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préparée à l’Ecole polytechnique
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Introduction

For years after its discovery, the electron was believed too small to be of interest to any-
one outside a science lab. That, of course, has now changed. Many discoveries started by
research that was purely driven by curiosity, and then led to new technologies that be-
came an essential part of human life. Over the centuries, researchers have been pushing
the boundaries of our understanding of the universe by exploring extreme limits: from
the most fundamental constituents of the subatomic world to the biggest superclusters of
galaxies in the universe.
One of the most successful theories of physics is the Standard Model, a framework that
describes three of the four known fundamental forces of nature and classifies all known
elementary particles. But despite its accuracy in describing many of the fundamental
processes, there are still plenty of open questions to be answered.
The Standard Model describes the state of matter in nature as quarks and gluons confined
in hadrons. Under extreme conditions, however, matter undergoes a phase transition to
a plasma of quarks and gluons that are asymptotically free. The Quark-Gluon Plasma is
believed to have existed microseconds after the Big Bang. It can be recreated in the labo-
ratory when heavy nuclei are collided at high energies. Since the QGP has a short lifetime
and cannot be directly seen, many particles are used as signatures of its formation and
as tools to study its properties. One of them is a particle called “the J/ψ meson”, made
of a charm quark and its anti-quark. The production of the J/ψ, however, is still yet to be
understood.
The goal of this thesis is to help better understand the J/ψ production in pp and PbPb
collisions by measuring the fragmentation function of jets containing a J/ψ, i.e. checking
the degree of isolation of the J/ψ meson while being produced.
Mainly, two analyses were done throughout this thesis. The first focused on the frag-
mentation of jets containing a J/ψ in pp collisions, both the prompt and nonprompt J/ψ
components were reported. The second measured the fragmentation of jets containing
prompt J/ψ mesons only, but in pp and PbPb collisions this time.
This manuscript is constructed as follows. Chapter 1 starts from the fundamental the-
ory of Quantum-Chromodynamics to the questions that inspired this thesis, presenting
the current status of our understanding of J/ψ production in hadronic collisions and its
interaction with the QGP in PbPb collisions. Chapter 2 describes the machinery used to
collect data for this study, starting with the Large Hadron Collider, then the Compact
Muon Solenoid, going into the details of each of the subdetectors, the magnet system,
and the trigger. Afterward, Chapter 3 describes the full procedure of measuring the frag-
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mentation function, from the reconstruction of objects to the yield extraction and the
determination of jet transverse momentum. The chapter also contains details about the
datasets, the selection, and the corrections needed in the analyses. Finally, Chapter 4 and
Chapter 5 contain the results of this thesis with a discussion about the physics and what
could be done next to continue.



Chapter 1

From Quantum Chromodynamics to
this thesis

1.1 The Quark-Gluon Plasma

1.1.1 Quantum chromodynamics

Quantum ChromoDynamics (QCD) is the theoretical framework dedicated to describing
the strong interaction between quarks and gluons.
In analogy to QED, the theory that describes atomic interactions, the equivalent of the
electrical charge is a property called color. The gluons are the force carriers, like photons
are for the electromagnetic force. Similarly, a hadron is a composite made of quarks, held
together by the strong force, like the molecules are held together with the electromagnetic
force. For each color, there is an anti-color and the combination of each type of color
charge (red + green + blue) is neutral. The quarks carry one color charge and the gluons
carry a color and an anti-color which form an octet representation of SU(3). To form
hadrons, which are colorless, a quark and an anti-quark can interact and form a bound
state called a meson, or three quarks with one of each color charge can be bound together
to form a baryon. Other larger combinations, such as the pentaquark, are also possible
since they could also meet the colorless condition.

1.1.2 Confinement and deconfinement

The strong coupling constant, αs, is the only free parameter of the Lagrangian of quan-
tum chromodynamics if we consider the quark masses as fixed [1]. Fig. 1.1 shows that
αs decreases with the increase of the momentum transfer Q. The strong coupling van-
ishes when Q → ∞, a phenomenon known as asymptotic freedom. When Q is close to
the QCD scale (ΛQCD ∼ 200 MeV) the coupling constant becomes large. This is the case
inside hadrons where the coupling becomes too strong that it is impossible to isolate a
quark from a hadron. This mechanism is known as confinement.
Due to this phenomenon, quarks and gluons have never been observed isolated in nor-
mal conditions. However, QCD lattice calculations [2] indicate that above a critical tem-

3
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Throughout these years, several individuals and/or groups have compiled
the available ↵s measurements and combined them into a single value. The
earliest attempt by Altarelli has already been discussed above. During the
nineties, the reference in terms of ↵s(M

2
z) was established by the PDG,

in particular thanks to the PDG review on QCD by Hinchcli↵e (see, e.g.,
Refs. [44, 45]). An independent estimate of the WA value was published by
Schmelling [46] in 1997, based on his proposal for handling unknown cor-
relations. Then, during the first decade of this century, Bethke [9, 47, 48]
provided a number of comprehensive studies, that established the de-facto
WA value, despite the PDG still publishing an independent combination.
Since a few years this situation has been resolved, with Bethke now being
co-author (together with Dissertori and Salam) of the PDG review on QCD
that also contains the WA determination of ↵s. Figure 5 displays this, most
likely incomplete, collection of WA results as a function of time, nicely show-
ing the impressive progress made throughout the last decades. Finally, Fig. 6
presents an example [9] of inputs to the averaging procedure and the current
experimental status of the running of ↵s, showing excellent agreement with
the theoretical expectation.

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)
(–)

Figure 6: Left: List of individual ↵s(M
2
z) measurements and their comparison

to the world average from Ref. [9] in 2000; Right: current status of the
running of ↵s, as summarised in Ref. [2].
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Figure 1.1: Current experimental status of the running of the strong coupling constant αs
with the momentum transfer Q [1].

perature, Tc, or energy density, εc, strongly interacting matter undergoes a phase transi-
tion to a new state where the quarks and gluons are no longer confined in hadrons [3].
The energy density is shown as a function of the temperature from lattice QCD calcula-
tions in Fig. 1.2.
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Figure 1. Energy density ε/T 4 (full curve) and pressure 3P/T 4 (dashed curve) as a

function of temperature T from lattice calculations [8]. The arrow indicates the Stefan

Boltzmann limit of the energy density.

changes slowly compared to the rapid increase of the energy density around T = 190

MeV. It follows that the speed of sound, cs =
√
∂P/∂ε, is reduced during the strong

phase transition. At large temperature the energy density reaches a significant fraction

(∼ 0.9) of the ideal massless gas limit (Stefan-Boltzmann limit).

Relativistic heavy-ion collisions are a unique tool to create and study hot QCD

matter and its phase transition under controlled conditions [7, 9, 10, 11, 12, 13]. As

in the early universe, the hot and dense system created in a heavy-ion collision will

expand and cool down. During this evolution the system probes a range of energy

densities and temperatures, and possibly different phases. Provided that the quarks

and gluons undergo multiple interactions the system will thermalize and form the QGP

which subsequently undergoes a collective expansion and eventually becomes so dilute

that it hadronizes. This collective expansion is called flow.

Flow is an observable that provides experimental information on the equation of

state and the transport properties of the created QGP. The azimuthal anisotropy in

particle production is the clearest experimental signature of collective flow in heavy-ion

collisions [14, 15, 16, 17, 18] . This so-called anisotropic flow is caused by the initial

asymmetries in the geometry of the system produced in a non-central collision. The

second Fourier coefficient of the azimuthal asymmetry is called elliptic flow. In this

report I will describe the relation between elliptic flow and the geometry of the collision

(section 2 and 3), the sensitivity of elliptic flow to the EoS and transport properties

(section 3) and the techniques used to measure elliptic flow from the data (section 4).

In section 5 I will review the elliptic flow measurements at the LHC and at lower energies,

together with the current theoretical understanding of these results.

Figure 1.2: Energy density ε/T4 (blue) and pressure 3P/T4 (red) as function of the tem-
perature T from lattice calculations. The arrow indicates the Stefan Boltzmann limit of
the energy density [4].

The jump in the energy density around Tc ∼ 200 MeV, εc ∼ 1 GeV/fm3, indicates a jump
in the degrees of freedom and sequentially a phase transition from hadronic matter to a
state of matter is compared to a soup of quarks and gluons and called the Quark-Gluon
Plasma, the QGP [5].
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1.1.3 Experimental study of the QGP

Microseconds after the Big Bang, matter existed in the form of quark-gluon plasma. To
recreate conditions similar to the early universe, powerful accelerators collide heavy nu-
clei to form many small fireballs in which the nucleons “melt” into a quark-gluon plasma.
The following sections will explain, in detail, how the QGP forms in heavy-ion collisions
and what are the tools used to study its properties.

Relativistic heavy-ion collisions

To create the de-confined state of matter, the conditions of high energy density and tem-
perature should be reached. Heavy-ion colliders smash heavy nuclei at high energies
such that the nucleons in the nuclei collide at energies of a few trillion electronvolts each,
creating a high-temperature but low-density medium that allows a smooth crossover of
the matter from hadronic to the QGP [6]. In 2000 CERN announced the discovery of a
“new state of matter in heavy-ion collisions at the SPS” that “features many of the char-
acteristics of the theoretically predicted quark-gluon plasma” based on many measure-
ments from different experiments [7]. RHIC followed, in 2005, by publishing four papers
summarizing the findings from the first three years of data [8, 9, 10, 11]. The creation of a
new state of matter was confirmed in heavy-ion collisions.

Geometry of the collision A nucleus is an extended object made of nucleons, i.e. pro-
tons and neutrons. When colliding nuclei, the number of nucleon-nucleon interactions
is highest when the collision is “head-on”. In this case, the collision is called central and
the nuclei overlap completely, as opposed to peripheral collisions where the nuclei only
overlap partially. Since the QGP is formed in the overlap region, the collision centrality
determination is of particular importance in heavy-ion physics results.

b

Figure 1.3: Illustration of two nucleus before and after the collision, adapted from
Ref. [12]

Fig. 1.3 illustrates two colliding nuclei. The impact parameter, b, is the distance between
the centers of the nuclei. It is a key characteristic of the collision’s geometry. And it can
take values from 0 to the sum of the radii of the two nuclei.
The number of participating nucleons that undergo at least one inelastic collision (Npart)
and the number of binary nucleon-nucleon collision (Ncoll) are both important quanti-
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ties that cannot be determined directly from measured cross-sections. They can be deter-
mined, however, with a well-defined theoretical procedure called the Glauber model [13],
which provides these abstract quantities averaged within “centrality classes”. The Glauber
model calculations have two main classes: the “optical limit” calculations where a smooth
matter density is assumed inside the nuclei, and the “Glauber Monte Carlo” where the
nucleus is modelled as uncorrelated nucleons sampled from measured density distribu-
tions.

b s

s-b

A

B

2

Nucleus R [fm] a [fm] w [fm]
2H 0.010 0.5882 -0.0000
16O 2.608 0.5130 -0.5100
28Si 3.340 0.5800 -0.2330
32S 2.540 2.1910 -0.1600

40Ca 3.766 0.5860 -0.1610
58Ni 4.309 0.5170 -0.1308
62Cu 4.200 0.5960 -0.0000
186W 6.580 0.4800 -0.0000
197Au 6.380 0.5350 -0.0000
207Pba 6.620 0.5460 -0.0000
238U 6.810 0.6000 -0.0000

aThese values are also used for 208Pb for which Fermi parameters
are not available. It has been noted that Bessel-Fourier coe�cients
for the two nuclei are similar [3].

TABLE I: Nuclear charge density parameters for di↵erent nu-
clei, taken from Ref. [3].

It should be noted that the 3rd option was used in PHO-
BOS analyses.

B. Collision Process

The impact parameter of the collision is chosen ran-
domly from a distribution dN/db / b up to some large
maximum bmax with bmax ' 20 fm> 2RA. The centers of
the nuclei are calculated and shifted to (�b/2, 0, 0) and
(b/2, 0, 0) 1. It is assumed that the nucleons move along
a straight trajectory along the beam axis. (The longitu-
dinal coordinate does not play a role in the calculation.)

The inelastic nucleon-nucleon cross section (�NN),
which is only a function of the collision energy is ex-
tracted from p+p collisions. At the top RHIC energy ofp

sNN = 200 GeV, �NN = 42 mb, while at the LHC it is
expected to be around �NN = 72 mb (with large uncer-
tainty from the unknown elastic cross section). The “ball
diameter” is defined as:

D =
p
�NN/⇡. (4)

Two nucleons from di↵erent nuclei are assumed to collide
if their relative transverse distance is less than the ball
diameter. If no such nucleon–nucleon collision is regis-
tered for any pair of nucleons, then no nucleus–nucleus
collision occurred. Counters for determination of the to-
tal (geometric) cross section are updated accordingly.

1 Throughout the paper, the reaction plane, defined by the impact
parameter and the beam direction, is given by the x- and z-axes,
while the transverse plane is given by the x- and y-axes.
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FIG. 1: Typical events for Cu+Cu (top panel), Au+Au (mid-
dle panel), and Pb+Pb (lower panel) collisions, the first two
performed at RHIC energies and the latter at the LHC.
Wounded nucleons (participants) are indicated as solid cir-
cles, while spectators are dotted circles.

III. USERS’ GUIDE

The PHOBOS Glauber MC code works
within the ROOT framework (ROOT 4.00/08 or
higher [6]). The code is contained in the macro

Figure 1.4: Left: Schematic view of the initial geometry of two collided ions A and B
separated by an impact parameter b, adapted from Ref. [13]. Right: An example of a
PbPb collision at LHC with b ≈ 7 fm. The participants are indicated as solid circles [14].

In the left panel of Fig. 1.4, two nuclei A and B, with A and B nucleons respectively, are
colliding with an impact parameter b, as described by the optical Glauber model geome-
try The tube located at a distance~s from the center of the nucleus A overlaps with another
tube in the nucleus B located at~s−~b from the center. The thickness function of the nu-
cleus is defined as the density of nucleons ρ per unit area dxdy along the direction z at a
distance~s and, for the nucleus A, can be expressed as:

TA(s) =
∫

dzρA(s, z), normalized so that
∫

d2sTA(s) = A (1.1)

where ρ is the nuclear density distribution in a given nucleus, usually parameterized by
a Wood-Saxon distribution [13]. The nuclear overlap function can then be defined as:

TAB(b) =
∫

d2sTA(s)TB(s− b) (1.2)

Ncoll and Npart for a given impact parameter b are then defined as:

Ncoll(b) = AB TAB(b).σinel
nn (1.3)
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Npart(b) =A
∫

d2sTA(s)
(

1−
[
1− TB(s− b)σinel

nn

]B
)

+ B
∫

d2sTB(s− b)

(
1−

[
1− TA(s)σinel

nn

]A
) (1.4)

where σinel
nn is the inelastic nucleon-nucleon cross section.

The nuclear overlap function can be thought of as the nucleon-nucleon luminosity (reac-
tion rate per unit cross section) in an AB collision at a given impact parameter b.
The right panel of Fig. 1.4 shows an example of a PbPb collision at the LHC where the nu-
cleons have a more realistic representation in the nuclei, described by the Glauber Monte
Carlo. The participants are drawn with solid circles while the dashed circles show the
spectators, i.e. the nucleons that do not experience any inelastic collision.
In heavy-ion experiments, Ncoll, Npart and TAA cannot be determined directly. The events
are classified into centrality classes (procedure explained in Section. 3.3), and the mean
parameters 〈Ncoll〉 and 〈Npart〉 are obtained by performing Monte Carlo Glauber simula-
tions.

Evolution of nuclear collision The time evolution of a nucleus-nucleus collision is rep-
resented in Fig. 1.5.

collision QGP hadronization freezeout

Figure 1.5: Schematic illustration of the evolution of a relativistic heavy-ion collision.

It can be described as follows:

ý In the laboratory frame, the two incoming nuclei are Lorentz contracted. Parton
scatterings start at this stage. Hard processes take place.

ý The parton interactions start producing new particles increasing the density of the
system. This can lead to the formation of the QGP. The system then starts to expand
and cool down.

ý When the system cools down to the critical point, hadrons start forming.

ý The chemical freezeout is reached when no more inelastic interactions are taking
place. After this point, the number of hadrons stays unchanged. Then a kinetic
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freezeout is reached when no more elastic interactions take place, fixing the kine-
matic distributions of the hadrons.

Probing the QGP

Since the QGP only exists for a very short time, it cannot be measured directly. But it can
be studied indirectly by measuring how certain particles are modified by its presence.
Those particles are called probes or signatures of the QGP. They are separated into soft
and hard probes depending on the momentum of their production processes.

Soft probes The majority of particles produced in the collisions are soft particles. They
are used to study the thermal and hydrodynamical evolution of the medium. As exam-
ples, the elliptic flow and the strangeness enhancement are discussed in the following
part.

ý Elliptic flow: In non-central heavy-ion collisions, the colliding matter takes an oval
shape as shown in Fig. 1.6. This shape causes an azimuthal anisotropy for the co-
ordinate and momentum distributions. The azimuthal anisotropy in particle pro-
duction is the clearest experimental signature of collective flow in heavy-ion colli-
sions [4]. The elliptic flow (v2) is the second coefficient of the Fourier expansion of
the azimuthal distribution with respect to the reaction plane, defined by the beam
axis and the impact parameter vector of the colliding nuclei. The triangular flow
(v3) is the third coefficient and the quadrangular (v4) is the fourth [15].
The anisotropic flow is especially sensitive to the early stages of system evolution,

x

y z

x

y

px

py

Coordinate space:

Initial asymmetry

Momental space:

Final asymmetry

Collective interaction 
pressure

Figure 1.6: A schematic representation of the collision zone between two incoming nu-
clei with initial- and final-state anisotropies in the collision zone in the coordinate and
momental space respectively, adapted from Ref. [16]

making it an important observable when studying the hydrodynamical properties
of the expanding medium such as the viscosity and temperature. However, the
anisotropic flow can also be affected by the late-stage interactions and resonance
decays.
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ý Strangeness enhancement: The quantum number called strangeness quantifies the
number of strange quarks in a decay. It can take values of 1 for strange quarks, -1
for the strange anti-quarks, and 0 for the other quarks. Due to the higher mass of
strange quarks, strange hadrons are less abundant than light quark hadrons, like
pions, in pp collisions. In heavy-ion collisions, however, the large gluon density
in the QGP enhances the production of ss̄ pairs via gluon fusion. At high collision
energies, the strange quarks can also bind to b and c quarks, producing strange
hadrons like kaons or Ds. Enhanced production of strange hadrons in heavy-ion has
been observed by many experiments like WA97/NA57 [17, 18] at SPS, STAR [19] at
RHIC, and ALICE [20] at the LHC.

Hard probes They are ideal tools to study the structure of the system since they are
believed to be produced early in the collision and to often live through the QGP. In the
following sections, important examples of hard probes are discussed: jets, electroweak
bosons, and heavy flavor production.

ý Jets: During hadronic collisions, partons can scatter with very large momentum
transfers. The partons quickly radiate gluons which split into multiple quarks that
form hadrons. The produced hadrons tend to move along the same direction as the
original fragmented parton, forming a localized spray of particles called a jet. In
heavy-ion collisions, if the jets are formed in the center of the collision, they have
to traverse the medium before they escape. The energy of the jets is attenuated and
the jets are considered quenched by the medium.
Jets are found by identifying a fast hadron, called the trigger, and associated hadrons
within a selected pT threshold. Measuring the azimuthal angle of the associated
hadrons relative to the jet indicates a strong correlation with the leading particle.

5
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FIG. 4: (a) Efficiency corrected two-particle azimuthal dis-
tributions for minimum bias and central d+Au collisions, and
for p+p collisions[6]. Curves are fits using Eq. 3, with pa-
rameters given in Table I. (b) Comparison of two-particle
azimuthal distributions for central d+Au collisions to those
seen in p+p and central Au+Au collisions [6]. The respective
pedestals have been subtracted.

TABLE I: Fit parameters from Eq. 3. Errors are statistical
only.

p+p min. bias d+Au min. bias d+Au central

AN 0.081±0.005 0.073±0.003 0.067±0.004

σN 0.18±0.01 0.20±0.01 0.22±0.02

AB 0.119±0.007 0.097±0.004 0.098±0.007

σB 0.45±0.03 0.48±0.02 0.51±0.03

P 0.008±0.001 0.039±0.001 0.052±0.002

trality dependence [14]. Figure 3 also shows RAB(pT ) for
central Au+Au collisions[5], exhibiting large suppression
in hadron production at high pT .

Figure 4(a) shows the two-particle azimuthal distribu-
tion D(∆φ), defined as

D(∆φ) ≡ 1

Ntrigger

1

ǫ

dN

d(∆φ)
, (2)

for minimum bias and central d+Au collisions, and for
p+p collisions[6]. Only particles within |η|<0.7 are in-
cluded in the analysis. Ntrigger is the number of particles
within 4<pT (trig)<6 GeV/c, referred to as trigger parti-
cles. The distribution results from the correlation of each
trigger particle with all associated particles in the same
event having 2 < pT < pT (trig), where ǫ is the tracking
efficiency of the associated particles. The normalization
uncertainties are less than 5%.

The azimuthal distributions in d+Au collisions include

a near-side (∆φ ∼ 0) peak similar to that seen in p+p and
Au+Au collisions [6] that is typical of jet production, and
a back-to-back (∆φ ∼ π) peak similar to that seen in p+p
and peripheral Au+Au collisions [6] that is typical of di-
jet events. The azimuthal distributions are characterized
by a fit to the sum of near-side (first term) and back-to-
back (second term) Gaussian peaks and a constant:

D(∆φ) = AN
e−(∆φ)2/2σ2

N

√
2πσN

+AB
e−(|∆φ|−π)2/2σ2

B

√
2πσB

+P. (3)

Fit parameters are given in Table I. Their systematic
uncertainties are highly correlated between the data sets,
and are less than 20% for σN and less than 10% for all
other parameters. The only large difference in the az-
imuthal distributions in p+p and d+Au collisions is the
growth of the pedestal P . It increases with increasing
〈Nbin〉, but is not proportional to 〈Nbin〉 as might be ex-
pected for incoherent production. Both σN and σB ex-
hibit at most a small increase from p+p to central d+Au
collisions. A small growth in σB is expected to result
from initial-state multiple scattering [24, 25]. The mod-
est reduction in the correlation strengths AN and AB

from p+p to central d+Au collisions is similar to that
seen previously for peripheral Au+Au collisions [6].

Figure 4(b) shows the pedestal-subtracted azimuthal
distributions for p+p and central d+Au collisions.
The azimuthal distributions are shown also for central
Au+Au collisions after subtraction of the elliptic flow
and pedestal contributions [6]. The near-side peak is sim-
ilar in all three systems, while the back-to-back peak in
central Au+Au shows a dramatic suppression relative to
p+p and d+Au.

The contrast between d+Au and central Au+Au col-
lisions in Figs. 3 and 4 indicates that the cause of the
strong high pT suppression observed previously is asso-
ciated with the medium produced in Au+Au but not in
d+Au collisions. The suppression of the inclusive hadron
yield at high pT in central Au+Au collisions has been
discussed theoretically in various approaches (see [5] for
references). Measurements of central Au+Au collisions
[5] are described both by pQCD calculations that incor-
porate shadowing, the Cronin effect, and partonic energy
loss in dense matter, and by a calculation extending the
saturation model to high momentum transfer. However,
predictions of these models differ significantly for d+Au
collisions. Due to the Cronin effect, pQCD models pre-
dict that RAB(pT )>1 within 2<pT <6 GeV/c for mini-
mum bias d+Au collisions, with a peak magnitude of 1.1-
1.5 in the range 2.5<pT <4 GeV/c [11]. The enhancement
is expected to be larger for central collisions [12]. The
saturation model calculation in [7] predicts RAB(pT )<1,
with larger suppression for more central events, achieving
RAB(pT )∼ 0.75 for the 20% most central collisions. In
contrast, another saturation model calculation [15] gener-
ates an enhancement in RAB(pT ), similar to the Cronin

Figure 1.7: two-particle azimuthal distributions [21].
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Fig. 1.7 shows the azimuthal angle (∆φ) between high momentum hadrons in dAu,
pp and AuAu collisions [21]. In all systems, a narrow peak, a jet, is found cen-
tered around ∆φ = 0o. Momentum conservation would suggest a second peak at
∆φ = 180o, which is seen clearly in pp and dAu collisions but is absent in AuAu
collisions. This is consistent with a picture in which one jet is usually produced near
the surface and the other jet needs to traverse the medium and is then completely
absorbed.

ý Electroweak bosons: Photons, W± and Z are the electroweak bosons. They do not
have color charges, thus are not affected by the strongly interacting medium. They
are created in the initial hard collisions, so they are used as clean probes of nuclear
effects other than the QGP. They are also used as controls to estimate the initial
transverse momentum of recoil partons [22, 23].

ý Heavy flavor production: Hadrons containing heavy quarks, b and c, are believed
to probe the whole phase of the QGP due to the early production of their con-
stituents. The effect of the hot medium is studied by measuring the nuclear modi-
fication factor, RAA.
RAA is the ratio that compares the per-event yield in heavy-ion collisions to the
expectation from pp collisions, by scaling the cross section of the latter by TAA,
the average effective nucleon-nucleon luminosity delivered by a single heavy ion
collision for a given centrality selection. In the absence of nuclear effects RAA = 1.
Fig. 1.8 shows the RAA of some heavy-flavor hadrons compared to charged hadrons
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Figure 5: (colour online) Measurements of the RAA of non-strange heavy hadrons in Pb–Pb collisions
at the LHC. Left: ATLAS measurement of inclusive heavy-flavour decay muons in three centrality
classes [4]. Middle: ALICE measurement of non-strange D-meson RAA at

√
sNN = 2.76 TeV and√

sNN = 5.02 TeV [11]. Right: CMS measurement of D0 mesons compared with charged hadrons [3].

contribution to the inclusive spectra by beauty hadrons is still suppressed, but to a lesser degree
than for charmed hadrons, partially confirming the prediction that beauty hadrons suffer less
energy loss than charmed hadrons.
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Figure 6: (colour online) Measurements of the RAA of beauty hadrons. Left: ALICE measurement of
beauty-decay electrons compared with inclusive heavy-flavour decay electrons. Right: CMS measurement
of non-prompt J/ψ and of B+ mesons compared with D0 mesons and charged hadrons.

