -distributions of the photons from χc1 and χc2
after applying Cuts 3 and 4

Figure 5.7: Differences in the pT -distributions of the photons from χc1 and χc2 before
and after applying the Photon conversion probability and Photon reconstruction effi-
ciencies to discuss the effect on the differences in the overall χc1 and χc2 efficiencies

For the J/ψ, the overall efficiency is calculated as

ϵJ/ψ =
Entries after Cut 3
Entries after Cut 1 ,

since the photon reconstruction and conversion probability of Cut 4 is not applied to
the J/ψ. The overall efficiency of χc1 and χc2 is calculated as

ϵχc =
Entries after Cut 4
Entries after Cut 1 .

These overall efficiencies can also be understood as a product of all ratios shown in
Figs. 5.5a and 5.5b, which explains the more or less smooth shape for the overall J/ψ
and χc efficiencies (shown in Fig. 5.6). Because the overall J/ψ efficiency does not in-
clude the photon reconstruction and conversion probability, the overall J/ψ efficiency
indicates a minimum slightly more distinctive that in the efficiencies of χc1 and χc2 and
is shifted as an effect of the sequence of multiplication. They all show slightly different
pT -dependencies.

The efficiencies of the J/ψ at 1 and 5 GeV/c are ∼ 20% and ∼ 30% at 10 GeV/c. The
minimum at ∼ 2 GeV/c is below 20%. Since the efficiency is pT -dependent, the pT -
spectrum must be considered. More entries at smaller pT result in an overall integrated
efficiency of ∼ 10%.
The efficiencies of the χc1 and χc2 after Cut 4 are both below 1%, reaching ∼ 0.8% at
10 GeV/c. The efficiencies at 5 GeV/c are both roughly 0.3% and both roughly 0.2%
at 5 GeV/c. The χc1 dip for very low pT goes down to almost 0.02%.
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Chapter 6

Analysis Part 3: Expected
number of χc mesons

This chapter explains how the estimated number of χc1 and χc2 particles is calculated
and discusses the necessary luminosities and cross sections.

6.1 Calculation method
The number nχc for each of the χc1 or χc2 mesons is given by

nχc = ϵχc · σχc ·

∫
L dt (6.1)

for a given integrated luminosity L (discussed in more detail in the following Section
6.2), ϵχc are the final efficiencies for χc1 and χc2 calculated in 5.5 and σχc are the
corresponding cross sections for χc1 and χc2 (derived from the J/ψ cross section which
is discussed in Section 6.3).
The cross section of all χc mesons decaying to J/ψ is given by

σ(χc → J/ψ) = R · σ(J/ψ) (6.2)

where R = σ(χc → J/ψ)/σ(J/ψ) is the ratio of prompt χc to J/ψ production discussed
in Sectionion 4.3. The cross section of all χc mesons decaying to J/ψ is also given by
the average branching ratio BR of χc1 and χc2 multiplied by the total χc cross section
σ(χc):

σ(χc → J/ψ) = BR · σ(χc) (6.3)

Here, the average branching ratio BR is given by

BR =
σ(χc1 )
σ(χc)

B1 +
σ(χc2 )
σ(χc)

B2 =
1

1 + R12
· (B1 + R12 · B2) ≈ 27.6% (6.4)

where B1 and B2 are the branching ratios of χc1 and χc2 respectively from Tab. 1.1.
R12 = σ(χc2)/σ(χc1) is the ratio of prompt χc2 to χc1 production discussed in Section.
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4.4.
Equations 6.2 and 6.3 result in the total χc cross section σ(χc)

σ(χc) =
R

BR
· σ(J/ψ) (6.5)

Using the formulas in Eq. 4.3 for σ(χc1 ) and σ(χc2 ) as functions of σ(χc) and using
σ(χci → J/ψ) = Bi ·σ(χci) (i = 1,2) as well as Eq. 6.5, the respective χc1 and χc2 cross
sections are given by:

⇒ σ(χc1 → J/ψ) = B1
R

BR

1
1 + R12

σ(J/ψ) (6.6)

⇒ σ(χc2 → J/ψ) = B2
R

BR

R12

1 + R12
σ(J/ψ) (6.7)

6.2 ALICE pp physics programme in LHC Run 3
The expected number of χc1 and χc2 mesons is calculated for different scenarios in
this thesis. The first running scenario are minimum bias pp collisions at an integrated
luminosity of 2 pb−1 in LHC Run 3.
The second scenario is pp collisions analysed at 200 pb−1 in Run 3 where only events
with detected J/ψmesons are stored [29]. The J/ψmesons are identified with the same
selection criteria applied in this thesis.