It is also instructive to consider the production of strange heavy mesons in heavy-ion collisions.
The enhancement of strangeness production is considered to be a potential signature of QGP
formation, and therefore a modification of D+

s -meson and B0
s -meson production with respect to

non-strange D and B mesons could be a sign of recombination of charm quarks with strange
quarks in the medium. The ALICE measurement of the RAA of non-strange and strange D
mesons [11], and the CMS measurement of B0

s and B+ mesons, are shown in Fig. 7. In both
cases, the heavy mesons containing a strange quark appear to be less suppressed than those
without, although the measurement uncertainties are still large enough that it is difficult to draw
a firm conclusion. The TAMU model [12], which considers only elastic energy loss processes,
describes the D+

s RAA better than the PHSD model [13], which also includes gluon radiation.
Measurements of the flow parameters of charmed hadrons in Pb–Pb collisions are shown

in Fig. 8. The left plot displays the elliptic flow (v2) measurements for D mesons and charged
pions by the ALICE Collaboration in 30–50% central Pb–Pb collisions at

√
sNN = 5.02 TeV and√

sNN = 2.76 TeV [14]; the right plot shows the elliptic and triangular (v3) flow parameters for

Figure 1.8: RAA of charged hadrons [24], D0 [25], B± [26], and J/ψ coming from b hadron
decays [27].

that consist mainly of light flavor. The dominant contributions to charged hadrons
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are pions1, kaons2 and protons. They are all made of light quarks.
On the heavy flavor side, D0 is the meson made of a charm quark and an up anti-
quark. The B+ meson is made of a charm quark and a beauty antiquark, B− being
its anti-particle. J/ψ is the meson made of a charm quark and its antiquark.
The RAA shows suppression of heavy flavor over the pT spectrum. While travers-
ing the plasma, the heavy quarks interact with the partons radiating gluons and
losing energy. This process is called radiative ELoss as opposed to the collisional
ELoss where the gluons interact with the QGP before forming the quarks at later
times. Since massive quarks are predicted to lose less energy than light partons,
the RAA shows less suppression for heavy-flavor hadrons when compared to light
hadrons.

ý Quarkonium production: Quarkonium states are the bound states of cc̄ and bb̄,
called charmonia and bottomonia respectively. In the presence of a hot decon-
fined medium, the bound states dissociate causing the suppression of quarkonia
in heavy-ion collisions compared to pp. The mechanisms causing the dissociation
will be explained in detail in the next section when discussing the most abundant
charmonium state, called the J/ψ meson.
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Fig. 9. Charmonium (left) and bottomonium (right) spectral functions calculated in a potential
model with complex potential.83

the observed melting pattern is the presence of the imaginary part of the potential;

neglecting it would lead to larger dissociation temperatures (see e.g. Ref. 84). The

above estimates of the melting temperatures are in agreement with earlier estimates

presented in Ref. 77 (note, that Tc = 204 MeV in those pure gauge calculations).

Also, the above spectral functions agree qualitatively with the ones found in a T -

matrix approach that also includes some of the effects of the imaginary potential.85

2.4.6. Lattice NRQCD at Non-zero Temperature

For the most interesting cases the heavy quark mass is well-separated from other

scales. Therefore, NRQCD is always a good effective theory and can be combined

with non-perturbative approaches like lattice QCD. A lattice version of NRQCD has

been successfully used to study bottomonium spectral functions non-perturbatively

(see e.g.86). This approach can also be used to study bottomonium spectral func-

tions at non-zero temperatures.87, 88 Studying bottomonium spectral functions using

relativistic heavy quarks turns out to be difficult because of the noise, which is not a

problem in the non-relativistic formulation. In the NRQCD approach heavy quarks

are not subject to anti-periodic conditions and, therefore, the meson correlator can

be studied up to twice larger distances τ < 1/T and has a simpler spectral decom-

position

G(τ, T ) =

∫ ∞

−∞
dωσ(ω, T )e−ωτ . (31)

Due to the fact that gauge fields are still periodic, the spectral function can be non-

zero for negative energies.88 In this approach there is no zero-mode contribution.

This, and the fact that correlators can be studied at larger distances, makes the

correlators more sensitive to the medium-modification of the spectral functions. The

temperature dependence of P-wave bottomonium correlators appears to be strong

at temperatures of about 280 MeV, which is indicative of melting of P states.87 At
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Figure 1.9: Charmonium (left) and bottomonium (middle) spectral functions calculated
in a potential model with complex potential, and a cartoon of the QGP thermometer
(right) provided by the sequential melting of quarkonia [28].

Quarkonium suppression happens sequentially: strongly bound states require a
higher temperature to dissociate than loosely bound states. A certain state’s melt-
ing can also be affected by the melting of more excited states because they feed
down to less excited states. The sequential melting can be clearly seen in Fig. 1.9,
where the spectral functions of charmonia and bottomonia are shown at different
temperatures. With increasing temperature, the peak gets wider and shifts slightly
to lower ω until it gets completely suppressed, starting with the more excited, thus

1Pions (π0 and π±) are the lightest hadrons. They consist of a quark and an antiquark. The quarks can
be up or down quarks or their antiquarks

2Kaons are the bound states of a strange quark (or antiquark) and an up or down antiquark (or quark)
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more loosely bound, states. The study of the QGP can thus be measured using
quarkonia as a thermometer as shown in Fig. 1.9 on the right.
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1.2 J/ψ production in heavy-ion and pp collisions

The J/ψ meson was discovered independently by two research groups [29, 30] granting a
Nobel prize for both group leaders. The discovery was considered revolutionary at the
time since it established the quark model as a credible description of nature. Fig. 1.10
shows the charmonium states with selected decay modes and transitions [31], with the
J/ψ highlighted in red.

JPC
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0

<latexit sha1_base64="E0H4qpcBLSd+MHc3raGLKiTivB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBe1+Muw==</latexit>

0

<latexit sha1_base64="E0H4qpcBLSd+MHc3raGLKiTivB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBe1+Muw==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

0

<latexit sha1_base64="E0H4qpcBLSd+MHc3raGLKiTivB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBe1+Muw==</latexit>

0

<latexit sha1_base64="E0H4qpcBLSd+MHc3raGLKiTivB4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBe1+Muw==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

1

<latexit sha1_base64="RSOBfsC0h9n0lPM3VbiR0pceZig=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBfOOMvA==</latexit>

2

<latexit sha1_base64="XW0qcPrccSfI7onjbbF2xR2gGy4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHoxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterVJr1sr12zyOApzDBVyBB9dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBfmeMvQ==</latexit>

�+

<latexit sha1_base64="7Vh7SCaOWr9HgXsE18zoTDG+BtE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSIIYkmkoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKDxfnvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2aXTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2hC8xZeXSfOy4lUr1ftquXaTx1GAYziBM/DgCmpwB3VoAIMQnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwDdEIzt</latexit>

��

<latexit sha1_base64="VXYhDxnWp8ms/C3PGbyDWYqVE7U=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpoVLpl8pu1Z2DrBIvJ2XI0eiXvnqDmKURSsME1brruYnxM6oMZwKnxV6qMaFsTIfYtVTSCLWfzS+dknOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HCKNgRv+eVV0rqserVq7b5Wrt/kcRTgFM7gAjy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPH+AYjO8=</latexit>

+�

<latexit sha1_base64="fC0L7tY91VtGj2NFAtruWP7BSnI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSIIYkmkoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+cXvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2aXTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2hC8xZeXSfOy4lUr1ftquXaTx1GAYziBM/DgCmpwB3VoAIMQnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwDdDozt</latexit>

++

<latexit sha1_base64="K6OmtVwhcruhZmfpGNdIuwLR4Yo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSIIhZJIQY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ6XSL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrV2n2tXL/J4yjAKZzBBXhwBXW4gwY0gUEIz/AKb87YeXHenY9F65qTz5zAHzifP9oGjOs=</latexit>

++

<latexit sha1_base64="K6OmtVwhcruhZmfpGNdIuwLR4Yo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSIIhZJIQY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ6XSL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrV2n2tXL/J4yjAKZzBBXhwBXW4gwY0gUEIz/AKb87YeXHenY9F65qTz5zAHzifP9oGjOs=</latexit>

++

<latexit sha1_base64="K6OmtVwhcruhZmfpGNdIuwLR4Yo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSIIhZJIQY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ6XSL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrV2n2tXL/J4yjAKZzBBXhwBXW4gwY0gUEIz/AKb87YeXHenY9F65qTz5zAHzifP9oGjOs=</latexit>

 (2S)

<latexit sha1_base64="rCjNJA4xrywWOa6rQeln8JVB3Fk=">AAAB+nicdVDLSgMxFM34rPU11aWbYBHqpkxKse2u6MZlRfuAzlAyaaYNTWaGJKOUsZ/ixoUibv0Sd/6NmbaCih4IHM65l3ty/JgzpR3nw1pZXVvf2Mxt5bd3dvf27cJBR0WJJLRNIh7Jno8V5Sykbc00p71YUix8Trv+5CLzu7dUKhaFN3oaU0/gUcgCRrA20sAuuLFipYorsB5LkV7PTgd20Sk7joMQghlBtTPHkEajXkF1iDLLoAiWaA3sd3cYkUTQUBOOleojJ9ZeiqVmhNNZ3k0UjTGZ4BHtGxpiQZWXzqPP4IlRhjCIpHmhhnP1+0aKhVJT4ZvJLKL67WXiX14/0UHdS1kYJ5qGZHEoSDjUEcx6gEMmKdF8aggmkpmskIyxxESbtvKmhK+fwv9Jp1JG1XL1qlpsni/ryIEjcAxKAIEaaIJL0AJtQMAdeABP4Nm6tx6tF+t1MbpiLXcOwQ9Yb58b75Pt</latexit>

 (3S)

<latexit sha1_base64="YbvATAzkQH0UywxoTgAspr7kc3Y=">AAAB+nicdVDLTgIxFO3gC/E16NJNIzHBDWmRCOyIblxilEfCTEinFGjoPNJ2NGTkU9y40Bi3fok7/8YOYKJGT9Lk5Jx7c0+PFwmuNEIfVmZldW19I7uZ29re2d2z8/ttFcaSshYNRSi7HlFM8IC1NNeCdSPJiO8J1vEmF6nfuWVS8TC40dOIuT4ZBXzIKdFG6tt5J1K8eOr4RI+ln1zPTvp2AZUQQhhjmBJcPUOG1Ou1Mq5BnFoGBbBEs2+/O4OQxj4LNBVEqR5GkXYTIjWngs1yTqxYROiEjFjP0ID4TLnJPPoMHhtlAIehNC/QcK5+30iIr9TU98xkGlH99lLxL68X62HNTXgQxZoFdHFoGAuoQ5j2AAdcMqrF1BBCJTdZIR0TSag2beVMCV8/hf+TdrmEK6XKVaXQOF/WkQWH4AgUAQZV0ACXoAlagII78ACewLN1bz1aL9brYjRjLXcOwA9Yb58dfpPu</latexit>

 (4S) or hybrid

<latexit sha1_base64="rDesd9h3SJe7pPIxDsZnaQngPpg="></latexit>

 (2D)

<latexit sha1_base64="Y1t2Jco6kyp1KlPd5LZFzP0qY9s=">AAAB+nicdVDLSgMxFM34rPU11aWbYBHqpkxKse2uqAuXFewDOkPJpJk2NJMZkoxSxn6KGxeKuPVL3Pk3ZtoKKnogcDjnXu7J8WPOlHacD2tldW19YzO3ld/e2d3btwsHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe36k4vM795SqVgkbvQ0pl6IR4IFjGBtpIFdcGPFShU3xHosw/Rydjqwi07ZcRyEEMwIqp05hjQa9QqqQ5RZBkWwRGtgv7vDiCQhFZpwrFQfObH2Uiw1I5zO8m6iaIzJBI9o31CBQ6q8dB59Bk+MMoRBJM0TGs7V7xspDpWahr6ZzCKq314m/uX1Ex3UvZSJONFUkMWhIOFQRzDrAQ6ZpETzqSGYSGayQjLGEhNt2sqbEr5+Cv8nnUoZVcvV62qxeb6sIweOwDEoAQRqoAmuQAu0AQF34AE8gWfr3nq0XqzXxeiKtdw5BD9gvX0CBRWT3g==</latexit>

 (13D1)

<latexit sha1_base64="BRuU5ygr7JZul8wUdiiohT5RkIg=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuimTWmy7K+rCZQX7gM44ZNJMG5p5kGSEMhT8FTcuFHHrd7jzb8y0FVT0QOBwzr3ck+PFnEllWR9Gbml5ZXUtv17Y2Nza3jF39zoySgShbRLxSPQ8LClnIW0rpjjtxYLiwOO0640vMr97R4VkUXijJjF1AjwMmc8IVlpyzQM7lqyEbk/tAKuRCNJLF01PXLNolS3LQgjBjKDamaVJo1GvoDpEmaVRBAu0XPPdHkQkCWioCMdS9pEVKyfFQjHC6bRgJ5LGmIzxkPY1DXFApZPO4k/hsVYG0I+EfqGCM/X7RooDKSeBpyezkPK3l4l/ef1E+XUnZWGcKBqS+SE/4VBFMOsCDpigRPGJJpgIprNCMsICE6UbK+gSvn4K/yedShlVy9XrarF5vqgjDw7BESgBBGqgCa5AC7QBASl4AE/g2bg3Ho0X43U+mjMWO/vgB4y3T2bGlSY=</latexit>

⌘c(3S)

<latexit sha1_base64="6MBHE/SuscF5hE76yiy7pwBkQgg=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuimTWmy7K7pxWdE+oDOUTJq2ocnMkGSEMhQ3/oobF4q49Svc+Tdm2goqeuDC4Zx7ufceP+JMacf5sDJLyyura9n13Mbm1vaOvbvXUmEsCW2SkIey42NFOQtoUzPNaSeSFAuf07Y/vkj99i2VioXBjZ5E1BN4GLABI1gbqWcfuFTjXuJKAcm0cOoKrEdSJNfTk56dd4qO4yCEYEpQ5cwxpFarllAVotQyyIMFGj373e2HJBY00IRjpbrIibSXYKkZ4XSac2NFI0zGeEi7hgZYUOUlsxem8NgofTgIpalAw5n6fSLBQqmJ8E1neqL67aXiX1431oOql7AgijUNyHzRIOZQhzDNA/aZpETziSGYSGZuhWSEJSbapJYzIXx9Cv8nrVIRlYvlq3K+fr6IIwsOwREoAAQqoA4uQQM0AQF34AE8gWfr3nq0XqzXeWvGWszsgx+w3j4BFm+XQQ==</latexit>

⌘c(2S)

<latexit sha1_base64="oL56rhjUeSBZ5viBwxafJS039mw=">AAACAnicdVDLSgMxFM34rPU16krcBItQN2VSim13RTcuK9oHdIaSSTNtaDIzJBmhDMWNv+LGhSJu/Qp3/o2ZtoKKHrhwOOde7r3HjzlT2nE+rKXlldW19dxGfnNre2fX3ttvqyiRhLZIxCPZ9bGinIW0pZnmtBtLioXPaccfX2R+55ZKxaLwRk9i6gk8DFnACNZG6tuHLtW4n7pSQDItll2B9UiK9Hp62rcLTslxHIQQzAiqnjmG1Ou1MqpBlFkGBbBAs2+/u4OIJIKGmnCsVA85sfZSLDUjnE7zbqJojMkYD2nP0BALqrx09sIUnhhlAINImgo1nKnfJ1IslJoI33RmJ6rfXib+5fUSHdS8lIVxomlI5ouChEMdwSwPOGCSEs0nhmAimbkVkhGWmGiTWt6E8PUp/J+0yyVUKVWuKoXG+SKOHDgCx6AIEKiCBrgETdACBNyBB/AEnq1769F6sV7nrUvWYuYA/ID19gkU4JdA</latexit>

⌘c(1S)

<latexit sha1_base64="8Ne8kosGetRW/EAC8igVBBZY7Lk=">AAACAnicdVDLSgMxFM34rPU16krcBItQN2VSim13RTcuK9oHdIaSSTNtaDIzJBmhDMWNv+LGhSJu/Qp3/o2ZtoKKHrhwOOde7r3HjzlT2nE+rKXlldW19dxGfnNre2fX3ttvqyiRhLZIxCPZ9bGinIW0pZnmtBtLioXPaccfX2R+55ZKxaLwRk9i6gk8DFnACNZG6tuHLtW4n7pSQDItIldgPZIivZ6e9u2CU3IcByEEM4KqZ44h9XqtjGoQZZZBASzQ7Nvv7iAiiaChJhwr1UNOrL0US80Ip9O8mygaYzLGQ9ozNMSCKi+dvTCFJ0YZwCCSpkINZ+r3iRQLpSbCN53Zieq3l4l/eb1EBzUvZWGcaBqS+aIg4VBHMMsDDpikRPOJIZhIZm6FZIQlJtqkljchfH0K/yftcglVSpWrSqFxvogjB47AMSgCBKqgAS5BE7QAAXfgATyBZ+veerRerNd565K1mDkAP2C9fQITUZc/</latexit>

hc(1P)

<latexit sha1_base64="ChE3mdmF8+f9gryOO1injJO0B/k=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuimTUmy7K7pxWcE+oB2GTJq2oZnMkGSEMgxu/BU3LhRx61e482/MtBVU9EDg5Jx7ufceP+JMacf5sHIrq2vrG/nNwtb2zu6evX/QUWEsCW2TkIey52NFORO0rZnmtBdJigOf064/vcz87i2VioXiRs8i6gZ4LNiIEayN5NlHgwDriQySiUfSEvr6tdIzzy46ZcdxEEIwI6h27hjSaNQrqA5RZhkUwRItz34fDEMSB1RowrFSfeRE2k2w1IxwmhYGsaIRJlM8pn1DBQ6ocpP5CSk8NcoQjkJpntBwrn7vSHCg1CzwTWW2ovrtZeJfXj/Wo7qbMBHFmgqyGDSKOdQhzPKAQyYp0XxmCCaSmV0hmWCJiTapFUwIX5fC/0mnUkbVcvW6WmxeLOPIg2NwAkoAgRpogivQAm1AwB14AE/g2bq3Hq0X63VRmrOWPYfgB6y3T6AJl5g=</latexit>

�c0(1P)

<latexit sha1_base64="nWmr85FLvDo9dNKfK05FzwlFdts=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahbkpSim13RTcuK9gHtGXIpJk2NPMgyQhlmKUbf8WNC0Xc+gnu/BszbQUVPRA4Oede7r3HjQRXGqEPK7eyura+kd8sbG3v7O7Z+wcdFcaSsjYNRSh7LlFM8IC1NdeC9SLJiO8K1nWnl5nfvWVS8TC40bOIDX0yDrjHKdFGcuzjAZ1wJxn4RE+kn1CUpiX89WulZ45dRGWEEMYYZgTXzpEhjUa9gusQZ5ZBESzRcuz3wSiksc8CTQVRqo9RpIcJkZpTwdLCIFYsInRKxqxvaEB8pobJ/JAUnhplBL1QmhdoOFe/dyTEV2rmu6YyW1H99jLxL68fa68+THgQxZoFdDHIiwXUIcxSgSMuGdViZgihkptdIZ0QSag22RVMCF+Xwv9Jp1LG1XL1ulpsXizjyIMjcAJKAIMaaIIr0AJtQMEdeABP4Nm6tx6tF+t1UZqzlj2H4Aest09BWpok</latexit>

�c1(1P)

<latexit sha1_base64="L8y2sGxD2QTozcq3f592nPRe1ZM=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahbsqkFNvuim5cVrAP6AxDJs20oZkHSUYowyzd+CtuXCji1k9w59+YaSuo6IHAyTn3cu89XsyZVJb1YRRWVtfWN4qbpa3tnd09c/+gJ6NEENolEY/EwMOSchbSrmKK00EsKA48Tvve9DL3+7dUSBaFN2oWUyfA45D5jGClJdc8tsmEuakdYDURQUpQllXQ16+Tnblm2apaloUQgjlBjXNLk1arWUNNiHJLowyW6Ljmuz2KSBLQUBGOpRwiK1ZOioVihNOsZCeSxphM8ZgONQ1xQKWTzg/J4KlWRtCPhH6hgnP1e0eKAylngacr8xXlby8X//KGifKbTsrCOFE0JItBfsKhimCeChwxQYniM00wEUzvCskEC0yUzq6kQ/i6FP5PerUqqlfr1/Vy+2IZRxEcgRNQAQg0QBtcgQ7oAgLuwAN4As/GvfFovBivi9KCsew5BD9gvH0CQu2aJQ==</latexit>

�c2(1P)

<latexit sha1_base64="xp4n13b00HkW0/jRrtdWzWxJaPQ=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahbsqkFNvuim5cVrAP6AxDJs20oZkHSUYowyzd+CtuXCji1k9w59+YaSuo6IHAyTn3cu89XsyZVJb1YRRWVtfWN4qbpa3tnd09c/+gJ6NEENolEY/EwMOSchbSrmKK00EsKA48Tvve9DL3+7dUSBaFN2oWUyfA45D5jGClJdc8tsmEuakdYDURQUpqWVZBX79OduaaZatqWRZCCOYENc4tTVqtZg01IcotjTJYouOa7/YoIklAQ0U4lnKIrFg5KRaKEU6zkp1IGmMyxWM61DTEAZVOOj8kg6daGUE/EvqFCs7V7x0pDqScBZ6uzFeUv71c/MsbJspvOikL40TRkCwG+QmHKoJ5KnDEBCWKzzTBRDC9KyQTLDBROruSDuHrUvg/6dWqqF6tX9fL7YtlHEVwBE5ABSDQAG1wBTqgCwi4Aw/gCTwb98aj8WK8LkoLxrLnEPyA8fYJRICaJg==</latexit>

�c2(2P)

<latexit sha1_base64="Xh/UYATpICtJNB7KSdPUj+X4XUk=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahbspkKLbdFd24rGAf0BmGTJq2oZkHSUYowyzd+CtuXCji1k9w59+YaSuo6IHAyTn3cu89fsyZVJb1YRRWVtfWN4qbpa3tnd09c/+gK6NEENohEY9E38eSchbSjmKK034sKA58Tnv+9DL3e7dUSBaFN2oWUzfA45CNGMFKS5557JAJ81InwGoigpTYWVaxv37t7Mwzy1bVsiyEEMwJqp9bmjSbDRs1IMotjTJYou2Z784wIklAQ0U4lnKArFi5KRaKEU6zkpNIGmMyxWM60DTEAZVuOj8kg6daGcJRJPQLFZyr3ztSHEg5C3xdma8of3u5+Jc3SNSo4aYsjBNFQ7IYNEo4VBHMU4FDJihRfKYJJoLpXSGZYIGJ0tmVdAhfl8L/Sdeuolq1dl0rty6WcRTBETgBFYBAHbTAFWiDDiDgDjyAJ/Bs3BuPxovxuigtGMueQ/ADxtsnRg+aJw==</latexit>

�c1(2P)

<latexit sha1_base64="zMWqCawoNoDs/FjSWgIqu+yqIvA=">AAACCHicdVDLSgMxFM3UV62vUZcuDBahbsqkFNvuim5cVrAP6AxDJs20oZkHSUYowyzd+CtuXCji1k9w59+YaSuo6IHAyTn3cu89XsyZVJb1YRRWVtfWN4qbpa3tnd09c/+gJ6NEENolEY/EwMOSchbSrmKK00EsKA48Tvve9DL3+7dUSBaFN2oWUyfA45D5jGClJdc8tsmEuakdYDURQUpQllVqX79OduaaZatqWRZCCOYENc4tTVqtZg01IcotjTJYouOa7/YoIklAQ0U4lnKIrFg5KRaKEU6zkp1IGmMyxWM61DTEAZVOOj8kg6daGUE/EvqFCs7V7x0pDqScBZ6uzFeUv71c/MsbJspvOikL40TRkCwG+QmHKoJ5KnDEBCWKzzTBRDC9KyQTLDBROruSDuHrUvg/6dWqqF6tX9fL7YtlHEVwBE5ABSDQAG1wBTqgCwi4Aw/gCTwb98aj8WK8LkoLxrLnEPyA8fYJRHyaJg==</latexit>

X(3872)

<latexit sha1_base64="a99wDgp1Ygu/eB6jCrk1Fe6nXkQ=">AAAB+XicdVDLSgMxFM34rPU16tJNsAh1Uya12Omu6MZlBfuAdiiZNG1Dk8yQZApl6J+4caGIW//EnX9jpq2gogcCh3Pu5Z6cMOZMG8/7cNbWNza3tnM7+d29/YND9+i4paNEEdokEY9UJ8SaciZp0zDDaSdWFIuQ03Y4ucn89pQqzSJ5b2YxDQQeSTZkBBsr9V23J7AZK5F2ipd+tXwx77sFr+R5HkIIZgRVrzxLajW/jHyIMsuiAFZo9N333iAiiaDSEI617iIvNkGKlWGE03m+l2gaYzLBI9q1VGJBdZAuks/huVUGcBgp+6SBC/X7RoqF1jMR2sksp/7tZeJfXjcxQz9ImYwTQyVZHhomHJoIZjXAAVOUGD6zBBPFbFZIxlhhYmxZeVvC10/h/6RVLqFKqXJXKdSvV3XkwCk4A0WAQBXUwS1ogCYgYAoewBN4dlLn0XlxXpeja85q5wT8gPP2CWtdkuI=</latexit>

2M(D)

<latexit sha1_base64="faBPCZR0fauztA88OHRyZIOKYaY=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBHqpsyUgi6LunAjVLAPaMeSSdM2NMkMSUYpQ//DjQtF3Pov7vwbM+0stPVA4HDOvdyTE0ScaeO6387K6tr6xmZuK7+9s7u3Xzg4bOowVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjK9Sv/VIlWahvDeTiPoCDyUbMIKNlR66ApuREknltnR9Nu0Vim7ZnQEtEy8jRchQ7xW+uv2QxIJKQzjWuuO5kfETrAwjnE7z3VjTCJMxHtKOpRILqv1klnqKTq3SR4NQ2ScNmqm/NxIstJ6IwE6mKfWil4r/eZ3YDC78hMkoNlSS+aFBzJEJUVoB6jNFieETSzBRzGZFZIQVJsYWlbcleItfXibNStmrlqt31WLtMqsjB8dwAiXw4BxqcAN1aAABBc/wCm/Ok/PivDsf89EVJ9s5gj9wPn8As4GR/g==</latexit>

⇡+⇡�J/ 

<latexit sha1_base64="kuAc1MbWbBJzSS5XrlJrNt8Gb+0=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEQRxnSrTtruhGXFWwD+jUkknTNjTzIMkIZShu/BU3LhRx61e482/MtBVU9EDC4Zx7ufceL+JMKtv+MDJz8wuLS9nl3Mrq2vqGublVl2EsCK2RkIei6WFJOQtoTTHFaTMSFPsepw1veJ76jVsqJAuDazWKaNvH/YD1GMFKSx1zx43YzWH6Hbk+VgPhJ5fjYzeSrGPmbauEykVUgLZ1UkaocKpJqew4CEHHsifIgxmqHfPd7YYk9mmgCMdSthw7Uu0EC8UIp+OcG0saYTLEfdrSNMA+le1kcsIY7mulC3uh0C9QcKJ+70iwL+XI93Rluqb87aXiX14rVr1SO2FBFCsakOmgXsyhCmGaB+wyQYniI00wEUzvCskAC0yUTi2nQ/i6FP5P6gXLQRa6QvnK2SyOLNgFe+AAOKAIKuACVEENEHAHHsATeDbujUfjxXidlmaMWc82+AHj7RN3c5eD</latexit>

DD̄

<latexit sha1_base64="gTNg83thG7dvJ2zrvJkezZmgEIw=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDTMl2nZXtAuXFewDOkPJpJk2NPMgyShl7Ke4caGIW7/EnX9jpq2gogcCh3Pu5Z4cP+FMKtv+MFZW19Y3Ngtbxe2d3b19s3TQkXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/cpn73VsqJIujGzVNqBfiUcQCRrDS0sAsuSFWYxFmTdfHImvOZgOzbFs1VK+iCrStszpClXNNanXHQQg6lj1HGSzRGpjv7jAmaUgjRTiWsu/YifIyLBQjnM6KbippgskEj2hf0wiHVHrZPPoMnmhlCINY6BcpOFe/b2Q4lHIa+noyDyp/e7n4l9dPVVDzMhYlqaIRWRwKUg5VDPMe4JAJShSfaoKJYDorJGMsMFG6raIu4eun8H/SqVgOstA1KjculnUUwBE4BqfAAVXQAFegBdqAgDvwAJ7As3FvPBovxutidMVY7hyCHzDePgE2K5Sl</latexit>

DD̄⇤

<latexit sha1_base64="6O8nSQ7pTpPmECQ3OWUYcTJGfTI=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIsgLoaZEm27K9qFywr2AZ1aMmnahmYeJBlhGOqvuHGhiFs/xJ1/Y6atoKIHAodz7uWeHC/iTCrb/jByK6tr6xv5zcLW9s7unrl/0JZhLAhtkZCHouthSTkLaEsxxWk3EhT7Hqcdb3qZ+Z07KiQLgxuVRLTv43HARoxgpaWBWXR9rCbCTxuuh0XamN2ezgZmybaqqFZBZWhbZzWEyueaVGuOgxB0LHuOEliiOTDf3WFIYp8GinAsZc+xI9VPsVCMcDoruLGkESZTPKY9TQPsU9lP5+Fn8FgrQzgKhX6BgnP1+0aKfSkT39OTWVT528vEv7xerEbVfsqCKFY0IItDo5hDFcKsCThkghLFE00wEUxnhWSCBSZK91XQJXz9FP5P2mXLQRa6RqX6xbKOPDgER+AEOKAC6uAKNEELEJCAB/AEno1749F4MV4XozljuVMEP2C8fQJcapVB</latexit>

��

<latexit sha1_base64="PZEZjYB4f48lCxiJVHZqP3d147w=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GmZKtO2u6MZlBfuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//G9CGo6IF7OZxzL7k5UcqZNp734RTW1jc2t4rbpZ3dvf2D8uFRRyeZIrRNEp6oXoQ15UzStmGG016qKBYRp91ocj33u/dUaZbIOzNNaSjwSLKYEWysFAQjLARe9kG54rl11KihKvTciwZC1UtL6g3fRwj6rrdABazQGpTfg2FCMkGlIRxr3fe91IQ5VoYRTmelINM0xWSCR7RvqcSC6jBf3DyDZ1YZwjhRtqSBC/X7Ro6F1lMR2UmBzVj/9ubiX14/M3E9zJlMM0MlWT4UZxyaBM4DgEOmKDF8agkmitlbIRljhYmxMZVsCF8/hf+TTtX1kYtuUaV5tYqjCE7AKTgHPqiBJrgBLdAGBKTgATyBZydzHp0X53U5WnBWO8fgB5y3T5dSkhI=</latexit>

DD̄,

<latexit sha1_base64="19Os7LQNafIz7wByUA04d5IznQI=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcyDBTom13RbtwWcE+oDOUTJq2oZkHSUYsw/yKGxeKuPVH3Pk3ZtoKKnogcDjnXu7J8WPOpLLtD2NldW19Y7OwVdze2d3bNw9KHRklgtA2iXgkej6WlLOQthVTnPZiQXHgc9r1p1e5372jQrIovFWzmHoBHodsxAhWWhqYJTfAaiKCtOn6WKTNLDsbmGXbqqF6FVWgbZ3XEapcaFKrOw5C0LHsOcpgidbAfHeHEUkCGirCsZR9x46Vl2KhGOE0K7qJpDEmUzymfU1DHFDppfPsGTzRyhCOIqFfqOBc/b6R4kDKWeDryTyp/O3l4l9eP1GjmpeyME4UDcni0CjhUEUwLwIOmaBE8ZkmmAims0IywQITpesq6hK+fgr/J52K5SAL3aBy43JZRwEcgWNwChxQBQ1wDVqgDQi4Bw/gCTwbmfFovBivi9EVY7lzCH7AePsEpOyU2w==</latexit>

⇡⇡,

<latexit sha1_base64="KDIWLuRfnEyVv6wRVEKqnq9EeqU=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcyDBTom13RTcuK9gHtEPJpGkbmpkJSUYoQz/CjQtF3Po97vwb04egoocEDufcy733hFJwbTzvw1lZXVvf2Mxt5bd3dvf2CweHTZ2kirIGTUSi2iHRTPCYNQw3grWlYiQKBWuF4+uZ37pnSvMkvjMTyYKIDGM+4JQYK7W6ktt33isUPbeCq2VcQp57UcW4dGlJper7GCPf9eYowhL1XuG9209oGrHYUEG07vieNEFGlOFUsGm+m2omCR2TIetYGpOI6SCbrztFp1bpo0Gi7I8NmqvfOzISaT2JQlsZETPSv72Z+JfXSc2gEmQ8lqlhMV0MGqQCmQTNbkd9rhg1YmIJoYrbXREdEUWosQnlbQhfl6L/SbPk+tjFt7hYu1rGkYNjOIEz8KEMNbiBOjSAwhge4AmeHek8Oi/O66J0xVn2HMEPOG+fiC2PuA==</latexit>

⌘,

<latexit sha1_base64="Puq6OGgmregmd+QfQs3ozPfXiNg=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8yLIbRpPcgl48RjAPSEKYnfQmQ2Znl5lZISz5Bi8eFPHqB3nzb5w8BBUtaCiquunuChLBtfG8D2dldW19YzO3ld/e2d3bLxwcNnWcKgYNFotYtQOqQXAJDcONgHaigEaBgFYwvp75rXtQmsfyzkwS6EV0KHnIGTVWanTB0PN+oei5FVItkxL23IsqIaVLSypV3ycE+643RxEtUe8X3ruDmKURSMME1brje4npZVQZzgRM891UQ0LZmA6hY6mkEeheNj92ik+tMsBhrGxJg+fq94mMRlpPosB2RtSM9G9vJv7ldVITVnoZl0lqQLLFojAV2MR49jkecAXMiIkllClub8VsRBVlxuaTtyF8fYr/J82S6xOX3JJi7WoZRw4doxN0hnxURjV0g+qogRji6AE9oWdHOo/Oi/O6aF1xljNH6Aect0/4dI7Q</latexit>

⇡0

<latexit sha1_base64="Fy5Tb+Zxe7LG/dKVbqRUWkAyFcg=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4WnZLtO2t6MVjBbcttGvJpmkbms0uSVYopb/BiwdFvPqDvPlvTD8EFX0w8Hhvhpl5USq4Np734aysrq1vbOa28ts7u3v7hYPDhk4yRVlAE5GoVkQ0E1yywHAjWCtVjMSRYM1odDXzm/dMaZ7IWzNOWRiTgeR9TomxUtBJ+Z3XLRQ9t4KrZVxCnntexbh0YUml6vsYI9/15ijCEvVu4b3TS2gWM2moIFq3fS814YQow6lg03wn0ywldEQGrG2pJDHT4WR+7BSdWqWH+omyJQ2aq98nJiTWehxHtjMmZqh/ezPxL6+dmX4lnHCZZoZJuljUzwQyCZp9jnpcMWrE2BJCFbe3IjokilBj88nbEL4+Rf+TRsn1sYtvcLF2uYwjB8dwAmfgQxlqcA11CIAChwd4gmdHOo/Oi/O6aF1xljNH8APO2yf6AI7R</latexit>
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Figure 1.10: Known charmonium states and candidates, with selected decay modes and
transitions, based on the figure in Ref. [31].

The J/ψ has a rest mass of 3.0969 GeV/c2, a mean lifetime of 7.2× 10−21 s, and a spin of
1 [32]. The J/ψ can decay leptonically or hadronically with the branching ratios shown in
Table 1.1.

Decay channel branching ratio (%)
µ+µ− 5.961 ± 0.033
e+e− 5.971 ± 0.032

hadrons 87.7 ± 0.5

Table 1.1: Branching ratios for decays of the J/ψ meson [32]

1.2.1 J/ψ in heavy-ion collisions

When a cc̄ pair is produced in a nuclear collision that results in a quark-gluon plasma, the
cc̄ finds itself in a deconfining environment where quarks and gluons are not confined in
color-neutral hadrons. The interaction between quarks, mediated by gluons, is screened
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by the color charges in the medium. This phenomenon is known as Debye screening [33].
If the temperature of the medium is sufficiently high the screening radius, rD ∝ 1/T, be-
comes smaller than the binding radius between the cc̄ and the resonance interaction to
form the binding state cannot take place. The production of J/ψ is then prohibited which
causes its suppression [34]. Since J/ψ can be produced by the feed down of excited states,
some of the J/ψ suppression could also be caused by the melting of excited states.
Figure 1.11 shows the RAA of J/ψ in AuAu collisions, measured by the PHENIX experi-
ment at 0.2 TeV, in two rapidity ranges. It shows suppression of J/ψ in all centrality bins.
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FIG. 3: (Color online) J/ψ RAA as a function of Npart. Error
bars represent the statistical and uncorrelated systematic un-
certainties, while the boxes represent the point-to-point corre-
lated systematics. The global scale systematic uncertainties
are quoted as text. The lower panel contains the ratio of
forward rapidity to midrapidity for the points in the upper
panel.

of many sources, dominated by uncertainties in 〈Ncoll〉,
uncertainties in the matching of Monte Carlo and real
detector performance, and differences in signal extrac-
tion methods. The type C uncertainties are dominated
by the normalization in the p+ p invariant cross section
measurement. Important systematics on the invariant
yields are listed in Table IV.

For comparison, in Fig. 3 we show our previously-
published midrapidity J/ψ RAA values from data taken
in 2004 [5]. The midrapidity measurement was made in
the PHENIX central spectrometers via the J/ψ dielec-
tron decay. There is no PHENIX updated measurement
at midrapidity from the 2007 data set due to significantly
increased conversion backgrounds from this engineering
run of the PHENIX Hadron Blind Detector [18]. The
ratio of the new forward rapidity data to the previously-
published midrapidity data, shown in the lower panel of
Fig. 3, is in agreement with the previous result [5], where
the latter led to speculation as to what mechanism could
cause a narrower rapidity distribution in Au+Au than
p+ p collisions.

We also calculate RAA as a function of pT , again using
the published 2006 and 2008 p + p data [17]. Shown in
Fig. 4 are the new results at forward rapidity along with
the previously-published 2004 midrapidity results [5]. In

TABLE III: J/ψ invariant yields Bµµ
d3N

dp2
T

dy
at forward rapid-

ity (1.2 < |y| < 2.2) vs. pT in four bins of Au+Au collision
centrality. The type C (global) uncertainties are 10%, 10%,
13%, and 19% for 0-20%, 20-40%, 40-60%, and 60-92% cen-
trality, respectively. Bins in which the J/ψ yield was less than
the combined statistical and systematic uncertainties are cal-
culated as 90% Confidence Level Upper Limits (CLUL).

Centrality pT Bµµd
3N stat type A +B −B scale

(%) (GeV/c) dp2
T
dy (Gev/c−2)

0–20 0–1 9.36 1.41 0.74 1.01 1.01 ×10−6

1–2 4.46 0.66 0.23 0.40 0.40 ×10−6

2–3 1.37 0.29 0.08 0.17 0.17 ×10−6

3–4 2.99 1.12 0.09 0.27 0.27 ×10−7

4–5 2.05 0.43 0.14 0.18 0.18 ×10−7

5–6 90% CLUL = 3.27 ×10−8

6–7 90% CLUL = 2.00 ×10−8

20–40 0–1 5.08 0.54 0.18 0.67 0.67 ×10−6

1–2 2.78 0.22 0.09 0.26 0.26 ×10−6

2–3 1.11 0.10 0.02 0.09 0.09 ×10−6

3–4 2.76 0.34 0.11 0.25 0.25 ×10−7

4–5 7.47 1.37 0.31 1.35 1.35 ×10−8

5–6 2.68 0.61 0.08 0.31 0.31 ×10−8

6–7 90% CLUL = 7.15 ×10−9

40–60 0–1 3.19 0.21 0.06 0.26 0.26 ×10−6

1–2 1.49 0.09 0.03 0.12 0.12 ×10−6

2–3 4.80 0.38 0.11 0.39 0.39 ×10−7

3–4 1.27 0.13 0.02 0.11 0.11 ×10−7

4–5 3.86 0.49 0.02 0.41 0.41 ×10−8

5–6 7.51 1.69 0.05 2.04 2.04 ×10−9

6–7 90% CLUL = 2.82 ×10−9

60–92 0–1 9.05 0.57 0.07 0.73 0.73 ×10−7

1–2 3.40 0.22 0.04 0.27 0.27 ×10−7

2–3 9.19 0.91 0.16 0.75 0.75 ×10−8

3–4 2.21 0.35 0.04 0.20 0.20 ×10−8

4–5 8.13 1.39 0.01 0.70 0.70 ×10−9

5–6 2.31 0.54 0.00 0.40 0.40 ×10−9

6–7 90% CLUL = 7.69 ×10−10

TABLE IV: Systematic uncertainties on dN/dy for central
and peripheral centrality categories.

Source Central Peripheral Type

Signal extraction 9.8% 1.3% A

Acceptance 3.4% 2.2% B

Input y, pT distributions 4% 4% B

Difference between mixed event/

like-sign background estimates 1.5% 0.6% B

North/south arm agreement 5% 5% B

MuID efficiency 3.6% 2.8% B

some centrality bins for pT > 5 GeV/c, we have no sig-
nificant J/ψ signal in Au+Au and thus can only quote a

Figure 1.11: The nuclear modification factor (RAA) for inclusive J/ψ as a function of the
number of participants in AuAu collisions with the PHENIX detector [35].

At high collision energy, there is a significant number of initially produced charm and
anti-charm quarks in the medium which could come close enough in phase space to form
a charmonium state. J/ψ mesons can thus be regenerated in the most central collisions
from the combination of initially uncorrelated charm quarks. Since the charm density
increases with the center-of-mass energy, the recombination effect is important at higher
energies [36]. This is shown in Fig. 1.12 where the RAA of J/ψ at three energies is shown:
AuAu collisions at 0.2 TeV by PHENIX and PbPb collisions at 2.76 and 5.02 TeV by AL-
ICE. The enhancement at higher energies at low pT is caused by the regeneration of J/ψ
states.
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Figure 1.12: RAA for inclusive J/ψ as a function of pT in PbPb collisions with the ALICE
detector [37, 38] and in AuAu collisions with the PHENIX detector [39].

1.2.2 Cold nuclear matter effects

In addition to the hot medium, the J/ψ meson is affected by the Cold Nuclear Matter
(CNM) present in the collision [40]. The CNM effects are studied in pPb collisions where
the QGP is not expected to form. Understanding CNM effects is important to be able to
characterize the QGP produced in heavy-ion collisions. For brevity, the CNM effects are
not going to be discussed in detail in this thesis. Instead, the following is a list of the main
effects with references that provide more information:

ý Nuclear absorption: When the cc̄ pair is traveling through the nucleus it might
scatter with the target nucleons. This can break the charm quarks that can then
hadronize into open-charm mesons [41].

ý Gluon shadowing: The Parton distribution functions (PDFs) represent the proba-
bility of finding a parton with a specific flavor carrying fraction x of the colliding
hadron’s longitudinal momentum at a given energy scale Q. The x-range of char-
monia in the CMS rapidity is in the shadowing region of the nuclear PDFs leading
to a suppression of the charmonium production [42, 43].

ý Energy loss and Cronin effect: High-energy partons can lose energy while travers-
ing the nuclear medium through gluon radiation. The partons can also gain trans-
verse momentum when they undergo elastic scatterings in the nucleus. This effect
is known as the Cronin effect [44, 45].
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1.2.3 J/ψ hadroproduction

In hadronic collisions, the J/ψ meson is produced from different sources. J/ψ mesons
can be produced directly in the initial hard scattering or from the decay of higher mass
charmonium states. These J/ψ are called prompt. J/ψ mesons can also be the product of
weak decays of b hadrons. In this case, they are called nonprompt.

Nonprompt J/ψ production

At the LHC, bottom quarks are mainly produced via gluon fusion gg → b + b̄ + X, and
then form b mesons and baryons. Theoretically, the cross section of a b hadron is factor-
ized into two processes: the b quark production which is a perturbative process evaluated
using Fixed Order Next-to-Leading-Logarithm (FONLL) calculations [46], and the frag-
mentation into the hadron which is a nonperturbative process usually extracted from
e+e− experimental data [47]. An example of a weak decay of b hadron that produces a
nonprompt J/ψ is shown in the diagram in Fig. 1.13.

{
}
}

B
J/ψ

X
W

b
c

c

Figure 1.13: A Feynman diagram of a LO contribution to the weak decay of a B hadron
into a J/ψ, adapted from the figure in Ref. [48].

The branching ratio of B→ J/ψ + X, with B as the mixture of all b mesons and baryons, is
measured at the LHC, LEP, Tevatron and Spp̄S and is found to be (1.16±0.10)% [32].

Prompt J/ψ production

The production of prompt J/ψ is theoretically assumed to be factorized into two pro-
cesses. The first is the perturbative process to produce charm pairs. The second is the
nonperturbative process of the hadronization of the charm quarks into a bound state of
J/ψ. Nearly all quarkonium production models introduce this factorization between the
pair production and its binding. They mainly differ however in their treatment of the
hadronization. Some may also introduce new ingredients in the description of the cc̄ pro-
duction. In the following sections, three quarkonium production models are explained:
the Color Singlet Model (CSM), the Color Evaporation Model (CEM), and Nonrelativistic
QCD (NRQCD).

The Color Singlet Model It was the first model to describe quarkonium production
when proposed in 1975 to describe the hadroproduction of ηc mesons [49]. It assumes
that the quantum state of the quark pair does not evolve between its production and
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its hadronization, neither in spin nor in color. To eventually form a J/ψ, this model re-
quires the cc̄ pair to be produced in a color singlet state. It also considers quarkonia as
non-relativistic bound states, neglecting the relative momentum of the quarks inside the
hadron.
The partonic cross section for quarkonium production should be expressed as that for the
production of a heavy-quark pair with zero relative velocity, ν, in a color-singlet state and
in the same angular-momentum and spin state as that of the to-be produced quarkonium,
and the square of the Schrödinger wave function at the origin in the position space.
To get the hadronic cross section, the parton densities of the colliding hadrons need to
be taken into account. NLO and NNLO contributions to the CSM are significantly larger
than the LO contributions at mid and large pT and they should systematically be ac-
counted for in any study of their pT spectrum [50].

The Color Evaporation Model In this model [51], the probability of forming a specific
charmonium (quarkonium in general) state is assumed to be independent of the color of
the cc̄ pair. It does not specify the color or spin state of the produced cc̄ pairs and allows
the quantum states of the cc̄ to change during its evolution. nonperturbative-gluon emis-
sions can occur once the cc̄ pair is produced.
All pairs with mass less than open heavy flavor threshold become quarkonium. Thus
the CEM cross section is simply the cc̄ production cross section with a cut on the pair
mass. The color and spin are integrated over so that the color of the state is said to have
been ‘evaporated’ away without changing the kinematics of the pair. The production
cross section is obtained by multiplying with a factor FC , which is related to a process-
independent probability that the pair eventually hadronizes into this specific state. It is
calculated statistically under the assumption that one-ninth -one colour-singlet cc̄ con-
figuration out of 9 possible- of the pairs in the suitable kinematical region hadronizes
into a quarkonium. The actual value of FC depends on the heavy quark mass, the scale
parameters, the parton densities, and the order of the calculation.

Nonrelativistic QCD The NRQCD factorization approach incorporates aspects of both
the CSM and CEM and can be regarded as a unification of these two models within a
consistent theoretical framework [52]. Unlike the CSM, it does not assume that the quarks
are produced in their final color state. The cc̄ can be produced in a color-singlet or color-
octet state. The color-singlet diagrams dominate low pT, but at large pT, the production
is dominated by color-octet diagrams. The nonperturbative hadronization probability
of the cc̄ into a J/ψ is calculated using long-distance matrix elements (LDMEs) that are
process independent and can be constrained by fitting experimental data [53].
Examples of diagrams contributing to the production of J/ψ, via color-singlet and color-
octet channels, are shown in Fig. 1.14.

J/ψ puzzle Despite the big progress made in the understanding of J/ψ production, the
picture is not complete [54].
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and need to be considered on the same footing as the
CSM cut. A first evaluation [21] of the latter incorpo-
rating constraints for the low- and large-PT (the scaling
limit) region give rates significantly larger than the usual
CSM cut. Moreover, low-PT data from RHIC are very well
described without need of re-summing initial-gluon contri-
butions. However, as expected [21], this approach under-
estimates the cross-section at large values of PT and other
mechanisms have to be considered in this region.

In section 2, we present the latest results available
on QCD corrections to hadroproduction of J/ ,  0 and
⌥ (nS). In section 3, we discuss how the s-channel cut
contribution to the CS channel can be evaluated and we
present a comparison with data. In section 4, we briefly
review other recent theoretical results. In section 5, we
show how the study of the production of quarkonia in as-
sociation with a heavy-quark pair of the same flavour may
be used to disentangle between the di↵erent mechanisms
proposed to explain quarkonium production. Finally, we
present our conclusions and outlooks.

2 QCD corrections

More than ten years ago now, the very first NLO calcula-
tion on quarkonium production to date became available.
It was centred on unpolarised photoproduction of  [23]
via a colour-singlet (CS) transition. Later on, NLO cor-
rections were computed for direct �� collisions [24,25] for
which it had been previously shown [26] that the LO CS
contribution alone was not able to correctly reproduce the
measured rates by DELPHI [27]. NLO corrections have
also recently been computed for the integrated cross sec-
tion of two J/ -production observables at the B-factories:
J/ + cc̄ [28] and J/ + ⌘c [29]. As of today, only the
full colour-octet (CO) contributions to direct �� collisions
have been evaluated at NLO for PT > 0 [24,25].

At the LHC and the Tevatron,  and ⌥ production
proceeds most uniquely via gluon-fusion processes. The
corresponding cross section at NLO (↵4

S for hadroproduc-
tion processes) are significantly more complicated to com-
pute than the former ones and became only available one
year ago [30,19]. We shall discuss them in the next section.

The common feature of all these calculations is the sig-
nificant size of the NLO corrections, in particular for large
transverse momenta PT of the quarkonia for the computa-
tions of di↵erential cross sections in PT . In �p an pp colli-
sions, QCD corrections to the CS production indeed open
new channels with a di↵erent behaviour in PT which raise
substantially the cross section in the large-PT region.

Let us discuss this shortly for the gluon-fusion pro-
cesses which dominate the yield in pp. If we only take
into account the CS transition to 3S1 quarkonia, it is well
known that the di↵erential cross section at LO as a func-
tion of PT scale like P�8

T [6]. This is expected from con-
tributions coming from the typical “box” graphs of Fig. 1
(a). At NLO [30,19], we can distinguish three noticeable
classes of contributions. First, we have the loop contribu-

tions as shown on Fig. 1 (b), which are UV divergent3

but as far their PT scaling is concerned, they would still
scale like P�8

T . Then we have the t-channel gluon ex-

change graphs like on Fig. 1 (c). They scale like P�6
T .

For su�ciently large PT , their smoother PT behaviour
can easily compensate their ↵S suppression compared to
the LO (↵3

S) contributions. They are therefore expected
to dominate over the whole set of diagrams up to ↵4

S .
To be complete, we should not forget the ↵4

S contribu-
tions from Q+QQ̄ (where Q is of the same flavour as the
quarks in Q). Indeed, one subset of graphs for Q + QQ̄
is fragmentation-like (see Fig. 1 (d)) and scales like P�4

T .
Such contributions are therefore expected to dominate at
large PT , where the smoother decrease in PT is enough
to compensate the suppression in ↵S and the one due to
the production of 4 heavy quarks. As mentioned above, in
practice [19], this happens at larger PT than as expected
before [20]. We shall come back to this channel later. In
the next sections, we shall discuss the impact of the NLO
corrections to the CS channels and then a first computa-
tion including the a priori dominant ↵5

S contributions i.e.
topologies illustrated by Fig. 1 (e) and (f).
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Fig. 1. Representative diagrams contributing to 3S1 hadropro-
duction via Colour-Singlet channels at orders ↵3

S (a), ↵4
S

(b,c,d), ↵5
S (e,f) and via Colour-Octet channels at orders ↵3

S

(g,h). The quark and antiquark attached to the ellipsis are
taken as on-shell and their relative velocity v is set to zero.