6.3 J/ψ cross section
The J/ψ cross section used for the calculation of the estimated number of χc mesons
described in the previous Section 6.1 is the ALICE measurement of the inclusive J/ψ
production cross section measured in pp collisions at a centre-of-mass energy

√
s = 13

TeV [5]. In that measurement, the J/ψ mesons are reconstructed in the e+e− de-
cay channel and the measurements are performed at midrapidity (|y| < 0.9) in the
transverse-momentum interval 0 < pT < 40 GeV/c, using a minimum bias data sample
corresponding to an integrated luminosity Lint = 32.2 nb−1 . The pT -integrated J/ψ
production cross section at midrapidity, measured using the minimum bias data sam-
ple, is

dσ(J/ψ)
dy |y=0 = 8.97 ± 0.24 (stat) ± 0.48 (syst) ± 0.15 (lumi) µb [6]

The systematic uncertainties of the pT -differential cross section vary with bin number.
For the final calculation the pT -differentiated approximation described by the graph in
Fig. 6.1 and the simple power law function

2.16pT

(1 + ( pT
4.052 )2)3

(6.8)

in the range (0,20) GeV/c is used.
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Figure 6.1: The pT -differential cross section σ(J/ψ) measured by the ALICE collabo-
ration in pp collisions at a centre-of-mass energy

√
s = 13 TeV [6]

The χc1 and χc2 cross sections are then calculated as described in the previous Section
6.1.
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Chapter 7

Results

This chapter presents the key results of this thesis. First, the estimated number of
χc mesons is presented. In addition to that, the analysis was extended further, and
the effect of different single leg selection criteria, different extrapolations of the cross
section ratio R12 of χc2/χc1 to low momenta and single electron momentum smearing
are discussed.

7.1 Estimated number of χc mesons
The estimated pT -integrated numbers of detected χc0, χc1 and J/ψ at an integrated
luminosity of 2 pb−1 are presented in Tab. 7.1. This integrated luminosity of 2 pb−1

is the originally foreseen integrated luminosity of pp collisions in LHC Run 3 and 4
for ALICE. The determined values correspond to the pT -integrated values calculated
according to Eq. 6.1. The values given are the expected values after the corresponding
analysis cuts and without efficiency correction, i.e. using the overall J/ψ efficiency for
Cut 3 of and the overall χc efficiency for Cut 4 (see Section 5.5).

J/ψ χc1 χc2

2.01 · 106 4260 2430

Table 7.1: The expected pT -integrated numbers of J/ψ, χc1 and χc2 at an integrated lu-
minosity of 2 pb−1; the overall efficiencies ϵJ/ψ =

Entries after Cut 3
Entries after Cut 1 and ϵχc =

Entries after Cut 4
Entries after Cut 1

discussed in Section 5.5 are used

The pT -differential distributions are shown in Fig. 7.1. The histograms are the respec-
tive overall efficiencies from Fig. 5.6 multiplied with the corresponding cross sections
calculated in Section 6.1 and the constant integrated luminosity of 2 pb−1.
The shape of the pT -differential distributions of χc1 and χc2 are ascribed to the used ra-
tios discussed in Sections 4.3 and 4.4 and overall efficiencies in Fig. 5.6 following the
different selection criteria applied to the decay products of the χc mesons in Chapter 5.
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Figure 7.1: pT -differential estimated numbers of J/ψ, χc1 and χc2 at an integrated
luminosity of 2 pb−1; the pT -scale is for the corresponding meson

The estimated number of particles is linearly proportional to the integrated luminosity
shown in Fig. 7.2. Thus, increasing the luminosity to e.g. 2 pb−1 by a factor of 100
simply increases the estimated number of χc mesons by a factor of 100.
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Figure 7.2: Estimated number of χc1 and χc2 mesons as a function of integrated lumi-
nosity L

To motivate a search in experimental data, the pT -integrated expected numbers should
be no less than 500. This is attained at an integrated luminosity ∼ 0.25 pb−1 for the χc1
mesons and ∼ 0.4 pb−1 for the χc2 mesons.
Further, it is interesting to mention that far more χc2 than χc1 mesons are measured
at low pT up to 4 GeV/c. More precisely, 170 χc2 mesons and 130 χc1 mesons are
measured in the (0, 1) GeV/c pT -range at a luminosity of 2 pb−1.