To what concerns the CO contributions, the e↵ects of
NLO (here ↵4

S) contributions are expected to be milder.

3 These divergences can be treated as usual using dimen-
sional regularisation, see e.g. [30].
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Figure 1.14: Feynman diagrams contributing to a quarkonium state (noted Q) via color-
singlet channels at LO (a), NLO (b,c,d) and NNLO (e,f), and via color-octet channels at
LO (g,h) [50].

When compared to experimental data, none of the previously mentioned models man-
ages to reproduce both the J/ψ cross section and the polarization measurements. The
incompatibilities between models and data started in the mid 90’s when the measured
cross section of the J/ψ meson in pp̄ collisions at 1.8 TeV by the CDF experiment was an
order of magnitude larger than leading order (LO) CSM calculations [55]. CEM has a
successful phenomenology but it lacks the predictions for the polarization. It also fails
to describe some experimental discrepancies like the observed differences between the
hadroproduction and photoproduction measurements [56]. Lastly, NRQCD is successful
in describing many charmonium observables including the J/ψ production cross sections
at different LHC energies [57] but it fails to describe the J/ψ polarization results [58]. In
Fig. 1.15, on the left, the prompt J/ψ yields measured by the LHCb at 7 TeV [57] are com-
pared to NLO NRQCD, NLO, and NNLO∗ CSM and NLO CEM predictions. The CSM
cross sections are an order of magnitude smaller than data and CEM predictions diverge
at large pT. The NRQCD, however, manage to reproduce the experimental cross section
for mid and larget pT within the uncertainties. The right panel shows the comparison
of the transverse polarization parameter λθ as a function of pT of LHCb data [58] to the
NRQCD and CSM predictions. NRQCD show mostly positive or zero values of λθ with
a trend towards the transverse polarisation with increasing pT, while NLO CSM predicts
an increasingly longitudinal yield with pT. None of these predictions correctly describes
the measured polarization parameter and its pT trend.

1.2.4 Fragmentation of J/ψ in jets

The classic picture of J/ψ production relies on the assumption that the J/ψ is produced
directly in the parton-parton scattering. This direct-production paradigm predicts that
J/ψ mesons are largely produced isolated, except for any soft gluonic radiation emitted
by the cc̄ state.
To test this prediction the LHCb collaboration studied the production of J/ψ within jets in
pp collisions [66], where the fraction of the jet transverse momentum carried by the J/ψ,
z ≡ pT(J/ψ)/pT(jet), is measured for prompt and nonprompt J/ψ at 13 TeV.
The results, shown in Fig. 1.16, compare the normalized z distributions for prompt and
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in pp collisions at
√

s = 7 TeV. The measurements are shown as a function of pT and in several bins of rapidity. Cal-
culations from POWHEG [152] (matched to PYTHIA [151]) and MC@NLO [47, 153] (matched to HERWIG [46]),
are found to reproduce the data. Measurements from both lifetime- and lepton-based tagging methods are shown.

2.2.4. Prompt charmonium
In this section, we show and discuss a selection of experimental measurements of prompt charmonium production

at RHIC and LHC energies. We thus focus here on the production channels which do not involve beauty decays; these
were discussed in the Section 2.2.3.

Historically, promptly produced J/ψ and ψ(2S) have always been studied in the dilepton channels. Except for the
PHENIX, STAR and ALICE experiments, the recent studies in fact only consider dimuons which offer a better signal-
over-background ratio and a purer triggering. There are many recent experimental studies. In Figure 9, we show
only two of these. First we show dσ/dpT for prompt J/ψ at

√
s = 7 GeV as measured by LHCb compared to a few

predictions for the prompt yield from the CEM and from NRQCD at NLO9 as well as the direct yield10 compared to
a NNLO? CS evaluation. Our point here is to emphasise the precision of the data and to illustrate that at low and mid
pT –which is the region where heavy-ion studies are carried out– none of the models can simply be ruled out owing to
their theoretical uncertainties (heavy-quark mass, scales, non-perturbative parameters, unknown QCD and relativistic
corrections, ...). Second, we show the fraction of J/ψ from b decay for y close to 0 at

√
s = 7 TeV as function of

pT as measured by ALICE [108], ATLAS [170] and CMS [171]. At low pT, the difference between the inclusive
and prompt yield should not exceed 10% – from the determination of the σbb, it is expected to be a few percent at
RHIC energies [111]. It however steadily grows with pT. At the highest pT reached at the LHC, the majority of the
inclusive J/ψ is from b decays. At pT ' 10 GeV, which could be reached in future quarkonium measurements in
Pb–Pb collisions, it is already 3 times higher than at low pT: 1 J/ψ out of 3 comes from b decays.
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Figure 9: (a) Prompt J/ψ yield as measured by LHCb [172] at
√

s = 7 TeV compared to different theory predictions referred to as “prompt NLO
NRQCD”[173], ”DirectNLO CS”[57, 58], “Direct NNLO? CS” [61, 62] and “Prompt NLO CEM” [174]. (b) Fraction of J/ψ from B as measured
by ALICE[108], ATLAS [170] and CMS [171] at

√
s = 7 TeV in the central rapidity region.

For excited states, there is an interesting alternative to the sole dilepton channel, namely J/ψ+ ππ. This is particu-
larly relevant since more than 50% of the ψ(2S) decay in this channel. The decay chain ψ(2S)→ J/ψ+ππ→ µ+µ−+ππ
is four times more likely than ψ(2S)→ µ+µ−. The final state J/ψ + ππ is also the one via which the X(3872) was first
seen at pp colliders [175, 181]. ATLAS released [136] the most precise study to date of ψ(2S) production up to pT of

9Let us stress that the NRQCD band in Figure 9(a) is not drawn for pT lower than 5 GeV because such a NLO NRQCD fit overshoots the data
in this region and since data at low pT are in fact not used in this fit. For a complete discussion of NLO CSM/NRQCD results for the pT-integrated
yields, see [67]. As regards the CEM curves, an uncertainty band should also be drawn (see for instance [169]).

10 The expected difference between prompt and direct is discussed later on.
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Figure 16: Polarisation parameter λθ for prompt J/ψ [229] (a) and ψ(2S) [230] (b) from LHCb compared to different model predictions: direct
NLO CSM [80] and three NLO NRQCD calculations [80–82], at 2.5 < y < 4.0 in the helicity frame.
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Figure 1.15: Left: Prompt J/ψ yield as measured by LHCb [57] at 7 TeV compared to
different theory predictions: Prompt NLO NRQCD [59], Direct NLO CSM [60], Direct
NNLO∗ CSM [61] and Prompt NLO CEM [62]. Right: Polarisation parameter λθ for
prompt J/ψ from LHCb [58] compared to different model predictions: direct NLO CSM
[63] and three NLO NRQCD calculations [63, 64, 65].

nonprompt J/ψ to the NRQCD predictions implemented in PYTHIA 8. The nonprompt re-
sults are consistent with the PYTHIA 8 prediction, where both data and simulation show
a sizeable jet activity accompanying the J/ψ. However, for the prompt component, a
discrepancy is seen between data and the LO NRQCD-based prediction implemented in
PYTHIA 8, which includes both color-octet and color-singlet mechanisms. Prompt J/ψ are
observed to be much less isolated in data than predicted by LO NRQCD.
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Figure 1.16: z distributions for prompt (left) and nonprompt (right) J/ψ compared to
predictions obtained from PYTHIA 8. The (DPS) double and (SPS) single parton scattering
contributions to the prompt prediction are also shown [66].

An alternative to the standard production approach, also based on NRQCD, is the J/ψ
production within parton showers [67], or within jets. In this approach, analytical cal-
culations were performed to next-to-leading-log-prime (NLL’). To understand NLL’ cal-
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culations, one can compare to leading-order calculations like the ones implemented in
PYTHIA. As explained in the previous section, In LO and NLO order NRQCD models,
the cc̄ pair is a short distance perturbative process via color-singlet or color-octet chan-
nels. In the color singlet channel, no gluon radiation is emitted. On the other hand, the
color-octet quark-antiquark emits soft gluon radiation.
In NLL’ calculations, a hard gluon is first produced in the short-distance process with a
virtuality of the order of a jet energy scale (EJ). The gluon is allowed to shower until one
of the gluons in the shower reaches a virtuality comparable to two times the mass of the
c quark. The gluon then hadronizes producing a J/ψ.
These calculations can be implemented in PYTHIA using two methods. The first is Gluon
Fragmentation Improved PYTHIA (GFIP), where events corresponding to hard produc-
tion of c are generated using MadGraph [68], then PYTHIA is used to shower the event
down to a scale of ∼ 2mc, where jets are reclustered using jet algorithms like the anti-kT.
The second method is the Fragmentation Jet Function (FJF), where the jet fragmentation
functions are combined with hard events generated at LO. It starts backward, by resum-
ming the logarithms of mJ/ψ/EJ from the scale of 2mc to EJ. MadGraph then continues
with the factorization with LO perturbation processes.
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FIG. 2. Predicted z(J/ ) distribution using GFIP (gray)

and FJF (red) for the three choices of LDME in Table 1 and

the LHCb measurements of z(J/ ).

of the data in these bins.
Our second method, which we refer to as the FJF

method, employs FJFs combined with hard events gen-
erated by Madgraph at LO. In calculating the FJFs, log-
artihms of mJ/ /EJ are resummed using leading order
DGLAP equations to evolve the fragmentation functions
from the scale 2mc to the jet energy scale, EJ . Mad-
graph calculates the remaining terms in the factorization
theorem to LO in perturbation theory. This does not in-
clude NLL’ resummation for the remaining terms in the
factorization thereom, however the z(J/ ) dependence
of the cross section is controlled primarily by the FJF.
The energy distribution of hard partons is combined with
the FJFs for anti-kT jets [39] with R = 0.5 to produce

a z(J/ ) distribution for each of the five mechanisms.
From the GFIP calculations, we know as a function of
z the fraction of J/ that survive the muon cut and we
apply this correction to our analytic calculations. The
z(J/ ) distributions from each mechanism are weighted
by the factors in Eq. (2) as before. The FJF is appropri-
ate for n-jet cross sections like Eq. (1). Inclusive FJFs
[26–29] di↵er by a contribution from out-of-jet radiation
that is power suppressed for R ⇠ O(1) [37].

Fig. 2 shows the predicted z(J/ ) distributions for
the three choices of LDME’s in Table I using the GFIP
(gray) and FJF (red) methods, which are in good agree-
ment. Uncertainties are due to the LDMEs only. In
the case of Ref. [13], the errors in Table I are supple-
mented with an error correlation matrix [40]. In Ref. [12]

a fixed relationship between the 3S
[8]
1 and 3P

[8]
J LDMEs

is required to obtain unpolarized J/ . This constraint is
taken into account when computing the uncertainty due
to the LDMEs. These constraints significantly reduce the
uncertainty in the predictions relative to naively adding
uncertainties in Table I in quadrature. Other sources
of uncertainty such as scale variation have not been in-
cluded. Estimating theory uncertainties reliably in the
absence of a complete factorization theorem is di�cult.
For example, using the FJF method, the µ dependence
of the FJF should be cancelled by µ dependence in hard
and soft functions that have not been computed. Note
that since the normalization of theoretical curves is fixed
to the LHCb data, any scale variation that a↵ects nor-
malization but not the shapes of the z(J/ ) distribution
will not contribute to the uncertainty. Especially at low
values of z, the underlying event and double parton scat-
tering give additional theoretical uncertainties. However,
it is not clear how estimate these uncertainties.

All three choices of LDMEs give better agreement to
the LHCb data than default PYTHIA shown in Ref. [1].
This gives support to the picture of quarkonium pro-
duction in Ref. [33] and this letter. The LDMEs from
global fits [5, 6] give worse agreement than the fits from
Refs. [12, 13]. The LHCb data is a decreasing function
of z(J/ ) as z(J/ ) ! 1. This is a property of the
3S

[1]
1 and 1S

[8]
0 FJFs, but not the 3S

[8]
1 and 3P

[8]
J FJFs,

which actually diverge as z ! 1. In order to obtain

negligible polarization at high pT , the 3S
[8]
1 and 3P

[8]
J

LDMEs of Refs. [12, 13] have relative signs such that

they roughly cancel, so the 1S
[8]
0 dominates production

and J/ are unpolarized. The same cancellation here al-
lows the z(J/ ) distribution go to zero as z(J/ ) ! 1.
Such a cancellation does not occur for the LDMEs from
the global fits so the z(J/ ) distribution starts to turn
up at large z(J/ ).

To summarize, we have analyzed the recent LHCb data
on J/ production within jets. We used a combination
of Madgraph, PYTHIA, and LO NRQCD fragmentation
functions first introduced in Ref. [33] as well as an ap-

4

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30
B&K

FJFGFIP

0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30
Bodwin et al.

FJFGFIP

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.2 0.4 0.6 0.8
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Chao et al.

FJFGFIP

FIG. 2. Predicted z(J/ ) distribution using GFIP (gray)

and FJF (red) for the three choices of LDME in Table 1 and

the LHCb measurements of z(J/ ).

of the data in these bins.
Our second method, which we refer to as the FJF

method, employs FJFs combined with hard events gen-
erated by Madgraph at LO. In calculating the FJFs, log-
artihms of mJ/ /EJ are resummed using leading order
DGLAP equations to evolve the fragmentation functions
from the scale 2mc to the jet energy scale, EJ . Mad-
graph calculates the remaining terms in the factorization
theorem to LO in perturbation theory. This does not in-
clude NLL’ resummation for the remaining terms in the
factorization thereom, however the z(J/ ) dependence
of the cross section is controlled primarily by the FJF.
The energy distribution of hard partons is combined with
the FJFs for anti-kT jets [39] with R = 0.5 to produce

a z(J/ ) distribution for each of the five mechanisms.
From the GFIP calculations, we know as a function of
z the fraction of J/ that survive the muon cut and we
apply this correction to our analytic calculations. The
z(J/ ) distributions from each mechanism are weighted
by the factors in Eq. (2) as before. The FJF is appropri-
ate for n-jet cross sections like Eq. (1). Inclusive FJFs
[26–29] di↵er by a contribution from out-of-jet radiation
that is power suppressed for R ⇠ O(1) [37].

Fig. 2 shows the predicted z(J/ ) distributions for
the three choices of LDME’s in Table I using the GFIP
(gray) and FJF (red) methods, which are in good agree-
ment. Uncertainties are due to the LDMEs only. In
the case of Ref. [13], the errors in Table I are supple-
mented with an error correlation matrix [40]. In Ref. [12]

a fixed relationship between the 3S
[8]
1 and 3P

[8]
J LDMEs

is required to obtain unpolarized J/ . This constraint is
taken into account when computing the uncertainty due
to the LDMEs. These constraints significantly reduce the
uncertainty in the predictions relative to naively adding
uncertainties in Table I in quadrature. Other sources
of uncertainty such as scale variation have not been in-
cluded. Estimating theory uncertainties reliably in the
absence of a complete factorization theorem is di�cult.
For example, using the FJF method, the µ dependence
of the FJF should be cancelled by µ dependence in hard
and soft functions that have not been computed. Note
that since the normalization of theoretical curves is fixed
to the LHCb data, any scale variation that a↵ects nor-
malization but not the shapes of the z(J/ ) distribution
will not contribute to the uncertainty. Especially at low
values of z, the underlying event and double parton scat-
tering give additional theoretical uncertainties. However,
it is not clear how estimate these uncertainties.

All three choices of LDMEs give better agreement to
the LHCb data than default PYTHIA shown in Ref. [1].
This gives support to the picture of quarkonium pro-
duction in Ref. [33] and this letter. The LDMEs from
global fits [5, 6] give worse agreement than the fits from
Refs. [12, 13]. The LHCb data is a decreasing function
of z(J/ ) as z(J/ ) ! 1. This is a property of the
3S

[1]
1 and 1S

[8]
0 FJFs, but not the 3S

[8]
1 and 3P

[8]
J FJFs,

which actually diverge as z ! 1. In order to obtain

negligible polarization at high pT , the 3S
[8]
1 and 3P

[8]
J

LDMEs of Refs. [12, 13] have relative signs such that

they roughly cancel, so the 1S
[8]
0 dominates production

and J/ are unpolarized. The same cancellation here al-
lows the z(J/ ) distribution go to zero as z(J/ ) ! 1.
Such a cancellation does not occur for the LDMEs from
the global fits so the z(J/ ) distribution starts to turn
up at large z(J/ ).

To summarize, we have analyzed the recent LHCb data
on J/ production within jets. We used a combination
of Madgraph, PYTHIA, and LO NRQCD fragmentation
functions first introduced in Ref. [33] as well as an ap-
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FIG. 2. Predicted z(J/ ) distribution using GFIP (gray)

and FJF (red) for the three choices of LDME in Table 1 and

the LHCb measurements of z(J/ ).

of the data in these bins.
Our second method, which we refer to as the FJF

method, employs FJFs combined with hard events gen-
erated by Madgraph at LO. In calculating the FJFs, log-
artihms of mJ/ /EJ are resummed using leading order
DGLAP equations to evolve the fragmentation functions
from the scale 2mc to the jet energy scale, EJ . Mad-
graph calculates the remaining terms in the factorization
theorem to LO in perturbation theory. This does not in-
clude NLL’ resummation for the remaining terms in the
factorization thereom, however the z(J/ ) dependence
of the cross section is controlled primarily by the FJF.
The energy distribution of hard partons is combined with
the FJFs for anti-kT jets [39] with R = 0.5 to produce

a z(J/ ) distribution for each of the five mechanisms.
From the GFIP calculations, we know as a function of
z the fraction of J/ that survive the muon cut and we
apply this correction to our analytic calculations. The
z(J/ ) distributions from each mechanism are weighted
by the factors in Eq. (2) as before. The FJF is appropri-
ate for n-jet cross sections like Eq. (1). Inclusive FJFs
[26–29] di↵er by a contribution from out-of-jet radiation
that is power suppressed for R ⇠ O(1) [37].

Fig. 2 shows the predicted z(J/ ) distributions for
the three choices of LDME’s in Table I using the GFIP
(gray) and FJF (red) methods, which are in good agree-
ment. Uncertainties are due to the LDMEs only. In
the case of Ref. [13], the errors in Table I are supple-
mented with an error correlation matrix [40]. In Ref. [12]

a fixed relationship between the 3S
[8]
1 and 3P

[8]
J LDMEs

is required to obtain unpolarized J/ . This constraint is
taken into account when computing the uncertainty due
to the LDMEs. These constraints significantly reduce the
uncertainty in the predictions relative to naively adding
uncertainties in Table I in quadrature. Other sources
of uncertainty such as scale variation have not been in-
cluded. Estimating theory uncertainties reliably in the
absence of a complete factorization theorem is di�cult.
For example, using the FJF method, the µ dependence
of the FJF should be cancelled by µ dependence in hard
and soft functions that have not been computed. Note
that since the normalization of theoretical curves is fixed
to the LHCb data, any scale variation that a↵ects nor-
malization but not the shapes of the z(J/ ) distribution
will not contribute to the uncertainty. Especially at low
values of z, the underlying event and double parton scat-
tering give additional theoretical uncertainties. However,
it is not clear how estimate these uncertainties.

All three choices of LDMEs give better agreement to
the LHCb data than default PYTHIA shown in Ref. [1].
This gives support to the picture of quarkonium pro-
duction in Ref. [33] and this letter. The LDMEs from
global fits [5, 6] give worse agreement than the fits from
Refs. [12, 13]. The LHCb data is a decreasing function
of z(J/ ) as z(J/ ) ! 1. This is a property of the
3S

[1]
1 and 1S

[8]
0 FJFs, but not the 3S

[8]
1 and 3P

[8]
J FJFs,

which actually diverge as z ! 1. In order to obtain

negligible polarization at high pT , the 3S
[8]
1 and 3P

[8]
J

LDMEs of Refs. [12, 13] have relative signs such that

they roughly cancel, so the 1S
[8]
0 dominates production

and J/ are unpolarized. The same cancellation here al-
lows the z(J/ ) distribution go to zero as z(J/ ) ! 1.
Such a cancellation does not occur for the LDMEs from
the global fits so the z(J/ ) distribution starts to turn
up at large z(J/ ).

To summarize, we have analyzed the recent LHCb data
on J/ production within jets. We used a combination
of Madgraph, PYTHIA, and LO NRQCD fragmentation
functions first introduced in Ref. [33] as well as an ap-
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FIG. 2. Predicted z(J/ ) distribution using GFIP (gray)

and FJF (red) for the three choices of LDME in Table 1 and

the LHCb measurements of z(J/ ).

of the data in these bins.
Our second method, which we refer to as the FJF

method, employs FJFs combined with hard events gen-
erated by Madgraph at LO. In calculating the FJFs, log-
artihms of mJ/ /EJ are resummed using leading order
DGLAP equations to evolve the fragmentation functions
from the scale 2mc to the jet energy scale, EJ . Mad-
graph calculates the remaining terms in the factorization
theorem to LO in perturbation theory. This does not in-
clude NLL’ resummation for the remaining terms in the
factorization thereom, however the z(J/ ) dependence
of the cross section is controlled primarily by the FJF.
The energy distribution of hard partons is combined with
the FJFs for anti-kT jets [39] with R = 0.5 to produce

a z(J/ ) distribution for each of the five mechanisms.
From the GFIP calculations, we know as a function of
z the fraction of J/ that survive the muon cut and we
apply this correction to our analytic calculations. The
z(J/ ) distributions from each mechanism are weighted
by the factors in Eq. (2) as before. The FJF is appropri-
ate for n-jet cross sections like Eq. (1). Inclusive FJFs
[26–29] di↵er by a contribution from out-of-jet radiation
that is power suppressed for R ⇠ O(1) [37].

Fig. 2 shows the predicted z(J/ ) distributions for
the three choices of LDME’s in Table I using the GFIP
(gray) and FJF (red) methods, which are in good agree-
ment. Uncertainties are due to the LDMEs only. In
the case of Ref. [13], the errors in Table I are supple-
mented with an error correlation matrix [40]. In Ref. [12]

a fixed relationship between the 3S
[8]
1 and 3P

[8]
J LDMEs

is required to obtain unpolarized J/ . This constraint is
taken into account when computing the uncertainty due
to the LDMEs. These constraints significantly reduce the
uncertainty in the predictions relative to naively adding
uncertainties in Table I in quadrature. Other sources
of uncertainty such as scale variation have not been in-
cluded. Estimating theory uncertainties reliably in the
absence of a complete factorization theorem is di�cult.
For example, using the FJF method, the µ dependence
of the FJF should be cancelled by µ dependence in hard
and soft functions that have not been computed. Note
that since the normalization of theoretical curves is fixed
to the LHCb data, any scale variation that a↵ects nor-
malization but not the shapes of the z(J/ ) distribution
will not contribute to the uncertainty. Especially at low
values of z, the underlying event and double parton scat-
tering give additional theoretical uncertainties. However,
it is not clear how estimate these uncertainties.

All three choices of LDMEs give better agreement to
the LHCb data than default PYTHIA shown in Ref. [1].
This gives support to the picture of quarkonium pro-
duction in Ref. [33] and this letter. The LDMEs from
global fits [5, 6] give worse agreement than the fits from
Refs. [12, 13]. The LHCb data is a decreasing function
of z(J/ ) as z(J/ ) ! 1. This is a property of the
3S

[1]
1 and 1S

[8]
0 FJFs, but not the 3S

[8]
1 and 3P

[8]
J FJFs,

which actually diverge as z ! 1. In order to obtain

negligible polarization at high pT , the 3S
[8]
1 and 3P

[8]
J

LDMEs of Refs. [12, 13] have relative signs such that

they roughly cancel, so the 1S
[8]
0 dominates production

and J/ are unpolarized. The same cancellation here al-
lows the z(J/ ) distribution go to zero as z(J/ ) ! 1.
Such a cancellation does not occur for the LDMEs from
the global fits so the z(J/ ) distribution starts to turn
up at large z(J/ ).

To summarize, we have analyzed the recent LHCb data
on J/ production within jets. We used a combination
of Madgraph, PYTHIA, and LO NRQCD fragmentation
functions first introduced in Ref. [33] as well as an ap-
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FIG. 2. Predicted z(J/ ) distribution using GFIP (gray)

and FJF (red) for the three choices of LDME in Table 1 and

the LHCb measurements of z(J/ ).

of the data in these bins.
Our second method, which we refer to as the FJF

method, employs FJFs combined with hard events gen-
erated by Madgraph at LO. In calculating the FJFs, log-
artihms of mJ/ /EJ are resummed using leading order
DGLAP equations to evolve the fragmentation functions
from the scale 2mc to the jet energy scale, EJ . Mad-
graph calculates the remaining terms in the factorization
theorem to LO in perturbation theory. This does not in-
clude NLL’ resummation for the remaining terms in the
factorization thereom, however the z(J/ ) dependence
of the cross section is controlled primarily by the FJF.
The energy distribution of hard partons is combined with
the FJFs for anti-kT jets [39] with R = 0.5 to produce

a z(J/ ) distribution for each of the five mechanisms.
From the GFIP calculations, we know as a function of
z the fraction of J/ that survive the muon cut and we
apply this correction to our analytic calculations. The
z(J/ ) distributions from each mechanism are weighted
by the factors in Eq. (2) as before. The FJF is appropri-
ate for n-jet cross sections like Eq. (1). Inclusive FJFs
[26–29] di↵er by a contribution from out-of-jet radiation
that is power suppressed for R ⇠ O(1) [37].