7.2 Effect of different ratios of prompt χc2 to χc1 pro-
duction

This section studies the extrapolation of the χc2/χc1 ratio.
The polynomial approximation described in Section 4.4 was used for the simulations
in this thesis. This second degree polynomial (red function in Fig. 7.3) describes the
data well in the range 3 − 14 GeV/c and is then used to extrapolate to zero pT .
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Figure 7.3: R12 extrapolation

To calculate upper and lower estimates, the fit function is shifted up and down by a
constant value of 10%. This value is obtained from the pJ/ψ

T -integrated cross section
from 3 to 20 GeV/c (see Section 4.4) [11]:

σ(χc2)/σ(χc1) = 0.787±0.014 (stat) ±0.034 (syst) ±0.051 (pT model) ±0.047 (BR) .

and is a conservative estimate as the quadratic sum of all uncertainties of the pT -
integrated cross section divided by the absolute value.
The effect of the upper and lower limit on the pT -differential estimates can be seen
in Fig. 7.4 and the corresponding pT -integrated numbers are listed in Tab. 7.2. It is
clearly visible that the upper limit for R12 = σ(χc2)/σ(χc1) increases the χc2 counts and
decreases the χc1 counts (green plots in 7.4), which is exactly opposite for the lower
limit (blue plots).
The upper and lower estimates through the shifted fit function both show deviations
of 5.4% for the expected pT -integrated numbers of χc1 relative to the default. The
lower R12-limit decreases the pT -integrated estimated number of χc2 mesons by roughly
11.5%. The upper limit increases the default estimate by 9.5%.

Ratio χc1 χc2

default R12 4260 2430
lower R12 limit 4490 2150
upper R12 limit 4030 2660

Table 7.2: The expected pT -integrated numbers at a luminosity of 2 pb−1 for χc1 and
χc2 for different Ratios of R12

In this thesis, these upper and lower estimates through the shifted ratio of prompt χc2
to χc1 production are used as the overall estimated systematic uncertainties.
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The final results are:

nχc1 = 4260 ± 230 (syst)

nχc2 = 2430 +230
−280 (syst)
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Figure 7.4: pT -differential estimated numbers of χc1 and χc2 at an integrated luminosity
of 2 pb−1 for different extrapolations of the ratio R12 = σ(χc2)/σ(χc1)
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7.3 Effect of stricter single leg conditions
In this section, different stricter single leg conditions are applied in the χc simulation to
investigate how the number of χc mesons and the kinematic distributions are affected.
This is motivated by the ALICE collaboration extending its pp physics programme.
One component of this extended programme with high-energy pp collisions at centre-
of-mass energies of

√
s ≈ 13− 14 TeV anticipates to select an "offline" analysis with a

target integrated luminosity of about 200 pb−1. To reduce the stored data size a highly
selective software-based event skimming will be performed after data reconstruction
[29]. Only certain events will be selected, e.g. the events with a J/ψ fulfilling the
selection criteria used in the analysis/simulation above. However, to reduce the data
sample for storage further, additional selection criteria might have to be applied.

The different single leg conditions applied are listed in the first column of Tab. 7.3.
The other two columns present the expected pT -integrated numbers for a luminosity of
200 pb−1 for each of the conditions.

Single leg condition pT -integrated χc1 pT -integrated χc2

pe
T > 1 GeV/c for both leptons 423000 241000
pe

T > 2 GeV/c for one lepton 355000 182000
pe

T > 3 GeV/c for one leptons 214000 92000
pe

T > 2 GeV/c for both leptons 127000 53000

Table 7.3: The first column lists the different single leg conditions applied in the ex-
tended simulation of the reconstructed χc; if the condition only applies to one lepton,
pe

T > 1 GeV/c applies to the other; columns 2 and 3 present the expected pT -integrated
numbers at a luminosity of 200 pb−1 for the different single leg conditions

The results are definitive:
As seen in Tab. 7.3, the pT -integrated number of χc mesons clearly decreases as the
pT -threshold of the single leg cuts increases.
At large momenta the conditions no longer matter, the pT -distributions all converge at
higher momenta and there are no more kinematic losses.
Furthermore, the conditions have severe consequences on the minimum pT -reach, see
Fig. 7.5. The first single leg cut of pe

T > 1 GeV/c enables measurements down to zero.
The greater the pT -threshold, however, the larger the minimum measurable pT . Small
momenta are not detectable anymore. Thus, these cuts are advised against.

All distributions must lie below the first least restricted distribution (black), since they
are more restricted and more counts are not possible. In other words, all distributions
are subsamples of the most generous single leg cut of pe

T > 1 GeV/c (black), this
pT -threshold includes all other combinations. However, there are slight fluctuations
at pT ≈ 7 GeV/c, where the red line surpasses the black line, which isn’t physically
possible. A possible explanation for this is that the final selection criterion applying
the photon reconstruction efficiency and conversion probability discussed in Section
5.4 drastically reduces the number of χc mesons by a factor greater than 50, making
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statistical fluctuations possible.

0 2 4 6 8 10 12 14

]c [GeV/c1
χ

T
p

0

10000

20000

30000

40000

50000

60000

70000 ] c
G

eV
/

1
 [ 

T
dy

dpN2 d
c > 1 GeV/e

T
p

 for onec > 2 GeV/e
T

p
 for bothc > 2 GeV/e

T
p

 for onec > 3 GeV/e
T

p

(a) on χc1

0 2 4 6 8 10 12 14

]c [GeV/c2
χ

T
p

0

10000

20000

30000

40000

50000

60000

70000 ] c
G

eV
/

1
 [ 

T
dy

dpN2 d

c > 1 GeV/e
T

p
 for onec > 2 GeV/e

T
p

 for bothc > 2 GeV/e
T

p
 for onec > 3 GeV/e

T
p

(b) on χc2

Figure 7.5: Effects of different single leg selection criteria on the estimated numbers
of χc1 and χc2 mesons. The cuts must all lie within the most generous cut of pe

T > 1
GeV/c, see discussion in body text.
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Chapter 8

Extended Analysis: Single
electron momentum smearing

So far, the simulation does not include particle transport through the detector nor the
momentum reconstruction. Thus, the bremsstrahlung is not taken into account either.
This leads to such narrow distributions as shown in Fig. 4.5, unrealistic to be obtained
in an analysis of experimental data.
This section examines the effect of a realistic lepton transverse momentum smearing.

The momentum smearing and bremsstrahlung approach used here is from Yvonne
Pachmayer. The effects of the momentum resolution are studied with a full MC simu-
lation from J/ψ to e+e− and include the interactions and the momentum reconstruction
of e+ and e−.

In a full MC simulation, the invariant mass distribution results from a full simulation
of the J/ψ decaying to e+e−, where the e+ and e− are reconstructed according to exper-
imental data: the e+ and e− propagate through the detector, interact with the detector
material and are deflected in the magnetic field. As a consequence of electrons and
positrons interacting with the material of detectors in energy loss, the lepton kinematic
distributions (pT , η, ϕ, ...) are reconstructed with the hit information in the TPC. Fi-
nally, the invariant mass for the true J/ψ is reconstructed from these reconstructed e+e−

[25].
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T of the leptons

The 2-dimensional plot in Fig. 8.1 shows the true MC lepton transverse momentum
of the simulation on the x-axis and the reconstructed lepton momentum as described
above on the y-axis.
The plot shows a width of approximately 2% around the linear correlation axis, which
corresponds to a momentum resolution of ∼ 2%. The entries in the lower part of the
graph are due to bremsstrahlung. The bremsstrahlung causes a resolution larger than
2%.