Fig. 2 shows the predicted z(J/ ) distributions for
the three choices of LDME’s in Table I using the GFIP
(gray) and FJF (red) methods, which are in good agree-
ment. Uncertainties are due to the LDMEs only. In
the case of Ref. [13], the errors in Table I are supple-
mented with an error correlation matrix [40]. In Ref. [12]

a fixed relationship between the 3S
[8]
1 and 3P

[8]
J LDMEs

is required to obtain unpolarized J/ . This constraint is
taken into account when computing the uncertainty due
to the LDMEs. These constraints significantly reduce the
uncertainty in the predictions relative to naively adding
uncertainties in Table I in quadrature. Other sources
of uncertainty such as scale variation have not been in-
cluded. Estimating theory uncertainties reliably in the
absence of a complete factorization theorem is di�cult.
For example, using the FJF method, the µ dependence
of the FJF should be cancelled by µ dependence in hard
and soft functions that have not been computed. Note
that since the normalization of theoretical curves is fixed
to the LHCb data, any scale variation that a↵ects nor-
malization but not the shapes of the z(J/ ) distribution
will not contribute to the uncertainty. Especially at low
values of z, the underlying event and double parton scat-
tering give additional theoretical uncertainties. However,
it is not clear how estimate these uncertainties.

All three choices of LDMEs give better agreement to
the LHCb data than default PYTHIA shown in Ref. [1].
This gives support to the picture of quarkonium pro-
duction in Ref. [33] and this letter. The LDMEs from
global fits [5, 6] give worse agreement than the fits from
Refs. [12, 13]. The LHCb data is a decreasing function
of z(J/ ) as z(J/ ) ! 1. This is a property of the
3S

[1]
1 and 1S

[8]
0 FJFs, but not the 3S

[8]
1 and 3P

[8]
J FJFs,

which actually diverge as z ! 1. In order to obtain

negligible polarization at high pT , the 3S
[8]
1 and 3P

[8]
J

LDMEs of Refs. [12, 13] have relative signs such that

they roughly cancel, so the 1S
[8]
0 dominates production

and J/ are unpolarized. The same cancellation here al-
lows the z(J/ ) distribution go to zero as z(J/ ) ! 1.
Such a cancellation does not occur for the LDMEs from
the global fits so the z(J/ ) distribution starts to turn
up at large z(J/ ).

To summarize, we have analyzed the recent LHCb data
on J/ production within jets. We used a combination
of Madgraph, PYTHIA, and LO NRQCD fragmentation
functions first introduced in Ref. [33] as well as an ap-

Figure 1.17: Predicted z distribution using GFIP (gray) and FJF (red) for three choices of
LDME and the LHCb measurements of z [67].

The z distributions predicted by this approach, calculated using both GFIP and FJF meth-
ods are shown in Fig. 1.17 for three choices of NRQCD LDME: B&K [69, 70], Chao et
al. [65], and Bodwin et al. [71]. When compared to the LHCb data for prompt J/ψ at
13 TeV, these calculations showed a better agreement with data than PYTHIA 8.
In this new approach, the J/ψ is produced at later times than what is assumed in the clas-
sic picture. This doesn’t just change J/ψ production in pp collisions. It can also change
our interpretation of J/ψ results in HI collisions. The interpretation of the J/ψ RAA results
in nucleus-nucleus collisions relies on the assumption that the c and c̄ are produced be-
fore the formation of the QGP and are then screened when the hot medium is created
which causes the suppression of the J/ψ meson.
On the left of Fig. 1.18 the RAA of prompt J/ψ is shown, in orange, as a function of pT [27].
The RAA shows a rising trend at high pT that is similar to what is seen in open charm
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RAA, also shown in green [25]. This rising trend was also seen for charged hadrons and
was previously shown in Fig. 1.8 in section 1.1. The RAA of charged hadrons along with
D and J/ψ mesons is shown in the left panel of Fig. 1.18 as a function of pT/nωc where
n is a power-law index and ωc is a medium characteristic that scales with the transport
coefficient of the medium and its length squared. This shows a “universal” trend of RAA
that is also compared to an energy loss (ELoss) model [72]. The compatibility of data with
the model emphasizes the role ELoss processes in the suppression J/ψ.
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Figure 2: RAA of h±, D and J/ψ as a function of p⊥/ nωc

in PbPb collisions at
√
s = 2.76 TeV and

√
s = 5.02 TeV in

different centrality classes.

BDMS approximation, the p⊥ dependence of RAA is di-
rectly connected to the medium-induced gluon spectrum
(u = ω/ωc) [38]

R
AA

(y ≡ p⊥/nω̄c) ' exp

[
−
∫ ∞

0

du
dI ′(u)

du

(
1− e−u/y

)]

(6)
with dI ′(u)/du = ωc dI(ω)/dω.

In the present article, R
AA

(p⊥/ω̄c) is computed nu-
merically from (3) using the quenching weight computed
in [43] from the BDMPS medium-induced gluon spec-
trum [33, 44]. Fig. 1 shows R

AA
as a function of p⊥/nω̄c

for different values of power law exponents. As can be
seen, scaling in p⊥/nω̄c is well observed, except at low
p⊥/nω̄c and for the smallest values of n [55]. It has also
been checked, for consistency, that the BDMS analytic
approximation, Eq. (6), reproduces Eq. (5) well when
p⊥/nωc gets large. Finally, R

AA
is computed from (6)

using the GLV spectrum at first order in opacity [34, 35],
shown as a dashed line in Fig. 1. For a meaningful com-
parison with BDMPS, the GLV energy loss scale has
been rescaled by a factor 3, as already noted in [45]. Al-
though the BDMPS and GLV medium-induced spectra
behave somewhat differently in the infrared, respectively
u dI ′/du ∝ 1/

√
u and u dI ′/du ∝ 1/ lnu, the p⊥ depen-

dence of R
AA

is not too dissimilar; yet, the shape using
the GLV spectrum proves not as steep.

In this simple energy loss model, the shape of R
AA

as
a function of p⊥ is thus fully predicted once the expo-
nent n is known, obtained from a fit to the pp data at
the corresponding center-of-mass energy. What remains
to be determined is the energy loss scale ω̄c, which is
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Figure 3: Mean energy loss extracted in PbPb collisions at√
s = 2.76 TeV (triangles) and

√
s = 5.02 TeV (squares) from

the quenching of h±, D, and J/ψ.

in principle a complicated (and virtually unknown) func-
tion of the space-time evolution of the QGP energy den-
sity and the geometry of the heavy ion collision. Rather
than modeling the hot medium, the value of ω̄c is ob-
tained from ‘agnostic’ 1-parameter fit to each data set, in
a given centrality class and at a given

√
s. Measurements

include charged hadrons measured by CMS in five cen-
trality classes [56] at both colliding energies [9, 10], J/ψ
and D mesons measured respectively by ATLAS [46] and
CMS [47] at

√
s = 5.02 TeV in one centrality class, for a

total number of 12 data sets. Data from ALICE [7, 48, 49]
are not included here as I focus on measurements with
largest p⊥ , however these results will be included in the
more detailed analysis [50].

The comparison of the fits to the individual data sets
will be shown in a forthcoming publication [50]. Instead,
Fig. 2 shows all data points [57] plotted as a function of
the scaling variable, p⊥/ nω̄c, together with the shape of
R

AA
, Eq. (5). Clearly all data exhibit an almost perfect

scaling, lining up into a single ‘universal’ shape. This
feature, predicted in the energy loss model and observed
in data, supports the interpretation of a unique pro-
cess responsible for the nuclear modification factors of all
hadrons above a given p⊥ in heavy-ion collisions at the
LHC. In particular, I find it interesting that the quench-
ing of heavy mesons (D and J/ψ) obeys the exact same
pattern, suggesting again that at large p⊥ the same pro-
cess affects similarly all hadron species, including bound
states like heavy-quarkonia. Also worth to be noted are
the scaling violations observed for lower p⊥ particles.
The lack of scaling emerges below p⊥ ' 10 GeV, for

Figure 1.18: Left: RAA of J/ψ [27] compared to D0 and D̄0 [25]. Right: RAA of h±, D and
J/ψ as a function of pT/nωc in PbPb collisions at

√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV

in different centrality classes compared to ELoss model [72].

This interpretation can also be used for the J/ψ v2 measurements. As seen in the left panel
of Fig. 1.19, a nonzero v2 of J/ψ is measured by ATLAS [73] and CMS [74] for prompt J/ψ
and ALICE [75] for inclusive J/ψ mesons, up to 30 GeV. At low pT, v2 comes from the
collective flow of bulk particles. This is not expected to the case at high pT. The compar-
ison of prompt J/ψ v2 to that of D mesons [76] and charged hadrons [77, 78] on the left
of Fig. 1.19 shows a lower value for J/ψ at low pT. At high pT, however, all three results
are similar within the uncertainties. These results hint at a flavor independence of the
energy-loss path-length dependence.
The ELoss interpretation of J/ψ suppression is compatible with the production of J/ψ in a
parton shower, where the parton loses energy by interacting with the QGP before the J/ψ
is even formed.
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charged hadron [77, 78] v2 vs. pT.

1.3 The plan of contribution of this thesis to J/ψ production

The goal of this thesis is to contribute to the J/ψ production puzzle by measuring the
fragmentation of jets containing J/ψ mesons.
We decided to split the work into two analyses. First, we measure the fragmentation
function of J/ψ-jets in pp collisions at mid rapidity, closely following the procedure by
the LHCb collaboration [66] for which the results are shown in Fig. 1.16. These results are
used to understand charmonia without the suppression caused by the presence of a hot
medium, like in the case of PbPb.
After that, we push it to the next level, by measuring the fragmentation function in PbPb
collisions and comparing it to pp, focusing on prompt J/ψ, to check for jet quenching
effects caused by the QGP that can alter our interpretation of J/ψ results in heavy-ion
collisions.
The results of both analyses are reported in Chapter 4. A discussion follows in the next
chapter to discuss the physics interpretation of the results.



Chapter 2

Colossal machines to find minuscule
particles

Particle physics takes the simplest possible approach to study the tiniest and most fun-
damental pieces of our universe: smashing things together and seeing what happens. In
this chapter, we will take a look at the enormous machines used to accelerate particles,
collide them and detect what comes out in the blast.

2.1 The Large Hadron Collider

‘Large’ for its circumference of 27 km, ‘Hadron’ for the group of particles protons and
ions belong to and ‘Collider’ for the beams traveling in opposite directions and colliding
at four points around the machine. The Large Hadron Collider (LHC) is currently the
largest and highest-energy particle accelerator in the world. It was constructed by the
European Organization for Nuclear Research (CERN1) at 175 m underground beneath
the border between France and Switzerland between 1998 and 2008.

2.1.1 Accelerator complex

In the LHC, a strong magnetic field, maintained by superconducting electromagnets,
guides two beams of particles in opposite directions in separate beam pipes kept at ul-
trahigh vacuum. The electromagnets are built from coils of special electric cable that
operates in a superconducting state, efficiently conducting electricity without resistance
or loss of energy. The accelerator is connected to a distribution system of liquid helium
that keeps the magnets at -271.3oC, a temperature colder than outer space.
The LHC is the last element of the CERN accelerator complex which consists of a chain
of machines that accelerate protons and ions. A schematic diagram of the injection chain
is shown in Fig. 2.1. Each machine accelerates the beam of particles to higher energies
than the previous one until the beam reaches 99.999999% of the speed of light.

1Conseil Européen pour la Recherche Nucléaire
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Protons are extracted from a gas of hydrogen atoms in a duoplasmatron [79], a metal
cylinder surrounded by an electrical field to break down the hydrogen gas into its con-
stituent protons and electrons. The protons are accelerated by the linear accelerator
LINAC2 using radiofrequency (RF) cavities. They are then sent to the Proton Synchrotron
Booster (PSB) where the protons are grouped into bunches and accelerated. In the Proton
Synchrotron (PS) the protons are accelerated and split into 72 bunches separated in time
by 25 ns before they are injected in the Super Proton Synchrotron (SPS).
In the ion case, with each step, the particle loses more electrons. For Pb ions, the 29 outer-
most, weakly bound, electrons are removed electrically by evaporating Pb atoms before
being accelerated with LINAC3 and sent through a thin (1 µm) carbon target to strip
25 more electrons. In the Low Energy Ion Ring (LEIR), the ions are then accumulated,
cooled, and accelerated [80]. The beam is bunched and accelerated before it is extracted
to the PS where a bunch-splitting occurs. The resulting bunch pair is then fully stripped
in the transfer line to the SPS with a 0.8 mm thick aluminum foil.
For both proton and ion beams, the SPS accelerates the batches and then alternately in-
jects them in the two LHC beam pipes, in opposite directions. Alongside accelerating
the beams in the LHC, the size and trajectory are controlled. Dipole magnets are used
to bend the trajectory of particles, and quadrupole magnets focus the beam. The beams
cross in four interaction points that host the four largest CERN experiments.

LHC

SPS

PS

PSB

LEIR

LINAC 2

LINAC 3

CMS

LHCbALICE

ATLAS

proton

Pb+29
Pb+54

Pb+82

proton
ion

Pb+82

Figure 2.1: Schematic diagram of the LHC injection chain for protons and Pb ions.
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2.1.2 CERN Experiments

Around the LHC ring, many experiments are installed for different purposes:

ý A Large Ion Collider Experiment (ALICE) [81]: Since the main interest of the ALICE
collaboration is the study of the QGP, the detector is specifically optimized to study
heavy-ion reactions [82]. ALICE is made of 18 subdetectors that can be grouped in
three main ensembles: the global event detectors that characterize the geometry of
the collision, the central barrel at mid-rapidity optimized for the reconstruction of
hadrons, electrons and photons, and the muon spectrometer to reconstruct muons
at forward rapidity.

ý A Toroidal LHC ApparatuS (ATLAS) [83]: The largest detector of the LHC. It is a
multi-purpose detector, originally built to detect the Higgs boson and other massive
particles in high luminosity pp collisions. It also participates in the heavy-ion data
taking and contributes to the study of the QGP. ATLAS has the shape of a cylinder
containing a toroidal magnetic system, an inner tracker, an electromagnetic and
hadronic calorimeter, and a muon spectrometer.

ý Compact Muon Solenoid (CMS) [84]: Similar to ATLAS, CMS is a multi-purpose
detector. Since the results of this thesis use data taken by CMS, Section 2.2 is dedi-
cated to discussing the detector and its components in detail.

ý LHC beauty (LHCb) [85]: The main goal of the LHCb collaboration is investigating
the slight differences between matter and antimatter by studying the b quark. The
detector is a single-arm forward spectrometer designed to precisely measure the
decays of B hadrons. In addition to the pp and heavy-ion runs, LHCb can operate
in fixed-target mode by injecting nuclear gas (He, Ne, Ar) into the LHC beam pipe
at the interaction point.

ý LHC forward (LHCf) [86]: Made up of two detectors that sit along the LHC beam-
line around the ATLAS collision point. It uses the particles generated in the forward
region of collisions to study cosmic rays.

ý TOTal cross-section, Elastic scattering and diffraction dissociation Measurement at
the LHC (TOTEM) [87]: With its subdetectors spread across almost half a kilome-
ter around the CMS interaction point, it is CERN’s ‘longest’ experiment. TOTEM’s
physics program is dedicated to the precise measurement of the proton-proton in-
teraction cross-section, as well as to study the proton structure.

ý MOnopole and Exotics Detector at the LHC (MOEDAL) [88]: The main goal of this
experiment is to search directly for the magnetic monopole, a hypothetical particle
with a magnetic charge. Deployed around the same intersection region as the LHCb
detector, the detector acts as a giant camera waiting to photograph the telltale signs
of new physics that could be formed in LHC collisions.
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2.1.3 Luminosity

When studying rare events with a small production cross-section σp, the number of useful
interactions is important. The instantaneous luminosity L is the proportionality factor
between the number of produced events per unit of time, dR/dt, and the production
cross-section and is measured in cm−2s−1:

dR
dt

= L.σp (2.1)

The luminosity is one of the main characteristics of the LHC. It measures the ability of
the particle accelerator to produce a required number of interactions.
In the case of circular accelerators the luminosity can be expressed as:

L =
kbNb,1Nb,2 frevγ

4πεnβ∗
F (2.2)

In the numerator, kb is the number of bunches collided, Nb,1 and Nb,2 are the number
of particles per bunch in the two beams, frev is the revolution frequency which is 11245
Hz in the LHC, and γ is the Lorentz gamma factor. While in the denominator, εn is the
normalized transverse beam emittance and β∗ is the amplitude function at the interaction
point, related to the width of the beams. F is the geometric luminosity reduction factor
due to the crossing angle at the interaction point.
The integrated luminosity is derived by integrating the instantaneous luminosity over a
given period of time. Fig. 2.2 shows the cumulative luminosity versus day delivered to
CMS during stable beams for pp collisions at nominal center-of-mass energy. It is shown
for data-taking in 2010 (green), 2011 (red), 2012 (blue), 2015 (purple), 2016 (orange), 2017
(light blue), and 2018 (navy blue).
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2.2 The Compact Muon Solenoid

21 m long, 15 m in diameter, and 14,000 tonnes in weight, the CMS detector is the second-
largest and heaviest detector at the LHC. The CMS detector is shaped like a cylindrical
onion with several concentric layers of components. This design was chosen carefully
based on the physics program of the collaboration. To investigate a wide range of physics,
The subsystems of CMS were designed to meet many requirements [89] over a wide
range of momenta and geometric coverage:

ý Good muon identification and momentum resolution, good dimuon mass resolu-
tion, and the ability to determine the charge of the muons, requiring a very good
and redundant muon system.

ý Good charged particle momentum resolution and reconstruction efficiency and the
capability to find any vertices (primary collision and particle decay vertices), re-
quiring high-quality central tracking as close as possible to the collision point.

ý Good electromagnetic energy resolution and good diphoton and dielectron mass
resolution, requiring the best possible electromagnetic calorimeter.

ý Good Emiss
T and dijet mass resolution, requiring good hadron calorimeters with fine

lateral segmentation.

8 Chapter 1. Introduction

The overall layout of CMS is shown in Figure 1.2. At the heart of CMS sits a 13-m-long, 5.9 m
inner diameter, 4 T superconducting solenoid. In order to achieve good momentum resolu-
tion within a compact spectrometer without making stringent demands on muon-chamber
resolution and alignment, a high magnetic field was chosen. The return field is large enough
to saturate 1.5 m of iron, allowing 4 muon “stations” to be integrated to ensure robustness
and full geometric coverage. Each muon station consists of several layers of aluminium drift
tubes (DT) in the barrel region and cathode strip chambers (CSCs) in the endcap region,
complemented by resistive plate chambers (RPCs).

C ompac t Muon S olenoid

Pixel Detector

Silicon Tracker

Very-forward
Calorimeter

Electromagnetic
Calorimeter

Hadron
Calorimeter

Preshower

Muon
Detectors

Superconducting Solenoid

Figure 1.2: An exploded view of the CMS detector.

The bore of the magnet coil is also large enough to accommodate the inner tracker and the
calorimetry inside. The tracking volume is given by a cylinder of length 5.8 m and diameter
2.6 m. In order to deal with high track multiplicities, CMS employs 10 layers of silicon mi-
crostrip detectors, which provide the required granularity and precision. In addition, 3 layers
of silicon pixel detectors are placed close to the interaction region to improve the measure-
ment of the impact parameter of charged-particle tracks, as well as the position of secondary
vertices. The EM calorimeter (ECAL) uses lead tungstate (PbWO4) crystals with coverage
in pseudorapidity up to |η| < 3.0. The scintillation light is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs) in the endcap re-
gion. A preshower system is installed in front of the endcap ECAL for π0 rejection. The
ECAL is surrounded by a brass/scintillator sampling hadron calorimeter with coverage up
to |η| < 3.0. The scintillation light is converted by wavelength-shifting (WLS) fibres em-
bedded in the scintillator tiles and channeled to photodetectors via clear fibres. This light
is detected by novel photodetectors (hybrid photodiodes, or HPDs) that can provide gain
and operate in high axial magnetic fields. This central calorimetery is complemented by a

Figure 2.3: An exploded view of the CMS detector showing its different layers with two
fancy people for comparison [89].
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Fig. 2.3 shows the different layers of CMS. At the heart of CMS sits the most powerful
superconducting solenoid ever made. The magnet coil is large enough to accommodate
the inner tracker, made of a pixel detector and a silicon tracker, and the calorimetry, made
of an electromagnetic and a hadronic calorimeter. The muon systems are situated around
the magnet covered by its return field. Each subsystem serves a specific task to identify
(nearly) all the stable particles produced in the collision and measure their momenta and
energies. Information from all subdetectors is then pieced together like puzzle pieces to
recreate an “image” of the collision. Details on the coordinate system used by CMS and
the different components of the detector will be discussed in the following sections.

2.2.1 CMS coordinate system

The coordinate system of the CMS detector is centered at the interaction point. The x-axis
is pointed radially towards the center of the LHC, the y-axis points upward perpendicu-
lar to the LHC plane and the z-axis is parallel to the beam pipe with its positive direction
defined along the counter-clockwise beam direction.

LHC
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z

𝝓𝜽

p
r x (center of LHC)

y

z
𝝓 𝜽

p Detector

Beam line

Figure 2.4: Schematic diagrams of the coordinate system used in the CMS experiment
with the detector and the LHC ring as references.

The (x,y,z) axes are shown in Fig. 2.4 as well as the spherical coordinates used to measure
the trajectory of particles in CMS, (r, θ, φ). The polar angle θ is defined as the angle be-
tween the trajectory of the particle to the z-axis while the azimuthal angle φ is measured
from the x-axis in the x-y plane, called the transverse plane. The radial coordinate r is
also measured in the transverse plane as r = x2 + y2.
The transverse momentum pT is defined as:

pT =
√

p2
x + p2

y (2.3)

This quantity is of particular importance and is heavily used in experimental particle
physics.
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Another quantity usually used in accelerator physics is the rapidity, noted as y and de-
fined as:

y =
1
2

ln
(

E + pz

E− pz

)
(2.4)

The rapidity is 0 for particles in the transverse plane, referred to as mid-rapidity, and
infinity for particles in the beam direction referred to as forward. Since this quantity
needs both the particle energy and the momentum along z it can be hard to measure
precisely. Instead, the pseudorapidity η is used, which is defined as:

η =
1
2

ln
( |p|+ pz

|p| − pz

)
= − ln

(
tan

θ

2

)
(2.5)

For relativistic particles y≈ η and they match for massless particles. The three quantities,
pT, y, and η, are Lorentz invariant under longitudinal boosts.

2.2.2 Superconducting magnet

One of the main distinguishing features of CMS is a superconducting solenoid, generat-
ing a magnetic field2 of 3.8 T and giving the detector its last name. The superconducting
coil, the vacuum tank, and the magnet yoke are the three components of the CMS magnet
system shown on the left of Fig. 2.5.
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Fig. 1. 3-D model of the CMS magnetic system with a half of the return yoke.

In the present paper we describe the CMS field map prepared
with the TOSCA CMS model and compare the calculated mag-
netic field values with the performed measurements.

II. THE CMS MAGNET MODEL DESCRIPTION

The CMS magnetic system has to be modeled at the entire
length and at full range of the azimuth angle: the winding of
the CMS coil is not symmetrical with respect to the transverse
middle plane, and the return yoke is not symmetrical with re-
spect to either horizontal or vertical longitudinal planes. The
coordinate system used in the model corresponds to the CMS
reference frame where the X-axis is directed in horizontal plane
toward the LHC center, the Y-axis is pointing up, and the Z-axis
coincides with the superconducting coil axis. The azimuth angle
is counting from X to Y-axis. To describe the full volume of
the magnet yoke and to satisfy the limited number of the fi-
nite elements to be allowed in TOSCA program, the model is
subdivided in two parts. One part describes the entire length
of the CMS return yoke at positive X-coordinates as shown in
Fig. 1; another part corresponds to full length of the yoke at
negative X-coordinates. Both parts comprise the modeled su-
perconducting coil.

The CMS return yoke consists of five barrel wheels having a 7
m inscribed outer radius and a 2.536 m width, two nose disks of
2.63 m radius on each side of the coil, three large end-cap disks
having a 6.955 m inscribed radius and one small disk of 2.5 m
radius on each side of the magnet. The small disks are followed
by ferromagnetic parts of the forward hadron calorimeter and
shield of the LHC magnets.

Each barrel wheel except the central one comprises three
layers of steel—L1, L2, and L3 connected with brackets. The
central barrel wheel has an additional inner layer—tail catcher
(TC), made of steel and turned by 5 degrees in the azimuth angle
with respect to the dodecagonal shape of the barrel wheels. The
thickness of the TC blocks is 0.18 m, the thickness of the L1
blocks is 0.295 m, each block of the L2 and L3 has a thickness
of 0.63 m and is comprised of a sandwich of two outer 0.09 m
thin plates and an inner 0.45 m thick plate made of different
steel. The air gap between the tail catcher and the first barrel
layer is 0.562 m, the air gap between the first and second barrel

Fig. 2. The BH-curves of the construction steel used in the yoke: smooth line
corresponds to thick plates of L2 and L3; long dashed line corresponds to TC
and L1 blocks, thin plates of L2 and L3, and connection brackets between the
barrel layers; short dashed line corresponds to the nose and end-cap disks and
other parts of the return yoke.

layers is 0.44 m, and the air gap between the second and third
barrel layers is 0.395 m. All these air gaps are used to install
the muon drift tube chambers to register the muon particles.

The barrel wheels are denoted as follows: YB0 is for cen-
tral wheel, are for the wheels next to central wheel, and

are for two extreme barrel wheels. The air gaps between
YB0 and are 0.155 m and the air gaps between
and are 0.125 m. The barrel wheels feet, the connecting
brackets between the barrel layers and two chimneys for cryo-
genic and electrical leads are included into the model.

The thickness of the two first, and , end-cap
disks on each side of the coil is 0.592 m, the thickness of the
third disks, , is 0.232 m, and the thickness of the fourth
small disks is 0.075 m. The air gaps between and

are 0.655 m, the air gaps between and are
0.663 m, the air gaps between and are 0.668 m,
and the air gap between and is 0.664 m. All these
air gaps are used to install the muon cathode strip chambers.

Both nose disks, , penetrate partially inside the coil
free bore. The distance between and is 12.678
m taking into account the and deformation
under the magnetic forces at the CMS magnet full excitation.
The end-cap disk carts upper plates of 0.1 m thickness are in-
cluded into the model.

A. Steel Magnetic Properties Description

Three different B-H curves shown in Fig. 2 are used in the
model to represent the grades of steel used for the construction
of the CMS magnet yoke.