The goal of the model is to reconstruct the invariant mass from smeared leptons so
that they correspond to the expectations of the full MC simulation. The red entries in
Fig. 8.2a show the full MC simulation, the blue entries show the created model of the
smeared pT .
This created model randomly generates 70% of the leptons within the limits of a reso-
lution of 2% and the remaining 30% are chosen randomly within the resolution range
larger than 2%. Furthermore, the simulated pMC

T value is chosen if the smeared mo-
mentum prec

T > pMC
T . After randomly generating these smeared lepton momenta, the

four-vectors of the J/ψ mesons are calculated, from which the invariant masses of J/ψ
and χc mesons are obtained.
This created model smearing the electrons and positrons works very well, correspond-
ing to the expectations of the full MC simulation.
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Figure 8.2: Invariant J/ψ mass reconstructed from leptons with smeared momentum

Figure 8.2b shows the invariant mass peak of the J/ψ with background from analysis
with real experimental data. The background is caused in the measurement of elec-
trons and positrons. Unlike the MC simulation used in this thesis, the electrons and
positrons are not necessarily from J/ψ decays but can have other sources such as π0
decays, photon conversions, semileptonic decays of heavy-flavour hadrons etc. The
real electron of the J/ψ paired with an electron from the background sources results in
the combinatorial background seen in Fig. 8.2b. This background is parametrised by a
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second degree polynomial which fits well with experimental data obtained by Yvonne
Pachmayer [25]. The J/ψ peak is well distinguishable and the bremsstrahlung devolves
into the background signal.
The signal-to-background ratio varies for experimental data, improving with increasing
momentum. It is aimed to be around ∼ 0.45, which is realistic for small momenta, it
corresponds to a realistic scenario for pT ≈ 3 − 4 GeV/c.
From this realistic momentum distribution and realistic background the χc can be cal-
culated.
No background is assumed for the photon.

The combined invariant mass distributions for all three χc mesons resulting from the
single electron momentum smearing is shown in Fig. 8.3. The top Fig. 8.3a shows the
distribution without combinatorial background, which is then included in the bottom
Fig. 8.3b. Both results include all three χc0, χc1 and χc2 invariant mass distributions.
However, none of the peaks are properly distinguishable, making signal extraction very
difficult.
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Figure 8.3: The reconstructed masses from smeared leptons of all three χc mesons
with and without combinatorial background; the three χc mesons are simulated with
the same frequency
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To improve the signal extraction, the mass difference ∆m between the reconstructed
χc and J/ψ masses is calculated, including only the resolution of the photon. The 2%
photon momentum smearing is added.
The peaks can now be measured and fitted in the ∆m = mχc −mJ/ψ spectrum (Fig. 8.4)
rather than in the invariant χc mass spectrum (Fig. 8.3). So, the difference rather than
the direct reconstructed invariant masses should be considered since only the resolution
of the photon goes into this.

To summarise, the effect of lepton smearing results in a randomly distributed momen-
tum resolution, corresponding very well to distributions of the invariant mass of J/ψ
from the full simulation. The effect on the invariant χc masses is also clearly visible.
The combinatorial background with a signal-to-background ratio of 0.459 is realistic.
Figure 8.4 shows that the three χc mesons can indeed be measured experimentally, but
only after subtracting the reconstructed invariant mass of the J/ψ. These three recon-
structed invariant χc0, χc1 and χc2 mass peaks can be fitted with Gaussian (as seen in
Fig. 8.4) or Breit Wigner functions (in Fig. A.8 in the Appendix).
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Figure 8.4: The three invariant mass peaks for χc0, χc1 and χc2 subtracted by the invari-
ant mass of J/ψ; all invariant masses are reconstructed from smeared leptons so that
they correspond to the expectations of the full MC simulation and fitted with Gaus-
sians; the background is fitted with a 2nd degree polynomial; the abundancies are not
to scale
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Chapter 9

Summary and Outlook

This thesis gives estimates for the number of χc1 and χc2 mesons expected in pp colli-
sions at the centre-of-mass energy of

√
s = 13 TeV for ALICE in Run 3 for different

luminosities. For this, the χc mesons are simulated and reconstructed in the radiative
J/ψ decay channel χc → J/ψ + γ, since the J/ψ has been subject to several studies.
The J/ψ is reconstructed in the e+e− and the radiative decay channel.