The first curve describes the magnetic properties of the L2
and L3 thick plates. Second curve describes the magnetic prop-
erties of the L2 and L3 thin plates, the TC and L1 blocks and
the connection brackets between the layers. Finally, the third
curve describes the magnetic properties of the nose, end-cap
disks, disks cart plates, and ferromagnetic parts of the forward
hadron calorimeter and the shield of the LHC magnets. All the
BH-curves have been obtained by averaging the measurements
done for appropriate specimens of each melt of steel used in the
yoke.
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Figure 4. Representation of the magnetic elements included in the TOSCA model (underground configura-
tion).

Figure 5. Value of |B| (left) and field lines (right) predicted on a longitudinal section of the CMS detector,
for the underground model at a central magnetic flux density of 3.8 T. Each field line represents a magnetic
flux increment of 6 Wb.

passing through the endcap disks. One third of the total flux escapes radially, returning outside
the steel yoke. For this reason, particular care has to be taken in modeling boundary positions.
Truly open boundaries cannot be specified with TOSCA. The simplest way to approximate open
boundaries is to compute the field in a large region enclosing the solenoid and yoke. The effect of
different choices for the enclosing volume on the same TOSCA model is shown in figure 6. A small
enclosing region (e.g., R< 13 m) forces too much flux to return in the yoke, causing a distortion in
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Figure 2.5: On the left: 3-D model of the CMS magnetic system with half of the return
yoke [90]. On the right: Value of |B| (colored) and field lines (black and white) predicted
on a longitudinal section of the CMS detector [91].

The solenoid is made of coils of wire that produce a uniform magnetic field when elec-
tricity flows through them. The coil is thermally insulated within a vacuum volume and
operates in superconducting mode letting the electric currents flow without resistance.
The solenoid consists of four layers each made of 16x2 of, Rutherford-type, Niobium-
Titanium superconducting strands, extruded with pure aluminum and mechanically re-
inforced with an aluminum alloy [84].

2100000 times stronger than the magnetic field of the Earth
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The yoke is a 12-sided iron structure that surrounds the magnet coils and is responsible
for the return of the magnetic flux. It also provides most of the experiment’s structural
support.
A map of the magnetic field |B| is shown on the right of Fig. 2.5. The colors show the
value of |B| with a central magnetic flux density of 3.8 T close to the beam pipe. The
directions of the field lines are also shown in black and white.
The CMS magnet provides the needed energy to bend the paths of particles emerging
from high-energy collisions in the LHC. This helps to identify the charge of the particle
since positively and negatively charged particles bend in opposite directions. It is also
essential for the measurement of particle momenta, the more momentum a particle has
the less its path is curved by the magnetic field. The trajectory of a charged particle is
shown in Fig. 2.6 in the transverse and longitudinal planes of CMS. The change in the
magnetic field inside the magnetic coil and in the yoke causes the trajectory to change its
direction in the x-y plane. The trajectory is not bent in the z-direction.
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Figure 2.6: Longitudinal (left) and transverse (right) view of the CMS detector with a
trajectory of a charged particle shown in blue.

2.2.3 Tracking system

Merely bending particles is not enough. CMS uses a series of subdetectors to identify
the paths taken by these particles. The closest to the collision point is the tracking sys-
tem, made of a pixel detector and a silicon strip tracker and covering the pseudorapidity
range |η| < 2.5. The area close to the interaction vertex is where the particle flux emerg-
ing from the collisions is the highest. The tracker needs to have a high granularity to
record particle paths accurately yet be thin and lightweight to disturb the particle as little
as possible. The active material of the tracker is made of silicon. When a charged particle
passes through the tracker, it interacts electromagnetically with the silicon atoms creating
electron-hole pairs. The free electrons are then drifted by an electric current creating an
electric signal that is amplified and detected registering a “hit”. The track of the particle
is reconstructed by joining the hits produced by the particle in the different layers.
The cross-section of the tracker is shown in Fig. 2.7. The pixel detector is made of four
pixel layers in the barrel, starting at only 2.9 cm from the collisions, and three forward
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Figure 3.1: Schematic cross section through the CMS tracker. Each line represents a detector
module. Double lines indicate back-to-back modules which deliver stereo hits.

layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h | < 2.4 with at least ⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h | ⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h | ⇡ 1.4, beyond which it falls to about 1 X0 at
|h | ⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
At a transverse momentum of 100GeV multiple scattering in the tracker material accounts for 20 to

– 30 –

2
0
0
8
 
J
I
N
S
T
 
3
 
S
0
8
0
0
4

TEC+TEC-

TOB

TOB

TIB

TIB

TID

TIDTID

TID
PIXEL

-2600 -2200 -1800 -1400 -1000 -600 -200 200 600 1000 1400 1800 2200 2600
-1200

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

1200

z (mm)

r (mm)

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

1.7

1.9

2.1
2.3
2.5-2.5

-2.3
-2.1

-1.9

-1.7

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1

η

Figure 3.1: Schematic cross section through the CMS tracker. Each line represents a detector
module. Double lines indicate back-to-back modules which deliver stereo hits.

layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
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on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h | < 2.4 with at least ⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h | ⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h | ⇡ 1.4, beyond which it falls to about 1 X0 at
|h | ⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
At a transverse momentum of 100GeV multiple scattering in the tracker material accounts for 20 to
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layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h | < 2.4 with at least ⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h | ⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h | ⇡ 1.4, beyond which it falls to about 1 X0 at
|h | ⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
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layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h | < 2.4 with at least ⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h | ⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h | ⇡ 1.4, beyond which it falls to about 1 X0 at
|h | ⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
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layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h | < 2.4 with at least ⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h | ⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h | ⇡ 1.4, beyond which it falls to about 1 X0 at
|h | ⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
At a transverse momentum of 100GeV multiple scattering in the tracker material accounts for 20 to

– 30 –

Figure 2.7: Schematic cross-section through the CMS tracker [84]. Each line represents a
detector module. Double lines indicate back-to-back modules that deliver stereo hits.

pixel disks on each side of the interaction point [92]. The detection modules in the for-
ward detector are arranged in a turbine-like structure to optimize the charge sharing
between pixels and is therefore beneficial for the hit resolution. In the barrel region,
the silicon-strip tracker surrounds the pixel detector with the Tracker Inner Barrel (TIB)
and the Tracker Outer Barrel (TOB). The TIB is made of four cylinders with the modules
placed overlapping like roof tiles to allow better area coverage. The closest two layers
are made with “stereo”3 modules that deliver two-dimensional hit positions.
The endcaps are divided into the TEC (Tracker End Cap) and TID (Tracker Inner Disks).
On each side, the TID is made of three rings of modules, and the TEC is made of nine,
centered on the beamline. In the TID, the first two rings have “stereo” modules while in
the TEC the innermost two rings and the fifth ring have them.
During full luminosity collisions the occupancy of the pixel layers per event is of the or-
der of 0.1%, and 1–2% in the strip layers. Even in PbPb collisions, the occupancy is at the
level of 1% in the pixel detectors and less than 30% in the silicon strip layers.

2.2.4 Electromagnetic calorimeter

The Electromagnetic CALorimeter (ECAL) of CMS is designed to fully absorb and mea-
sure the energy of electrons and photons. It is made of lead-tungstate (PbWO4) crystals
chosen for the material’s small Molière radius4, caused by its short radiation length and
high density, resulting in a fine granularity and a compact calorimeter. The metallic-yet-
transparent crystals, shown in Fig. 2.8 on the right, are aligned in the barrel region and the
endcaps as shown on the left side of the same figure. The barrel contains 61,200 crystals
grouped in 36 supermodules while each of the endcaps contains 7324 crystals assembled
in units of 5x5 crystals [94]. The ECAL covers the pseudorapidity range |η| < 3.

3made of two single-sided detectors mounted back to back with an inclined strip against each other.
4a characteristic constant of a material giving the scale of the transverse dimension of the fully contained

electromagnetic showers initiated by an incident high energy electron or photon [93].
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Chapter 4

Electromagnetic Calorimeter

4.1 Description of the ECAL
In this section, the layout, the crystals and the photodetectors of the Electromagnetic Calor-
imeter (ECAL) are described. The section ends with a description of the preshower detector
which sits in front of the endcap crystals. Two important changes have occurred to the ge-
ometry and configuration since the ECAL TDR [5]. In the endcap the basic mechanical unit,
the “supercrystal,” which was originally envisaged to hold 6×6 crystals, is now a 5×5 unit.
The lateral dimensions of the endcap crystals have been increased such that the supercrystal
remains little changed in size. This choice took advantage of the crystal producer’s abil-
ity to produce larger crystals, to reduce the channel count. Secondly, the option of a barrel
preshower detector, envisaged for high-luminosity running only, has been dropped. This
simplification allows more space to the tracker, but requires that the longitudinal vertices of
H → γγ events be found with the reconstructed charged particle tracks in the event.

4.1.1 The ECAL layout and geometry

The nominal geometry of the ECAL (the engineering specification) is simulated in detail in
the GEANT4/OSCAR model. There are 36 identical supermodules, 18 in each half barrel, each
covering 20◦ in φ. The barrel is closed at each end by an endcap. In front of most of the
fiducial region of each endcap is a preshower device. Figure 4.1 shows a transverse section
through ECAL.

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

= 1.653

= 1.479

= 2.6
= 3.0

ECAL (EE)

Figure 4.1: Transverse section through the ECAL, showing geometrical configuration.

146

Figure 2.8: Transverse section through the ECAL, showing the geometrical configuration
on the left [89] and an endcap crystal on the right [84].

When a high-energy photon or electron passes through the ECAL, it deposits energy in
the crystals through bremsstrahlung and pair-production, generating a cascade of elec-
tromagnetic particles. That results in scintillation light being emitted in the crystals and
then measured by photodetectors. The amount of produced light is a linear function of
the particle energy. The photodetectors in the barrel are Avalanche PhotoDiodes (APD)
mounted in pairs on the back of each crystal, while Vacuum PhotoTriodes (VPT) are used
in the endcaps, attached to the back of each crystal.
The ECAL also contains preshower detectors installed in front of the endcaps consisting
of two layers of lead each followed by a layer of silicon strip detectors. The principal aim
of the preshower is to identify neutral pions in the endcaps. It also helps the identification
of electrons against minimum ionizing particles and improves the position determination
of electrons and photons.
Since the transparency of the crystals to scintillation light is affected by radiation, a mon-
itoring system is installed to track the radiation-induced transparency variations using
laser pulses. The crystals are also kept at a stable temperature of 18oC using a water flow
cooling system because the response of the crystals and the signal amplification depend
on the operating temperature.

2.2.5 Hadron calorimeter

The Hadron CALorimeter (HCAL) is the detector responsible for hadron energy mea-
surements. The HCAL and ECAL form a complete calorimetry system for the measure-
ment of jets and missing transverse energy.
The HCAL is a hermetic sampling calorimeter; which means it’s made of scintillating
active material and layers of absorber material. When a hadron hits an absorber plate, it
interacts with the material creating a shower of secondary particles that passes through
the scintillating layers emitting light. The light signal, measured by photodetectors, is
proportional to the energy of the incident hadron.
The HCAL is divided into four sections: barrel HCAL (HB), endcap HCAL (HE), outer
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HCAL, and forward HCAL (HF). Their locations with respect to the other detectors are
shown in Fig. 2.9.

1.2. Review of the Existing Calorimeters 3
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HF EE
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Figure 1.2: An r-Z schematic drawing of a quarter of the CMS detector showing the location of
the HB, HE, HO, and HF calorimeters in CMS.

active material. Light from the plastic scintillator is wavelength-shifted and captured in WLS
fibers which are fused to clear optical fibers for transport to the phototransducers and front-end
electronics. The HCAL Outer calorimeter (HO), which functions as a tail-catcher for hadronic
showers and is useful for muon identification, uses the same active material and WLS fiber as
the HB and HE calorimeters but uses the steel return yoke and magnet material of CMS as ab-
sorber [3]. The modifications to the HO calorimeter and its readout will be carried out during
LS1; these are not included as a part of this upgrade. The HB, HE, and HO calorimeters were
all originally fitted with hybrid photodiode (HPD) transducers.

The HF is a Cherenkov calorimeter based on a steel absorber and quartz fibers which run longi-
tudinally through the absorber and collect Cherenkov light, primarily from the electromagnetic
component of showers which develop in the calorimeter [4]. The quartz fibers are inserted into
the HF with a spacing of 5 mm and the fibers associated with a particular h ⇥ f region are
bundled and the optical signal is converted to an electrical signal using a photomultiplier tube.

After the phototransducers, all of the hadron calorimeters share a common electronics chain.
The signal from the phototransducer is integrated over 25 ns (the so-called “integration bucket”)
and digitized by a QIE8 ASIC [5] developed at Fermilab using a clock phased for the particular
time-of-flight to each cell using a Clock-and-Control ASIC (CCA) developed for the purpose.
The CCA aligns the digital data for the channels to a common clock and hands the data off to
the Gigabit Optical Link (GOL) ASIC for transmission to the back-end electronics at a link rate
of 1.6 Gbps. In the back-end electronics, the HCAL Trigger and Readout card (HTR) calculates
trigger primitives which are then transmitted to the calorimeter trigger system. The trigger

Figure 2.9: Longitudinal view of one quadrant the CMS detector showing the locations
of the hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters [95].

The HB and HE use brass as the absorber and plastic scintillator as the active material.
The light emitted by the plastic scintillator is measured by Hybrid PhotoDiode (HPD)
transducers.
The HO acts as a ‘tail catcher’ that complements the HB since the location of the HB be-
tween the outer extent of the ECAL and the inner extent of the magnet coil constrains the
total amount of material that can be put in to absorb the hadronic shower. It is made of
tiles of Bicron BC408 scintillator plates and uses Silicon PhotoMultipliers (SiPM) to detect
photons. It also utilizes the solenoid coil as an additional absorber.
Since the HF is located at very forward rapidity, it experiences unprecedented particle
fluxes and extremely high charged hadron rates. It is designed to survive this hostile
environment as a large steel absorber embedded with quartz fibers. The charged shower
particles, created from the interaction between the hadron and the absorber steel, gener-
ate Cherenkov light if their energy is above the Cherenkov threshold. The quartz fibers,
which run longitudinally through the absorber, collect Cherenkov light primarily from
the electromagnetic component of showers.

2.2.6 Muon system

The Muon system is a group of “chambers” that uses gas ionization to detect muons. It
is one of the defining features of CMS as the name “Compact Muon Solenoid” suggests.
The muon detectors are placed at the very edge of the experiment since muons can pen-
etrate the dense material of the calorimeters and solenoid magnet without interacting.
Three types of chambers are used: Drift Tubes (DT), Cathode Strip Chambers (CSC), and
Resistive Plate Chambers (RPC). They are placed inside the magnet return yoke as shown
in Fig. 2.10: DTs in the barrel, CSCs in the endcaps, and RPCs in both.
The DTs are arranged in four concentric cylindrical chambers, labeled MB[1-4] in Fig. 2.10,
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2.1 Drift tube and cathode strip chamber systems 3
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Figure 1: An R–z cross section of a quadrant of the CMS detector with the axis parallel to the
beam (z) running horizontally and radius (R) increasing upward. The interaction point is at
the lower left corner. Shown are the locations of the various muon stations and the steel disks
(dark grey areas). The 4 drift tube (DT, in light orange) stations are labeled MB (“muon barrel”)
and the cathode strip chambers (CSC, in green) are labeled ME (“muon endcap”). Resistive
plate chambers (RPC, in blue) are in both the barrel and the endcaps of CMS, where they are
labeled RB and RE, respectively.

Figure 2.10: Longitudinal view of one quadrant of the CMS detector showing the lo-
cations of the drift tubes (orange), cathode strip chambers (green) and resistive plate
chambers (blue) [96].

around the beamline. A schematic view of one chamber is shown in Fig. 2.11 on the left
side. The station consists of eight layers of tubes measuring the position in the r-φ plane
on the top and the bottom and four layers in the r-z plane. The different layering of the
tubes in different directions allows the measurement of two coordinates: along the direc-
tion parallel to the beam and perpendicular to it.

6 2 Overview of the muon system

Figure 4: Map of the |B| field (left) and field lines (right) predicted for a longitudinal section
of the CMS detector by a magnetic field model at a central magnetic flux density of 3.8 T. Each
field line represents a magnetic flux increment of 6 Wb.
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Figure 5: Left: Schematic view of a DT chamber. Right: Section of a drift tube cell showing the
drift lines and isochrones.

96–99% except in the gaps between the 5 wheels of the yoke (at |h| = 0.25 and 0.8) and the
transition region between the barrel outer wheels and the endcap disks [15]. The amount of
absorbing material before the first muon station reduces the contribution of punch-through
particles to about 5% of all muons reaching the first station and to about 0.2% of all muons
reaching further muon stations. Crucial properties of the DT and CSC systems are that they
can each identify the collision bunch crossing that generated the muon and trigger on the pT
of muons with good efficiency, and that they have the ability to reject background by means of
timing discrimination.

The LHC is a bunched machine, in which the accelerated protons are distributed in bunches
separated by one (or more) time steps of 25 ns. This is therefore also the minimum separation
between bunch crossings, in which proton–proton collisions occur. Thus, a convenient time
quantity for both the accelerator and the detectors is the bunch crossing (BX) “unit” of 25 ns,
and, because the fundamental readout frequency is 40 MHz, clock times are often quoted in
BX units. The ability of the muon chambers to provide a fast, well-defined signal is crucial

Figure 2.11: Left: Schematic view of a DT chamber. Right: Section of a drift tube cell [96].
The drift lines are the lines followed by the electrons as they drift to the anode wire while
the isochrons connecting points relating to the same drift time.

A single DT is shown on the right side of Fig. 2.11. Each 4-cm-wide cell contains two
electrode strips at the top and bottom of the cell, two cathode plates on the sidewalls,
and a gold-plated stainless-steel anode wire at the center. The cells are filled with a gas
mixture of 85% Ar + 15% CO2.
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Since muons are charged particles, when one passes through a DT cell it ionizes the gas
releasing electrons. The electrons drift to the anode wire and are then collected as an
electrical signal. The muon’s position is measured by registering where along the wire
electrons hit, as well as by calculating the muon’s original distance away from the wire.
In the endcap region, the muon rate is high and the magnetic field is not uniform. The
CSCs are installed there since they have a fast response time, they can be finely seg-
mented, and they can tolerate the non-uniformity of the magnetic field [96]. Each endcap
uses 270 CSCs. One chamber consists of seven cooper cathode strips, crossed with six
anode wires, creating six gaps filled with a gas mixture of 40% Ar, 50% CO2, and 10%
CF4. The cathode strips run radially outward providing the coordinate in the r-φ while
the anode wires are placed azimuthally and measure the pseudorapidity of the muons.2.2 Resistive plate chamber system 7

4. Endcap Chambers
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• by measuring signals from strips and wires, one easily obtains two coordinates from
a single detector plane (the precise coordinate comes from interpolation of charges
induced on strips),

• strips can be fan-shaped to measure the !-coordinate in a natural way,
• CSCs can operate in large and non-uniform magnetic field without significant

deterioration in their performance,
• gas mixture composition, temperature, and pressure do not directly affect CSC

precision and thus stringent control of these variables is not required,
• detector mechanical precision is defined by strips which can be etched or milled with

the required accuracy and can be easily extended outside the gas volume, thus
making survey of plane-to-plane alignment very simple.

F i g .  4 . 1 . 5 : Schematic view of an endcap muon CSC: a six-plane chamber of a trapezoidal
shape with strips running radially (strips have constant "! width) and wires running across.

A typical EMU CSC is a six-plane chamber of trapezoidal shape with a maximum length
of 3.4 m and with a maximum width of 1.5 m. A schematic view of a CSC is provided in
Fig. 4.1.5. The large chambers cover 10° sectors, while the smaller chambers cover 20°
sectors. (see Table 4.1.1). Cathode planes are formed by honeycomb panels with copper clad
FR4 skins. Gas gaps defined by the panels are either 6 mm thick, for the ME1/1 chambers, or
9.5 mm thick, for all other chambers. Strips are fan shaped, i.e., they run radially in the endcap
geometry and thus provide the phi-coordinate of muon hits. The strip configurations are milled
in the FR4, and the strip width ranges from 3 to 16 mm for different chambers. Wires are
stretched across strips without intermediate supports and, for readout purposes, are grouped in
bunches from 5 to 16. They provide the radial coordinate of muon hits with a few cm precision.
For the ME1/1 chamber, which is in a 3T BZ-field, the wires are strung at a 25° angle to a
perpendicular to the chamber centerline to compensate for the skewed drift of electrons.

The most important parameters for all chambers are given in Table 4.1.1. Detailed
discussions of the chambers are given in Sections 4.2 and 4.3. Overall, the Endcap Muon
System consists of 540 six-plane trapezoidal chambers, with about 2.5 million wires, 210,816
anode channels and 273,024 precision cathode channels. A typical chamber has about 1000
readout channels.

4. Endcap Chambers

143

The detector technology chosen for the Endcap Muon System is the Cathode Strip
Chamber (CSC), a multiwire proportional chamber in which one cathode plane is segmented
into strips running across wires. An avalanche developed on a wire induces on the cathode
plane a distributed charge of a well known shape which is defined by electrostatics [4.1]:
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Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
electronic noise). The principle of operation is shown schematically in Fig. 4.1.4.
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F i g .  4 . 1 . 4 : Principle of coordinate measurement with a cathode strip chamber: cross-
section across wires (top) and across cathode strips (bottom). Close wire spacing allows for
fast chamber response, while a track coordinate along the wires can be measured by
interpolating strip charges.

The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,

Figure 6: Left: Cut-away diagram of a CSC showing the 6 layers and the orientations of the
wires and strips (not all shown). Right: Cross-sectional views of the gas gap in a CSC showing
the anode wires and cathode planes, and a schematic illustration of the gas ionization avalanche
and induced charge distribution on the cathode strips.

for triggering on muon tracks. To ensure unambiguous identification (ID) of the correct bunch
crossing and the time coincidence of track segments among the many muon stations, the local
signals must have a time dispersion of a few nanoseconds, much less than the minimum 25 ns
separation of bunch crossings. A design in which intrinsically slow tracking chambers never-
theless provide good timing and spatial performance at the trigger level is an important feature
of the CMS muon system.

2.2 Resistive plate chamber system

In addition to these tracking detectors, CMS includes a complementary, dedicated triggering
detector system with excellent time resolution to reinforce the measurement of the correct beam
crossing time at the highest LHC luminosities. The resistive plate chambers (RPC) are located
in both the barrel and endcap regions, and they can provide a fast, independent trigger with a
looser pT threshold over a large portion of the pseudorapidity range (|h| < 1.6). The RPCs are
double-gap chambers, operated in avalanche mode to ensure reliable operation at high rates.

Figure 7 shows the layout of a double-gap RPC. Each gap consists of two 2-mm-thick resistive
Bakelite plates separated by a 2-mm-thick gas gap. The outer surface of the bakelite plates is
coated with a thin conductive graphite layer, and a voltage of about 9.6 kV is applied. The RPCs
are operated with a 3-component, non-flammable gas mixture that consists of 95.2% Freon
(C2H2F4, known as R134a), 4.5% isobutane (i-C4H10), and 0.3% sulphur hexafluoride (SF6).
After mixing, water vapor is added to obtain a mixture with a relative humidity of 40%–50%.
Readout strips are aligned in h in between the 2 gas gaps. A charged particle crossing an
RPC will ionize the gas in both gas volumes and the avalanches generated by the high electric
field will induce an image charge, which is picked up by the readout strips. This signal is
discriminated and shaped by the front-end electronics.

The RPCs are organized in stations following a sequence similar to the DTs and CSCs. In the
RPC barrel (RB) there are 4 stations, namely RB1, RB2, RB3, and RB4, while in the RPC end-

Figure 2.12: Left: Schematic layout of a CSC showing the six layers and the orientations
of the wires, only a few of which are shown. Right: Cross-sectional views of the gas gap
in a CSC showing the anode wires and cathode planes and the charge distribution caused
by the gas ionization avalanche [96].

A CSC is shown in Fig. 2.12 on the left side. The cathode strips and the few wires are
shown. When a muon passes a chamber the gas is ionized emitting electrons that create a
subsequent electron avalanche. The avalanche produces a fast, coarse resolution, charge
signal on the anode wire and an induced, more precise, charge signal on a group of cath-
ode strips, as shown on the right side of Fig. 2.12.
The barrel and endcaps are complemented with an RPC system, consisting of four sta-
tions in the barrel and 3 stations in each endcap, as a dedicated triggering system with
excellent time resolution. An RPC, shown in Fig. 2.13, is a gaseous parallel-plate double-
gap module with each gap consisting of two bakelite plates with the outer surface coated
with a thin conductive graphite layer. One of the plates is a positively charged anode and
the other is a negatively charged cathode. The gas is a mixture of 95.2% Freon (C2H2F4,
known as R134a), 4.5% isobutane (i-C4H10) and 0.3% sulfur hexafluoride (SF6), with wa-
ter vapor added at the end to obtain a relative humidity of 40%–50%
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Figure 1: Cross section view of a double gap RPC.
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Figure 2.13: Cross-section view of a double gap RPC [97].

When a muon passes through the RPC it ionizes the gas in both gaps emitting electrons
that generate more electrons creating an avalanche that crosses the electrodes without
interacting and is then picked by the readout strips installed between the two gaps.

2.2.7 Trigger systems

For the nominal LHC design luminosity of 1034 cm−2s−1 for pp collisions, the beams cross
every 25 ns at a crossing frequency of 40 MHz with approximately 20 events occurring
at every crossing. Only a small fraction of events are of interest to the CMS physics
program, and only a small fraction can be stored for later offline analysis. Therefore a
trigger system is needed to select the interesting events for offline storage [98]. The CMS
trigger system reduces the event rate in two steps: the Level-1 (L1) Trigger and the High-
Level Trigger (HLT).