The simulation of the χc mesons is based on measurements of inclusive J/ψ production
in pp collisions at

√
s = 13 TeV and midrapidity by ALICE. Experimental measure-

ments from the LHCb collaboration of the cross section ratios of χc to J/ψ and χc2
to χc1 are used to obtain realistic χc kinematics from the J/ψ measurements. These
ratios were measured in pp collisions at

√
s = 7 TeV and forward rapidity. Their min-

imum transverse-momentum intervals start at 2 GeV/c and 3 GeV/c respectively and
the parameterisations from the data are extrapolated to zero for this analysis. The pT -
distribution of the J/ψ shows a strong energy dependence. Taking the χc mesons to
have a similar energy dependence, the ratios are almost energy independent and can
thus be used for realistic estimations.
This χc analysis applies the same selection criteria as a standard realistic J/ψ data
analysis. Namely, the rapidity of the mother χc particles and the pT and rapidity of
the leptons are restricted and the J/ψ reconstruction efficiency is applied. This J/ψ
reconstruction efficiency is from an analysis of p-Pb collisions at

√
sNN = 8.16 TeV

taken in LHC Run 2 and includes the track reconstruction and electron identification of
both leptons. Additionally, the photons from the radiative decay of the χc mesons are
restricted with the reconstruction efficiency and conversion probability from the pho-
ton analysis in PbPb collisions at

√
sNN = 5.02 TeV estimated in LHC Run 2, where

the photons are converted to e+e− in the detector. Especially this last condition on
the photons severely decreases the final number of χc mesons. The overall efficiencies
after applying all criteria in the simulation are approximately 0.2% for both χc1 and χc2.

Additionally, simulations with stricter selection criteria on the single leg leptons of the
J/ψ are examined because the data sample for storage in the "offline" analysis is lim-
ited and might have to be reduced. Specifically, the minimum pT -thresholds of the
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leptons are restricted. The number of pT -integrated χc mesons decreases as the single
leg cuts get stricter, i.e. as the pT -threshold of the single leg cuts increases. Further, the
conditions have severe consequences on the minimum pT -reach of the χc mesons. The
first single leg cut of pe

T > 1 GeV/c enables measurements down to zero, but as this
pT -threshold increases, the minimum measurable pT of the χc mesons increase as well
and small momenta are not detectable anymore. Due to these increased pχc

T -thresholds
the cuts are advised against.
Lastly, the effect of a realistic transverse lepton momentum smearing as in a full MC
simulation from J/ψ to e+e− and the momentum reconstruction of e+ and e− is ex-
amined, since the simulation does not include particle transport through the detector
nor the momentum reconstruction which leads to unrealistic distributions compared to
experimental data. The invariant masses of the χc mesons reconstructed in a way that
the three χc mesons can indeed be measured experimentally. For this, however, the
reconstructed invariant masses of the χc mesons from the smeared leptons cannot be
used. The Gaussian and Breit Wigner functions can only be fitted to the mass differ-
ence ∆m = mχc − mJ/ψ of the reconstructed invariant J/ψ mass subtracted from the
the reconstructed invariant masses of the χc mesons, since only the resolution of the
photon goes into this.

The resulting pT -integrated estimated numbers in this simulation are 4260 χc1 mesons
and 2430 χc2 mesons at 2 pb−1, which is the originally foreseen integrated luminosity
of pp collisions in LHC Run 3 for ALICE. An ALICE dedicated pp physics programme
recording interesting physics probes has a targeted integrated luminosity of 200 pb−1.
The estimated number of χc mesons is linearly proportional to the integrated luminos-
ity, resulting in 100 times as many χc mesons in this so-called "offline" analysis.
The estimated systematic uncertainties of roughly 5% and 11% for χc1 and χc2 respec-
tively are calculated by up- and downward shifts of 10% of the fitted second degree
polynomial ratio of σ(χc2)/σ(χc1). This 10%-value is obtained from the uncertainties
of the pT -integrated cross section and all other uncertainties are neglected. This shall
estimate the effect of different possible extrapolations, since no existing measurements
go down to zero pT which is what this thesis aims to do.