Level-1 trigger

The L1 trigger is an extremely fast, entirely hardware-based, system that uses informa-
tion from the calorimeters and the muon system to decide if an event is kept or rejected,
within 4 µs of the collision. The L1 trigger is divided into calorimeter and muon trig-
gers that run in parallel, checking for candidate objects in the event like energy clusters
consistent with an electron or ionization deposits consistent with a muon. The L1 trigger
output rate is restricted to 100 kHz, so the trigger thresholds are adjusted during the data
taking based on the value of the LHC instantaneous luminosity.
The L1 conditions are organized in a menu made of different algorithms, programmed by
the users, and hard-coded in the firmware of a Field-Programmable Gate Array (FPGA).
The Trigger Primitive (TP) is the unit of the input data from each subdetector. For the
calorimeter, a TP is derived from Trigger Towers (TT), each corresponding to a module
of 5x5 crystals in the ECAL, while for the muon system a TP corresponds to a segment in
the DT, CSC, and RPC systems. The TPs are processed in many steps then combined in
the Global Trigger (GT) that makes the final decision if the event is kept or not.
A schematic view of the L1 trigger system is depicted in Fig. 2.14. The L1 calorimeter
trigger [101] is divided into two separate processing layers with data split into bunch-
crossing intervals instead of detector regions. The first layer collects data from the calorime-
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Figure 2.14: Block diagrams of the L1 trigger system, based on the diagrams in Ref. [99,
100].

ter TTs and then distributes it to the FPGAs of the second layer, which uses the data to
reconstruct object candidates: e/γ, jets, and taus. The global energy quantities are also
measured.
The L1 muon trigger [102] follows a regional approach (endcap, overlap, and barrel), and
receives information from the DTs, CSCs, and RPCs. Hits from the CSCs are sent to the
endcap and overlap track finders (EMTF and OMTF) via a mezzanine on the muon port
card. RPC hits are sent to the EMTF via the link board to the concentrator preprocessor
and fan-out (CPPF) card and to the barrel track finder (BMTF) via a TwinMux concen-
trator card, which also provides DT hits to the BMTF and OMTF. The best muons from
the regional track finders are selected in the global muon trigger and sent, together with
information from the calorimeter about the muon isolation, to the global trigger.

High level trigger

The HLT trigger [103] reduces the 100 kHz input from the L1 trigger down to 1 kHz
which is the limit of the data transfer rate required by the CERN main computing farm.
The HLT hardware consists of an array of multi-core computers running Scientific Linux.
The data processing of the HLT is structured around the concept of an HLT path, which
is a set of algorithmic processing steps run in a predefined order. The event selection is
performed in a similar way to that used in the offline processing and is done by three
units: readout, builder, and filter units. When an event passes the L1 trigger, the readout
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unit extracts all information from the CMS subdetectors. The builder then builds detec-
tor segments, hits, and clusters, using the raw data provided by the readout unit, to form
complete events. Lastly, the filter unit performs the reconstruction of physics objects and
selects events for data analysis. The conditions for each HLT path are defined by users
like requiring a certain number of electrons in the event or the presence of muons with
pT larger than a given threshold.
The analyses for this thesis analyze data triggered with HLT triggers requiring the pres-
ence of muons. Some require the presence of two L1 muons without further reconstruc-
tion. Others require additional HLT reconstruction which is done in two levels: Level-2
(L2) and Level-3 (L3) reconstructions.

HLT L2 muon reconstruction The L2 muon reconstruction uses information for the
muon detectors, starting by locally reconstructing hits in each muon chamber. The hits
measured in the DT or CSC are then combined to form “track segments”. Only segments
that are close to an L1 candidate are kept. The Kalman Filter (KF) technique [104] is
used to build the tracks by recursively fitting the segments with a fit constrained by the
position of the interaction point to improve the pT resolution. Duplicate tracks are then
filtered.

HLT L3 muon reconstruction The L3 reconstruction uses both the muon system and the
tracker. The use of tracks significantly improves the resolution of the muon candidates. A
regional tracking is performed by only reconstructing tracker tracks close to the L2 muon
candidates, using three different seeding algorithms:

ý The seeds are defined by extrapolating the position and pT of the L2 muon tracks
to the outer surface of the inner tracker.

ý The seeds are defined by the L2 track parameters extrapolated to the outer surface
of the tracker and updated with information from the outermost layers of the silicon
strip detector.

ý The seeds are defined by pairs of hits on adjacent layers of the silicon-pixel subde-
tector found in a narrow η − φ region around each L2 muon track.

The three algorithms are run from faster to slower, which are only used of the faster
algorithms fail. The tracks are reconstructed with a KF fit starting from the initial seeds.
The reconstructed tracker and L2 muon tracks are propagated to a common surface and
then matched by comparing their separation, directions, or χ2. If an L2 track and a tracker
track match are found, a final refit of all the tracker and muon system measurements is
performed to form the L3 muon track.



Chapter 3

Measuring the fragmentation
functions

3.1 The road map

Beams are colliding, detectors are catching flying particles, and information is being
recorded. But we don’t have physics results yet. A lot of work still needs to be done
to reconstruct and analyze data. The first thing is to identify the systems and datasets
depending on the physics studied. When the machine is running the triggers select the
events of interest using objects reconstructed on the fly. The objects are also reconstructed
offline using more information that takes more processing time than the online recon-
struction. The analyzers then apply selection cuts on the events and objects depending
on the specifics of each analysis. The analysis procedures are usually composed of many
steps using different statistical tools. The obtained results are then documented and pub-
lished. This road map is illustrated in Fig. 3.1.
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Figure 3.1: The different steps to get physics results.
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The goal of this thesis is to study J/ψ in jets in two systems: pp and PbPb. The J/ψ meson
can decay in many modes. The dimuon channel was chosen for this analysis for its clean
signal using the CMS detector. Depending on the system and dataset a trigger is chosen
that collects the events of interest for the analysis and deposits them in a data sample. An
offline selection is then applied to the different components of the analysis: the event, the
J/ψ/muons, and the jet. The analysis has two major segments: The J/ψ signal extraction
and the jet reconstruction and pT determination.
Following the plan explained in Sec. 1.3, two analyses were done: The first using the
2015 pp collisions and including both prompt and nonprompt J/ψ in jets results, and the
second using 2017 pp and 2018 PbPb runs and only focusing on the prompt results. The
procedure used for both analyses is essentially the same, therefore the following sections,
going through the details of each step, will focus on the second analysis that includes
PbPb. For the sake of going from global to specific details, the offline event selection will
be discussed before the object reconstruction, right after discussing the trigger.
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3.2 Data samples and trigger selection

J/ψ in jets are studied in pp and PbPb collisions using data recorded by the CMS detec-
tor at

√sNN = 5.02 TeV. The datasets are composed of events selected by HLT triggers.
In the pp case, the trigger requires at least two L1 muon candidates, without any pT re-
quirement, whereas for PbPb, the trigger is a bit more complicated. It requires at least
two L2 muon candidates out of which at least one is an L3 muon matching a track with
10 hits in the silicon tracker. The trigger also has an invariant mass filter requiring the
dimuon mass to be within the range of 1 to 5 GeV. Fig. 3.2 shows the invariant mass
spectra of dimuons reconstructed with three different HLT triggers. The coral pink peak
corresponding to the J/ψ meson is reconstructed with the HLT trigger used in this thesis
for PbPb collisions.
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Figure 3.2: Dimuon invariant mass spectra reconstructed with HLT triggers for a partial
dataset of the 2018 PbPb run. The different colors indicate different HLT triggers.

The CMS Collaboration monitors the data quality during and after the data-taking pe-
riod running various checks and filtering out events for which the subdetectors were not
operating in proper conditions. The integrated luminosities corresponding to the data
samples used in this thesis are given in Table 3.1.

Year System Luminosity

2015 pp 27.39 pb−1

2017 pp 311 pb−1

2018 PbPb 1.64 nb−1

Table 3.1: The integrated luminosity of the datasets used in this analysis.
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Monte Carlo simulations

In addition to the data samples, simulated Monte Carlo (MC) samples are also used in
different steps of the analysis.
For a given process, the simulation is done in three steps. The first is to generate the pri-
mary particle and its decay to a given final state using an event generator, PYTHIA 8.212 [105]
in this case. The second is to pass the decay products through a transport code that simu-
lates the passage of particles through the detector, like GEANT4 [106] that was used in this
analysis. It characterizes the geometry of the detector and records the hits the particles
produce by interacting with the active detection elements. The third step is to reconstruct
the final state particles using the information from the created hits.
For PbPb events, simulated signal events are embedded in the underlying environment
simulated by a heavy ion generator like HYDJET [107], and then reconstructed like nor-
mal events. This step is needed because the detector response is affected by its occupancy
making the detector less efficient for higher multiplicity events as is the case in central
collisions.
Prompt and nonprompt J/ψ samples were produced for both pp and PbPb. The prompt
samples were generated following the NRQCD models for charmonium production, while
the nonprompt samples were produced by the decay of the b hadrons (B+,B0 and B0

s
mesons, as well as their charge conjugates and excited states) with the EVTGEN pack-
age [108] interfaced to PYTHIA.
A p̂T bias was used to sample events more evenly out to large pT, with p̂T being the pT
of the simulated hard scattering process. The bias is then corrected with a weight factor.
Since the PbPb sample was produced using minimum bias HYDJET events, equally dis-
tributed in centrality, the centrality distributions of the J/ψ samples are flat. The J/ψ pro-
duction in data is biased towards more central collisions. In order to match the simulation
distributions to data, each event is weighted by the Ncoll corresponding to the centrality
of the collision, given by the Glauber model calculations explained in Section 1.1.3.
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3.3 Event selection and centrality determination

There are several background sources to the inelastic hadronic collisions such as beam-
gas collisions, beam scraping events, and electromagnetic interactions (ultra-peripheral
collisions). To remove the background, an offline selection is applied on each event.
For pp collisions, the event selection consists of a primary vertex filter, that requires a
primary vertex reconstructed from at least two tracks, and a beam-scraping filter that
requires at least 25% of tracks in the event to be high-quality tracks.
In the case of PbPb collisions, the primary vertex filter is also used, in addition to an HF
coincidence filter that requires at least two towers on each side of the interaction point in
the HF with an energy deposit of at least 4 GeV per tower, and a cluster compatibility filter
requiring that the shape of the silicon pixel clusters are compatible with tracks originating
from the primary vertex.

Centrality determination

In PbPb collisions, the events are divided into centrality classes expressed in percentage
of the total hadronic inelastic cross-section.
The centrality relates directly to the occupancy of the detector, hence is determined using
event-level variables: the sum of HF transverse energy, the total number of reconstructed
tracks, the number of pixel clusters, etc.
For the 2018 PbPb run, the sum of transverse energy in the HF calorimeters is chosen as
the centrality variable. The events are divided into 200 centrality bins corresponding to
centrality classes of 0.5% of the total inelastic hadronic cross-section. The bin boundaries
are a simple list of HF ET that is determined by sorting the sum of HF ET of events that
pass default trigger and event selection and then divide them into 200 parts. The events
are taken from a minimum bias sample i.e. only requiring a bunch crossing and a coinci-
dence between signals from the -z and +z sides of the HF calorimeters.
The distribution of the sum of HF ET for a large sample of minimum bias collisions is
shown in Fig. 3.3 separated in centrality classes.
A data+MC calibration was developed to take into account the event selection efficiency
+ contamination that affects peripheral events. Below a certain threshold, the HF ET dis-
tribution was taken from HYDJET events. On the left of Fig. 3.4, the data and MC HF ET
distributions used for the calibration are shown. The event selection is only applied to
data. In addition to the y-normalization, the HYDJET HF ET distribution is scaled along
the x-axis by what is called “MC X scale” on the plot. Different scales were tested by
fitting the HYDJET distribution and computing the χ2 of the fit to the data distribution in
the “plateau” region, i.e. excluding the most central and most peripheral events. The X
scale = 0.86, had the best χ2 and was used for the calibration. The HF ET threshold was
also determined in the same way with the best χ2. The data/MC ratio is interpreted as
efficiency + contamination and found to be (97± 1.5)%. The uncertainty is computed by
changing the data/MC threshold.
Fig. 3.4 also shows the centrality bin distributions of 2018 data using three HF ET thresh-
olds. 100 GeV is taken as the nominal value and the other two are used as systematic vari-
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Figure 3.3: Distribution of the sum of transverse energy deposited in the HF calorimeters
for minimum bias events. The centrality classes are shown in red.
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ations. The excess of events in the peripheral region indicates remaining electromagnetic
contamination after event selection. The systematic variation for centrality calibration is
negligible in the case of J/ψ events so it is not taken into account in this analysis.
In the case of MC simulations, the centrality bin boundaries are determined from the
whole minimum bias sample (without any selection) and simply divided into 200 equal
bins.
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3.4 Object reconstruction

Particles passing through CMS leave hits, segments, and clusters in the subdetectors de-
pending on the type of particle. As shown in Fig. 3.5:

ý A muon, shown in blue, creates hits in the tracker and the muon chambers.

ý An electron, shown in red, traverses the silicon tracker layers radiating bremsstrahlung
photons until it reaches the electromagnetic calorimeter producing a “superclus-
ter”.

ý A photon, shown with a dashed navy line, passes through the tracker without in-
teraction and showers in the electromagnetic calorimeter.

ý A charged hadron, shown with a solid green line, creates hits in the tracker and
showers in the hadron calorimeter.

ý A neutral hadron, shown with a dashed green line, passes through the tracker with-
out interaction and showers in the hadron calorimeter.

1m1m 2m2m 3m3m 4m4m 5m5m 6m6m 7m7m0m0m

2T

4T

Légende:
Électron
Hadron chargé (ex. Pion)

Muon

Photon
Hadron neutre (ex. Neutron)

Trajectographe
au silicium

Calorimètre
électromagnetique

Calorimètre
hadronique

Solénoïde
superconducteur Culasse de retour de l’aimant

avec des chambres à muons

X

Y

Y

Z

X

Muon
Electron
Charged hadron
Neutral hadron
Photon

Silicon tracker

Electromagnetic 
calorimeter

Hadron 
calorimeter Superconducting 

solenoid Iron return yoke interspersed 
with muon chambers 

Figure 3.5: Transverse slice through the CMS detector showing how particles interact
with the subdetectors.

The object reconstruction is to collect the footprints left in each of the CMS subdetectors
to form the physics objects that left them. The experimental signatures of quarks and
gluons, i.e. jets, are also reconstructed.
The following sections will discuss, in detail, the reconstruction of muons and jets, the
main objects used in this thesis.
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3.4.1 Muon reconstruction

In CMS muon reconstruction is done using information from the silicon tracker and the
muon chambers. The muons reconstructed in the muon system are called standalone
muons. Those reconstructed in the inner tracker and matched to a hit in the muon sys-
tem are called tracker muons. Global muons are the muons that are reconstructed by
matching a track in the inner tracker with a standalone-muon track in the muon cham-
bers. Fig. 3.6 shows the different types of muons with respect to the CMS detector.
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Figure 3.6: Transverse slice through the CMS detector highlighting the subdetectors that
play a role in muon reconstruction. The boxes indicate different types of muons.

Standalone muons

The reconstruction of standalone muons starts with locally reconstructing hits in the muon
system and combining them within each chamber [109]. The linear interpolation of the
position of hits measured in the DT or CSC layers provides a “track segment”. The
Kalman Filter technique [104] is used to build the tracks by fitting the track segments
starting from the innermost station and progressing towards the outer stations. In each
step, the χ2 between the track and the detector is computed, excluding hits with large
χ2 values from the KF fit. After the trajectory is built in the forward direction, backward
pattern recognition is performed from the outermost to the innermost muon chambers.
Finally, the trajectory is propagated to the interaction point.

Tracker muons

In the tracker, a sequence of tracking algorithms, each with slightly different logic, is used
to reconstruct tracks from hits [110]. The hits that are associated with a track are removed
from the input of the following step. For the track to become a tracker muon, the track is
propagated to the muon system with loose matching and loose selection, pT > 0.5 GeV
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and p > 2.5 GeV, to the innermost muon station. If at least one muon segment matches
the extrapolated track along the transverse plane, the tracker track qualifies as a tracker-
muon track.

Global muons

Global-muon tracks are built by matching standalone-muon tracks with tracker tracks. A
region of interest is defined in the tracker using the standalone muon kinematics. It holds
information about desired track position at the vertex and its kinematics. The tracker
tracks are built from the hits in the inner tracker with an iterative KF combinatorial track
finder. The tracker tracks are then compared with the standalone tracks. In the case
of matching, the hits from both tracks are refitted to derive the ultimate global-muon
candidate.
Due to the high efficiency of the tracker track and muon segment reconstruction, about
99% of the muons produced within the geometrical acceptance of the muon system are
reconstructed either as a global muon or as a tracker muon, and very often as both [110].

3.4.2 Jet reconstruction and clustering algorithms

Quarks and gluons cannot be directly observed in nature due to color confinement. In-
stead, they hadronize to form collimated sprays of hadrons called jets. Jets are recon-
structed using their signatures in the different subdetectors like tracks in the tracker or
clusters in the calorimeters.
CMS uses three different methods to reconstruct jets: a calorimeter-based approach, the
“Jet-Plus-Track” approach, which uses the calorimeter and the tracks, and the “Particle
Flow” (PF) approach [111], which uses information from all subdetectors to individually
reconstruct each particle in the event. PF is now used by most CMS analyses since it sig-
nificantly improves the jet energy resolution compared to other approaches, especially at
low pT.
Particle flow reconstruction is done in two main steps: identifying PF elements and then
linking those elements to reconstruct particles. Charged hadrons are identified by linking
a track to an HCAL cluster while neutral hadrons are identified by HCAL clusters with-
out track links. Similarly, electrons are identified with a track and an ECAL cluster with
no link to an HCAL cluster, while electrons are identified with an ECAL cluster with no
tracking link. Muons are identified by a track in the inner tracker connected to a track in
the muon detectors.
Fig. 3.7 shows a 65 GeV simulated jet in the CMS detector, made of only five particles for
illustrative purposes: two charged hadrons (π+ and π−), two photons (from the decay
of a π0) and a neutral hadron (K0

L). The two photons, the π− and the K0
L produce clusters

in the ECAL, denoted as E1,2,3,4. The two charged pions are reconstructed as two bent
tracks, T1,2, pointing towards two HCAL clusters, H1,2.
After identifying the particles, PF jets are reconstructed using jet clustering algorithms.
Recombinational algorithms define a distance between pairs of particles, perform succes-
sive recombinations of the pair of closest particles, and stops when all resulting objects
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Figure 2: Event display of an illustrative jet made of five particles only in the (x, y) view (upper
panel), and in the (h, j) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K0

L, the p�, and the two photons from the p0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The p+ does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the (h, j) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.
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Figure 2: Event display of an illustrative jet made of five particles only in the (x, y) view (upper
panel), and in the (h, j) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K0

L, the p�, and the two photons from the p0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The p+ does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the (h, j) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.
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Figure 2: Event display of an illustrative jet made of five particles only in the (x, y) view (upper
panel), and in the (h, j) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K0

L, the p�, and the two photons from the p0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The p+ does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the (h, j) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.

Figure 3.7: Event display of an illustrative jet made of five particles only in the (x, y) view
(left), ECAL (η, φ) view (middle) and HCAL (η, φ) view (right) [111]. The cluster positions
are represented by dots, the simulated particles by dashed lines, and the positions of their
impacts on the calorimeter surfaces by various open markers.

are too far apart [112]. The distance between two particles i and j is defined as:

di,j = min(k2p
t,i , k2p

t,j )
∆y2

i,j + ∆φ2
i,j

R2 (3.1)

and the distance between any particle i and the beam as:

diB = k2p
t,i (3.2)

kt,i and kt,j are transverse momenta, R is the radius parameter that determines the final
size of the jet, and p is the parameter that governs the relative power of the energy versus
geometrical scales. p = 1 for the kt algorithm, p = 0 for the Cambridge/Aachen algo-
rithm and p = −1 for the anti-kt algorithm [113].
In an event with a few well-separated hard particles with transverse momenta kt1, kt2...
and many soft particles, the anti-kt algorithm starts by computing all distances di,j and
diB and find the smallest. If the smallest is a di,j the two particles i and j are combined.
Soft particles cluster with hard ones long before they cluster among themselves since di,j
between a hard and a soft particle is exclusively determined by the kt of the hard particle.
If the smallest distance is a diB the particle i is removed and called a jet. This process is
repeated until all particles are clustered into jets [114].
The intense environment created in central PbPb collisions is one of the major chal-
lenges in jet reconstruction. The uncorrelated background within the selected jet cone
may worsen the jet energy resolution. A local subtraction of the Underlying Event (UE)
is performed at the level of individual jet constituents, called Constituent Subtraction
(CS) [115]. The first step is to determine the UE energy density, expressed in the trans-
verse momentum density ρ and mass density ρm, by grouping all the particles in the event
into patches using the kt jet clustering algorithm. Each patch has a pT,patch = ∑i pT,i and

mass mδpatch = ∑i

(√
m2

i + p2
T,i − pT,i

)
, determined by summing over all the particles (i)
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in the batch, and covers a certain area Apatch in the (η,φ) plane.
ρ and ρm are then estimated as [116]:

ρ = medianpatches{pT,patch/Apatch} (3.3)

ρm = medianpatches{mδpatch/Apatch} (3.4)

The next step is to subtract a specified amount of those densities using soft massless
particles, called “ghosts”, uniformly covering the (η,φ) plane with high density.
The jet clustering is run again over the original and ghost particles. Each ghost particle
covers an area Ag and has pg

T and mg
δ that can be expressed as:

pg
T = Ag.ρ (3.5)

mg
δ = Ag.ρm (3.6)

The UE removal proceeds iteratively over all particle-ghost pairs starting from the closest
pair. With each iteration, the particle and ghost pT and mass are changed. If the pT of the
particle is greater or equal to the pT of the ghost, the pT of the ghost is subtracted from
the pT of the particle and then set to 0. Otherwise, the pT of the particle is subtracted
from the pT of the ghost and then set to 0. The same is done to the mass. The process is
terminated when the end of the list is reached. The momenta of jets are recomputed with
the subtracted constituent momenta.
Specifically for this analysis, the jets are originally reconstructed by running the anti-kt
algorithm, with R=0.3 to minimize the effects of the heavy-ion background fluctuations,
using the stable particles provided by particle flow. Particularly at lower values of J/ψ
pT, however, the two decay muons tend to have an opening angle with is comparable
to the size of the jet. As a consequence, the J/ψ may be reconstructed in more than one
jet. To rectify this the jets are reclustered, replacing the decay muons with the J/ψ can-
didate, after applying the full J/ψ selection. The analogous procedure is applied at gen-
erator level to recluster generator-level jets in the simulation. The underlying event in
PbPb is subtracted using the CS method but no energy is subtracted from the J/ψ itself,
which is defined as coming from the primary hard-scattering. Rather the subtracted en-
ergy is distributed amongst the other particles in the jet, which may originate from other
nucleon-nucleon scatterings.
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3.5 Selection

3.5.1 Single muon kinematic cuts

The single muon acceptance cuts are optimized in pT-η bins using a prompt J/ψ MC
sample by requiring the number of muons passing the trigger, reconstruction, and iden-
tification algorithms to be more than 10% of the total number of generated muons. The
distribution of this ratio is shown in Fig. 3.8 and the acceptance cuts shown in green on
the plots are elaborated in Eq. 3.7.
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Figure 3.8: The number of muons passing the trigger, reconstruction and identification
cuts over the total number of generated muons for pp (left) and PbPb (right). The accep-
tance cuts used for the 2018 PbPb and 2017 pp data are shown in green compared to the
previous cuts used for the 2015 data shown in black.

pµ
T > 3.5GeV/c for |ηµ| < 1.2

pµ
T > (5.47− 1.89× |ηµ|)GeV/c for 1.2 ≤ |ηµ| < 2.1

pµ
T > 1.5GeV/c for 2.1 ≤ |ηµ| < 2.4

(3.7)

3.5.2 Muon identification

The muons are required to pass a soft identification selection, optimized for low pT muons:

ý The muon needs to be a tracker muon and a global muon.

ý The muon left hits in at least one pixel layer to suppress muons from decays in
flight.

ý The muon track created hits in at least six layers in the inner tracker, to ensure good
pT measurement.
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ý The absolute distance from the muon to the primary vertex is less than 0.3 cm in
the transverse plane and less than 20 cm in the longitudinal plane, to reduce the
cosmic-ray background.

3.5.3 J/ψ selection

The J/ψ selection requires the two muons to pass the single muon ID cuts explained in
the previous section. It also requires the muons to have opposite charges and to have a
χ2 probability larger than 1% to be derived from a common vertex.
In order to ensure that the muons are associated with the online muons that fired the
dimuon triggers explained in Section 3.2, a matching procedure is done by defining ∆R:

∆R =
√

(ηreco − ηonline)2 + (φreco − φonline)2 (3.8)

In pp collisions, the two muons need to be matched to L1 muons, whereas in PbPb col-
lisions the two muons need to be matched to an L2 muon and at least one needs to be
matched to an L3 muon. The threshold is ∆R < 0.3 for L1 and L2 muons and ∆R < 0.1
for L3 muons since the (η,φ) position resolution is better for the L3 muons because they
are reconstructed using the muon system and tracker information.
The J/ψ candidates have pT > 6.5 GeV and have an invariant mass within the 2.6 <
mµ+µ− < 3.5 GeV range.

3.5.4 Jet selection

The reconstructed jets are required to be in the range η < 2, in order to be fully contained
in the tracker region. The jet measurement is performed for the range 30 < pT < 40 GeV.
In order to capture bin migration effects, we measure jets in a large range of 6.5 < pT <
60 GeV, as input to an unfolding procedure. The wider pT selection is found to be around
99% efficient for jets in the nominal pT range in simulation, for both the prompt and
nonprompt J/ψ samples.



3.6. THE ANALYSIS STRATEGY TO MEASURE Z DISTRIBUTIONS 53

3.6 The analysis strategy to measure z distributions

z, the observable of interest in this thesis, is the fraction of the jet pT taken by the J/ψ:

z = pT,J/ψ/pT,jet (3.9)

To get the z distributions of prompt (and nonprompt) J/ψ mesons in pp and PbPb, the
analysis procedure was derived in two main sections: to extract the J/ψ signal in z bins
and to unfold the bin migration effects.
The analysis workflow is summarised in the schema in Fig. 3.9.

J/ψ-jet 
correlation 2D fits

Unfolding

Results

J/ψ and jet 
energy 

corrections

Invariant mass 
parameters

Pseudo-proper 
decay length 
parameters

Tag and probe 
scale factors

Figure 3.9: The different steps of the analysis.