In summary, the results of the estimated numbers of χc mesons are large enough to
motivate a search in experimental data for integrated luminosities starting at the low
pb−1-scale.
The reconstruction model using momentum smearing works well and is satisfactory in
that the mesons can indeed be identified from the mass difference of the invariant χc

masses and J/ψ mass, both reconstructed from the smeared lepton momenta.

This thesis shows several limitations.
Firstly, the experimentally measured data used as input for the simulation are measured
under conditions different to those considered. For instance, the ratios of the cross sec-
tion ratios of χc to J/ψ and χc2 to χc1 used are measured at different centre-of-mass
energies and rapidity ranges. All experimental data is from Run 2, so that effects of
some changes in the hardware and reconstruction algorithm from Run 2 to Run 3 can
only be predicted. For example, the lepton and photon efficiencies and particle detec-
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tion will be slightly different due to the upgraded detector in Run 3. The estimations
in this thesis assume them to be the same. Additionally, the simulations are based on
J/ψ measurements at a centre of mass energy of

√
s = 13 TeV. The LHC decided to

preform Run 3 at
√

s = 13.6 TeV rather than
√

s = 13 TeV only this July, so new
simulations have to be generated. The cross section will increase slightly with this in-
creased centre-of-mass energy.
Both used experimentally measured ratios do not go down to zero pT . Another substan-
tial limitation of this thesis is that only the ratio of σ(χc2)/σ(χc1) was extrapolated to
examine potential scenarios at pT -values below the measured 2 GeV/c. This could be
improved on the one hand by choosing different types of extreme extrapolations (linear,
constant, exponential,...) and not just shifting the measured second degree polynomial
ratio. On the other hand, theoretical calculations could be used for better predictions at
low momenta.
Finally, the uncertainty estimation in this thesis does not consider all sources. The es-
timated systematic uncertainty is merely calculated from the effect of the shift of the
fitted polynomial σ(χc2)/σ(χc1) ratio as discussed before. The same could have been
done for the used σ(χc)/σ(J/ψ) ratio. Also, relevant measurements from other collab-
orations could have been implemented to see how other experimental data changes the
predictions.

Overall, even with all suggestions to improve the estimations, the results should be
within the same order of magnitude and points to promising χc measurements in AL-
ICE in Run 3 within the foreseen pp physics programme.
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Appendix A

Appendix

A.1 ITS2

Figure A.1: Comparison of the ITS detector in Run 1 and 2 (ITS) and Run 3 (ITS2)

54



A.2 χc properties

name PythiaId mass/GeV width/GeV maxDm/GeV 3*charge 2*spin lifetime*c/mm
χc0 10441 3.4147500e+00 1.0500000e-02 5.0000000e-02 0 0 0.0000000e+00
χc1 20443 3.5106600e+00 8.4000000e-04 1.0000000e-02 0 2 0.0000000e+00
χc2 445 3.5562000e+00 1.9300000e-03 6.0000000e-03 0 4 0.0000000e+00

Table A.1: χc properties from evt.pdl; Updated by R. Godang. The format and conven-
tion are based on the current evt.pdl and PDG 2012; from 5/10/2013

A.3 Decay table

Figure A.2: A documentation of the simulated decays in the decay table CHICTOJP-
SITOELE.DEC [19]. SVP describes a radiative decays of a scalar to a vector particle;
VVP: vector to vector particle; TVP: tensor to vetor particle [30]
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A.4 Additional kinematic distributions
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Figure A.3: Kinematic distributions for χc2 and the corresponding J/ψ
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Figure A.4: Kinematics of photon from the χc2 decay and lepton and antilepton e+ and
e− from the J/ψ from the χc2 decay
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Figure A.6: Effects of applied selection criteria on χc2
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A.5 Effect of selection criteria
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A.6 Single leg momentum smearing fitted with Breit
Wigner
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Figure A.8: The three invariant mass peaks for χc0, χc1 and χc2 subtracted by the
invariant mass of J/ψ; all invariant masses are reconstructed from smeared leptons so
that they correspond to the expectations of the full MC simulation and fitted with Breit
Wigner functions; the abundancies are not to scale
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