After reconstructing the J/ψ candidates and the jets. z is measured for each J/ψ-jet pair.
For each pair that passes the selections in Section 3.5, J/ψ acceptance and efficiency cor-
rections and Jet Energy Corrections (JEC) are applied. The J/ψ corrections are described
in Section 3.7 and the JEC described in Section 3.8.
The next step is to use two-dimensional fitting of the dimuon (µ+µ−) invariant mass and
pseudo-proper decay length distributions to get the yields of prompt and nonprompt
J/ψ. The fitting is done in multiple steps. First, we fit the invariant mass distribu-
tions in MC simulations then we use the results to fix certain parameters when fitting
in data. Then comes the pseudo-proper decay length part, where we have four contribu-
tions: the `J/ψ error distributions, the lifetime resolution, the b hadron decay length, and
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the `J/ψ distributions of the background dimuons. The 2D fits are the final step on the
prompt/nonprompt yield extraction. We use as input the parametrization of the invari-
ant mass and pseudo-proper decay length distributions obtained in the previous steps.
This is described in section on signal extraction (Section 3.9).
Before obtaining the final results we apply an unfolding procedure to correct for bin
migration, due to the finite jet pT resolution. This procedure is carried out in two dimen-
sions, jet pT and z, and is described in Section 3.13.
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3.7 J/ψ corrections

Due to the detector’s acceptance and efficiency, some J/ψ mesons are not reconstructed
or get rejected by the selection mentioned in Section 3.5. The acceptance and efficiency
need to be estimated in order to correct the J/ψ yields. The J/ψ acceptance and efficiency
corrections are determined in simulation in finely binned maps of J/ψ pT, η, and (in the
case of PbPb efficiency) collision centrality. The correction is applied as a weight factor to
each J/ψ prior to the signal extraction. The bin size is discussed after the acceptance and
efficiency sections.

3.7.1 Acceptance

The detector acceptance depends on the pT and rapidity spectra of the J/ψ. It is defined
as the fraction of the generated dimuons that has both muons passing the acceptance cuts
listed in Eq. (3.7) in Section 3.5. The acceptance is therefore computed with the following
definition:

Acc =
N(generated dimuons, both muons pass acceptance cuts)

N(all generated dimuons)
(3.10)

The acceptance map, estimated using pp MC simulation, is shown in Fig. 3.10 as a func-
tion of the dimuon y and pT for J/ψ with pT > 6.5 GeV. The acceptance is governed by
the CMS muon kinematic coverage. High pT or forward rapidity J/ψ mesons are more
likely to decay to muons that can reach the muon stations than mid-rapidity or low pT
J/ψ.
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Figure 3.10: Acceptance of prompt J/ψ as a function of pT and rapidity in pp MC events.
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3.7.2 Efficiency

The reconstruction, identification, and trigger efficiencies were computed as one total
efficiency. The efficiency depends on the J/ψ kinematics and, in PbPb, the centrality of
the collision. It is defined as the number of reconstructed dimuons passing the analysis
selection over the number of the generated dimuons in the acceptance, and expressed as:

Eff =
N(reconstructed dimuons, passing analysis cuts)

N(generated dimuons, both muons passing acceptance cuts)
(3.11)

The analysis selection explained in Section 3.5 includes the dimuon selection, the muon
acceptance and identification criteria, and the trigger selection. The reconstructed muons
are also required to be matched to generated muons. The efficiency is derived from pp
and PbPb MC samples as 2D maps of J/ψ y and pT. Multiple maps were used in the PbPb
case, each corresponding to a collision centrality range.
All single muons are corrected with tag-and-probe scale factors that will be discussed in
Section 3.7.3
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Figure 3.11: The efficiency of prompt J/ψ as a function of pT and rapidity in pp (left) and
the most 5% most central PbPb (right) MC events.

The efficiency corrections, for prompt J/ψ in pp and PbPb collisions are presented in
Fig. 3.11, as a function of pT and rapidity. In the case of PbPb, the 0–5% centrality selection
is shown.

Acceptance and efficiency bins

The binning of the corrections had to be carefully chosen to minimize the sensitivity of
the corrections to the underlying shape of the distributions in MC, but within the statis-
tical constraints of the large, but still finite MC samples. This is particularly true in PbPb,
where three binning dimensions are needed.
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To test the statistical precision of the Acc×Eff maps, a closure test was performed by
splitting the MC into two statistically independent samples. One was used to compute
the corrections which are then applied to the second. The corrected reconstructed distri-
butions should match the generated distributions. To the extent that this is not the case,
it indicates that the bins are too small and the corrections are fluctuating because of the
statistics. Looking at the dependence of the efficiency on the three variables, the number
of bins was increased until a nonclosure is seen. Fig. 3.12 shows the results of the closure
test in pp (left), where the correction is done in 2D (pT and y), and in PbPb (right), where
the correction is done in 3D (pT and y and centrality). A deviation of around 2% starts
to be visible at the lowest value of J/ψ used in this analysis. This level of nonclosure is
small compared to the other sources of systematic uncertainty and is hence acceptable.
It does indicate, however, that we are approaching the limit of how finely we can bin. It
should be noted that the true level of nonclosure should be a factor of

√
2 smaller, as this

test reduces by half the number of events used for the map. Several other choices were
also explored, by rebinning one axis and binning more finely another, but the observed
difference in the closure test was negligible.
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Figure 3.12: Closure tests for the 2D efficiency correction map used in pp (left) and 3D
map used in PbPb (right).

Once the choice of fine binning was settled, a check was needed to verify that finite bin
size effects were under control. To do this, the shape of the spectrum in MC was varied,
taking advantage of two weight factors that are applied. The MC simulations are done
with a flattened p̂T distribution to populate large values of J/ψ pT. A per-event weight
factor then applied, such that the natural shape of the p̂T distribution is restored. The
PbPb MC is also produced by embedding into a minimum-bias (i.e., without any cen-
trality selection/bias) background sample. The second weight factor applied is to weight
events by Ncoll, to simulate the effect of the hard scattering centrality bias. The finite bin
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size effects are tested by removing both of these weight factors. In order to avoid pos-
sible variations from the fitting procedure, we simply applied a tight restriction on the
dimuon invariant mass. Fig. 3.13 shows the ratio of the inclusive (i.e., without any jet re-
quirement) J/ψ pT distribution, as well as the z distribution with the nominal jet selection.
The bias on the results is within 1%. It should be noted that the difference in the spectral
shape induced by removing these weights is far larger than the possible data/MC differ-
ence. Hence we assume that the finite bin size bias is negligible. The baseline corrections
are chosen to be the ones without the weights applied, as this simplifies the evaluation of
the statistical uncertainty on the Acc×Eff from the MC, as evaluated in Section 3.10.4.
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Figure 3.13: pT and z distributions using corrections derived with and without MC
weights.

3.7.3 Tag-and-probe scale factors

The estimation of the efficiency from MC is based on the assumption of the perfect de-
scription of the detector response in the simulation, which is not possible.
In order to take into account possible discrepancies between the efficiencies in simulation
and those in data, a data-driven method, the J/ψ efficiencies are corrected with a set of
scale factors derived with the tag-and-probe (T&P) method [96].
T&P is a data-driven method that uses a known decay of mass resonance (e.g. J/ψ, Υ, Z)
to estimate the efficiency of a selection criterion, by defining a “tag” which is an object,
e.g. muon, that passes a tight selection, and paring it with another object that passes very
loose selection called “probe” for which the probability to pass the selection in question is
checked. The fake rate of the tag selection should be very small (<< 1%), and the invari-
ant mass of the tag and probe combination should be consistent with the mass resonance.
For the J/ψ efficiencies, the J/ψ resonance is used and the tag and the probe are muons.
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The probes are categorized into three groups: “All probes”, “Failed probes”, and “Pass-
ing probes”, referring to the selection criteria. The invariant mass distribution of the
tag-probe pair is fitted for the three cases and the yields are extracted. The efficiency is
then calculated by dividing the obtained yields of the passing pairs by the obtained yields
of all pairs. An example of the mass fits of the T&P pairs for the three probe classes in
data is shown in Fig. 3.14.
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Figure 3.14: Fits to the tag-and-probe invariant mass distribution for passing (top left),
failing (top right), and all (bottom left) probes [117].

One of the advantages of the T&P method is that it can be used for data and simulation
providing a direct comparison between the two.
The efficiencies are calculated in data and MC for various kinematic ranges of the probe
and event centrality bins. The data/MC ratios are then used when computing the J/ψ
efficiency in MC. The decay products of the J/ψ, the offline muons, are weighed J/ψ-by-
J/ψ using the T&P corrections while filling the numerator of the efficiency. These scale
factors are computed centrally by a T&P team for all dimuon analyses and documented
in the internal analysis note AN-18-316 [117]. I was part of the team and was responsible
for providing the scale factors for the low pT muons in the 2018 PbPb data.

Scale factors for 2017 pp data

Two efficiencies we derived for the 2017 pp data with the T&P method: the “global”
efficiency, which is the efficiency of the global reconstruction, and the “trigger+ID” effi-
ciency, that checks the efficiency of the trigger and the muon identification cuts.
The tags for both efficiencies are selected using the same criteria: a high-quality muon
passing the acceptance and quality identification cuts, matched to a single muon trigger.
The “global” reconstruction efficiency starts from general tracks in the inner tracker and
checks if they are reconstructed as global-muon tracks. The global efficiency was found
to be η and pT dependent. Therefore, the scale factors are derived as a function of pT in
|η| bins. The efficiencies for data and MC are shown in Fig. 3.15 with the scale factors
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shown in the lower panels.
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Figure 3.15: The efficiency of global reconstruction in pp data (blue) and MC (red) as a
function of the probe pT in three |η| bins. The lower panels show the scale factors [117].

The “trigger+ID” efficiency is calculated as the fraction of global muons that pass the
trigger and identification selection. This efficiency is also pT and η dependant.
The pT dependance is shown in Fig. 3.16 separately for the four |η| bins: [0, 1.2], [1.2, 1.8],
[1.8, 2.1], and [2.1, 2.4]. The lower panels of the plots show the scale factors.
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Figure 3.16: The efficiency of muon identification and trigger selection in pp data (blue)
and MC (red) as a function of the probe pT in three η bins. The lower panels show the
scale factors [117].
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Scale factors for 2018 PbPb data

For the 2018 PbPb data, three scale factors are derived: the tracking, the muon identifi-
cation, and the trigger. The tag is defined as a high-quality muon passing the acceptance
and quality identification cuts, matched to a single muon trigger.
The tracking efficiency is defined as the fraction of standalone muons that are recon-
structed as global muons. It is found to only depend on η. The η dependence is shown
in Fig. 3.17.
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Figure 3.17: The tracking efficiency of muons in PbPb data (blue) and MC (red) as a
function of η. The lower panels show the scale factors [117].

The muon identification efficiency is computed starting from global-muon probes and
checking if they pass the muon identification cuts. The pT dependence in η bins is shown
in Fig. 3.18.
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Figure 3.18: The efficiency of muon identification in PbPb data (blue) and MC (red) as a
function of the probe pT in three η bins. The lower panels show the scale factors [117].



62 CHAPTER 3. MEASURING THE FRAGMENTATION FUNCTIONS

As explained in Section 3.2, the PbPb trigger is made of three filters: an L2 muon filter,
an L3 muon filter, and a dimuon mass filter. The mass cut is wide enough for the effect
of the last filter on the efficiency to be negligible.
The efficiencies were computed separately for the L2 and L3 filter providing separate
scale factors. The definition of the probes, however, is the same, starting from muons
that pass the muon identification cuts. Passing muons need to be matched to the corre-
sponding filter. The scale factors in both cases are derived as a function of pT in |η| bins.
The efficiency of the L3 filter was found to be centrality dependant but the scale factors
did not depend on centrality so only the pT dependence in |η| is used.
The efficiencies are shown in Fig. 3.19 for the L2 filter on top and the L3 filter at the
bottom in four |η| ranges: [0, 1.2], [1.2, 1.8], [1.8, 2.1], and [2.1, 2.4].
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Figure 3.19: The efficiency of the trigger filters in PbPb data (blue) and MC (red) as a
function of the probe pT in three η bins. The top plots correspond to the L2 filter and the
bottom plots correspond to the L3 filter. The lower panel of each plot shows the scale
factors [117].
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3.8 Jet energy corrections

Jets are reconstructed using the PF algorithm, as described in Section. 3.4, which uses
information from all subdetectors to individually reconstruct each particle in the event.
The jet response is the ratio of reconstructed jet pT over the generator-level pT.
The momentum determination of the charged component of jets is driven by the tracking,
so the response requires very little additional calibration. On the other hand, the neutral
components, especially the neutral hadrons, tend to be under-corrected for lower values
of pT. The Jet Energy Corrections (JEC) [118] are necessary due to the non-linear response
of calorimeters.
Two types of corrections are applied: simulated jet response corrections and residual cor-
rections for the differences between data and simulation.
The simulated jet response corrections are taken from MC simulation where the evolution
of the electromagnetic and hadronic showers, as well as their interactions with the detec-
tor material, is well described. MC simulates the fragmentation of the initial quarks and
gluons and contains a detailed model of the detector geometry, calibrations, and readout
electronics, providing an accurate description of the jet response and, subsequently, en-
ergy corrections [118].
The simulated response R for a particular reconstructed pT and η is computed in generated-
level pT, noted as pT,gen, and η bins. In a QCD dijet sample, the generated-level jets are
matched to the closest reconstructed jet within a radial distance of less than half the cone
size of the jet. The ratio of the arithmetic means of the transverse momenta of the matched
reconstructed and generated jets is then taken as the simulated response R:

R[〈pT〉, η] =
〈pT〉
〈pT,gen〉

[〈pT,gen〉, η] (3.12)

The JEC is then obtained by simply inverting the true response. Figure 3.20 shows the
applied JECs for pp (red) and PbPb (black) data as a function of η at a jet pT value of
30 GeV.
In analogy to the T&P scale factors for J/ψ corrections, residual data/simulation scale
factors are needed to cover the discrepancies in the jet response between data and simu-
lation. The scale factors are also derived from a QCD dijet sample. In the case of PbPb
collisions, only events of 50-100% centrality are used to avoid jet quenching effects. The
jet response is studied using two methods: the pT balance and MPF (missing transverse
momentum projection fraction) which considers the response of the whole hadronic ac-
tivity in the event. The residual corrections are derived in two steps: a “relative” cor-
rection which flattens the detector response as a function of η in narrow ranges of pT,
followed by an “absolute” correction, which corrects the energy scale as a function of pT.
The η-dependant corrections are obtained in dijet event by defining a “tag” jet with
η < 1.3 and a “probe” jet without a pseudorapidity constraint. Since the barrel jet has
poor resolution, the residual JECs are binned in bins of average jet pT where pT,ave =
1/2(pT,tag + pT,probe). The relative response for the pT-balance and MPF is then defined
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Figure 3.20: The jet energy corrections applied to real data as a function of η at a jet pT
value of 30 GeV.

using pT,ave:

RpT
rel =

1 + 〈A〉
1− 〈A〉 , where 〈A〉 =

pT,tag − pT,probe

2pT,ave
(3.13)

RMPF
rel =

1 + 〈B〉
1− 〈B〉 , where 〈B〉 =

~pmiss
T .(~pT,tag/pT,tag)

2pT,ave
(3.14)

The response is found to be flat in the barrel region, with no difference between the
pT-balance and MPF methods. In the endcaps, however, the response has a small pT-
dependance and some difference between the two methods, which will be taken into ac-
count in the systematic uncertainties. The Data /MC response ratio is shown in Fig. 3.21
as a function of pT for different η bins, for both the pT-balance and the MPF methods.
To take the pT-dependance into account, the η-dependent corrections are parameterized
with a log-linear pT-dependence, according to the formula p0 + p1. log(pT). The correc-
tion factors are obtained from a pT-dependent fit of the corrections.
The absolute Jet Energy Scale (JES) is determined using γ-jet events with jets of |η| < 1.3

from a pT of 30 GeV to 500 GeV. In the case of PbPb collisions, only peripheral events are
used to avoid jet quenching effects. The basic idea is to exploit the transverse momentum
balance between the jet to be calibrated and the recoiling photon. The pT-balance and
MPF methods are both used with the following response definitions:

RpT
jet =

pT,jet

pT,fl
(3.15)

RMPF
jet = 1 +

~pmiss
T .~pT,fl

(pT,fl)2 (3.16)

Ref. [118] provides more details about how the corrections take into account the biases
from initial- and final-state radiation, underlying event, and out-of-cone showering.
All the JECs explained this far are used by jet analyses in the CMS heavy-ion group.
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Figure 3.21: Data/MC response ratio versus pT for various η bins, for both pT-balance
and MPF methods. Two functions are used to fit the ratios: a uniform and a log-linear
function.

They documented in the internal analysis note AN-19-017 [119]. The following proce-
dure, however, is specific for this analysis.

Since the JECs are derived from an ensemble of inclusive jets, they average over all jet
fragmentation patterns. In this analysis, however, the yield of jets is measured as a func-
tion of the jet fragmentation variable z. The response of jets as a function of the generator-
level z is shown in Fig. 3.22 in pp (left) and PbPb (right) collisions. The open symbols
show the response with the standard JECs, for both prompt and nonprompt J/ψ-jets. For
pp collisions, as the value of z gets small, the response approaches unity, indicating that
the standard JECs are appropriate. As z approaches one, however, the response is too
large.
In the limit of z = 1, the jet consists of a single J/ψ. Since the momentum of the decay
muons is measured very precisely by the tracker, the jet kinematics are already close to
the truth value before the application of the JECs. The size of the overcorrection at large z
corresponds to the value of the JEC at that value of pT (averaged over η).
To flatten the response vs. η, a rather simple procedure was developed specifically for
J/ψ-jets. Rather than applying the full JEC to the jet, it is only applied to the non-J/ψ
component of the jet. The new pT of the jet after this procedure is obtained by combining
the value with the standard correction pT,rec with the raw value without any correction
pT,raw, using the measured value of z, as follows.

pT,new = (1− z)pT,rec + zpT,raw (3.17)

The response after this z-dependent correction is also shown in Fig. 3.22, in closed sym-
bols. In pp collisions (left panel) one observes a much-reduced dependence on z after
this residual correction. At large z the response is very close to unity, as expected. At
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Figure 3.22: The response of J/ψ-jets vs. z, before (open symbols) and after (closed sym-
bols) z-dependent corrections in pp (left) and PbPb (right) collisions. Prompt and non-
prompt J/ψ are shown separately, as indicated in the legend.

low z the response is a few percent lower than unity, showing that the procedure works
well, but is not exact. In PbPb collisions (right panel) one again observes that the high z
response is (un)corrected to unity. However, the overall dependence of the response on z
is not much different than before the application of the z-dependent corrections. This is
due to the fact that the measured z value used in Eq. 3.17 has a poor correspondence with
that of the generator-level one. An isolated J/ψ, for example, will often be reconstructed
at a low value of z in PbPb, due to a downward local fluctuation of the underlying event.
The residual z-dependence of the JES is left to be corrected for by the unfolding proce-
dure, as described in Section 3.13, which is performed both as a function of jet pT, and as
a function of z. Nevertheless, the JECs play limiting the non-uniformity of the response
in other variables that are not taken into account explicitly in the unfolding, in particular
in η, over which the detector response to jets varies significantly.
Figures 3.23 and 3.24 show the response as a function of jet η in pp collisions for prompt
and nonprompt J/ψ, respectively. Figures 3.25 and 3.26 show the same for PbPb. Again,
the response is shown before the z-dependent corrections in open symbols and afterward
in closed symbols. Different slices in z are shown as indicated in the legend. In all cases,
the high z jets show a bow-shaped response with the standard corrections, which is effec-
tively flattened by the z-dependent procedure. In pp collisions, the z-dependence is gen-
erally quite flat after the residual z corrections. The same small residual z-dependence is
evident, as was shown in Fig. 3.22. In PbPb collisions, the larger remaining z-dependence
is also again apparent. For each z bin the η-dependence of the response is fairly flat. A
small remaining bow shape in the η-dependence of the response at low z (more visible
in the nonprompt sample, due to its better statistics at low z) is within the size of the
systematic uncertainty on the JES that will be discussed in Section. 3.14.
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Figure 3.23: The response of prompt J/ψ-jets vs. η, before (left) and after (right) z-
dependent corrections in pp collisions. Different slices in z are shown, as indicated in
the legend.
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Figure 3.24: The response of nonprompt J/ψ-jets vs. η, before (left) and after (right) z-
dependent corrections in pp collisions. Different slices in z are shown, as indicated in the
legend.
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Figure 3.25: The response of prompt J/ψ-jets vs. η, before (left) and after (right) z-
dependent corrections in PbPb collisions. Different slices in z are shown, as indicated
in the legend.
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Figure 3.26: The response of nonprompt J/ψ-jets vs. η, before (left) and after (right) z-
dependent corrections in PbPb collisions. Different slices in z are shown, as indicated in
the legend.
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3.9 J/ψ signal extraction

At this point in the analysis, z is calculated for each J/ψ-jet pair, using the corrected pT
for jets and assigning a weight factor using the J/ψ kinematic (and collision centrality
for PbPb) to correct for the acceptance and efficiency of the detector. The next step is to
separate prompt and nonprompt J/ψ mesons and extract their yields in the different z
bins.
The nonprompt J/ψ component comes from the decay of b hadrons that have a large
lifetime of τB ∼ 1.5 ps. The nonprompt mesons are identified by the measurement of a
secondary µ+µ− vertex displaced from the primary collision vertex. The most probable
transverse b hadron decay length in the laboratory frame is calculated as:

Lxyz =
ûTS−1~r
ûTS−1û

(3.18)

where û is the unit vector in the direction of the J/ψ meson momentum p, ~r is the dis-
placement vector between the µ+µ− vertex and the primary vertex and S−1 is the inverse
of the sum of the primary and secondary vertex covariance matrices.
From this, the pseudo-proper decay length is computed as an estimate of the b hadron
decay length and defined as:

`J/ψ = LxyzmJ/ψ/pµµ (3.19)

using the measured momentum pµµ of the dimuon and the Particle Data Group [32]
world average value of the J/ψ meson mass. The primary collision vertex is reconstructed
by fitting the position of all tracks within a radius of 5 cm from the interaction region. The
secondary vertex is determined by extrapolating the position of the closest approach be-
tween the two muon tracks.
The separation of the prompt and nonprompt J/ψ components is done using two meth-
ods in charmonia analyses. One is using a cut on the `J/ψ, where the dimuons with a
`J/ψ smaller than a certain threshold are considered as prompt and the ones above the
threshold are considered nonprompt. The cut is usually a function of pT and is rapidity-
dependant. Since some prompt J/ψ can end up in the nonprompt sample (and vice versa)
this procedure requires efficiency and contamination corrections. This method was used
in Ref. [120] to extract the J/ψ and ψ(2S) yields in pp and PbPb to get the relative modifi-
cation factor.
In the second method, which is used in this analysis, the signal extraction is based on a
two-dimensional extended unbinned maximum likelihood fitting (2D fits) of the dimuon
(µ+µ−) invariant mass and pseudo-proper decay length distributions for each analysis
bin. In these fits the fraction of nonprompt J/ψ mesons (the so-called b fraction) is a free
fit parameter. The fits need to take into account the signal and background in the two di-
mensions, so the expression for the total Probability Density Function (PDF) F(`J/ψ, mµµ),
the functional form used for the 2D fit, is given by:

F(`J/ψ, mµµ) = NSig · FSig(`J/ψ) ·MSig(mµµ) + NBkg · FBkg(`J/ψ) ·MBkg(mµµ) (3.20)

where:
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ý NSig is the number of signal dimuons (prompt and nonprompt J/ψ)

ý NBkg is the number of background dimuons

ý FSig(`J/ψ) and MSig(mµµ) are the functional forms that describe the signal `J/ψ and
mass shapes respectively

ý FBkg(`J/ψ) and MBkg(mµµ) are the functional forms that describe the background `J/ψ

and mass shapes respectively

Due to the resolution of `J/ψ, the measured `J/ψ is different from the true pseudo-proper
decay length, noted `′J/ψ in the following. The `J/ψ signal and background shapes, FSig,Bkg(`J/ψ),
are therefore given by:

FSig,Bkg(`J/ψ,i) = Ftrue
Sig,Bkg(`′J/ψ,i)⊗ R(`J/ψ,i − `′J/ψ,i|µ, s · σ`,i) (3.21)

for a given dimuon i. The different terms in eq. 3.21 are:

1. R(`J/ψ,i − `′J/ψ,i|µ, s · σ`,i) is the resolution function with mean µ and width s · σ`,i (the
resolution depends on pT and y thus is different for each dimuon). σ`,i is the error
on `J/ψ estimated by the reconstruction algorithms, and s is a scale factor (close to
1) correcting this estimation1. For prompt J/ψ, we have `′J/ψ,i = 0, so the resolution
function can be determined with the prompt J/ψ MC sample, or from data as ex-
plained in Sec. 3.9.2. This function is convolved with Ftrue

Sig (`′J/ψ,i) and Ftrue
Bkg (`′J/ψ,i)

to obtain the measured FSig,Bkg(`J/ψ,i) distributions that include detector resolution
effects.

2. Ftrue
Sig (`′J/ψ) is given by the sum of prompt and nonprompt components:

Ftrue
Sig (`′J/ψ) = bFtrue

Nonprompt(`
′
J/ψ) + (1− b)Ftrue

Prompt(`
′
J/ψ) , (3.22)

where b is the fraction of J/ψ from b hadron decays. By definition, Ftrue
Prompt(`

′
J/ψ) is

simply the Dirac distribution δ(0), while Ftrue
Nonprompt(`

′
J/ψ) is an exponential decay.

3. Ftrue
Bkg (`′J/ψ) is determined from fits on the data background `J/ψ distributions. The

background and signal distributions are unfolded as explained in Sec. 3.9.2.

More information about the parametrisation of the `3D
J/ψ distribution is given in Section 3.9.2.

When per-event-uncertainties are included, we need to add so-called Punzi-terms [121]
to account for distribution of the error on the lifetime, σ`,i:

FPSig,Bkg(`J/ψ,i, σ`,i) = FSig,Bkg(`J/ψ,i) · PSig,Bkg(σ`,i) (3.23)

where PSig,Bkg(σ`,i) is the probability distribution of σ`,i in signal or background.
The procedure to obtain the inputs needed for the 2D fits can be divided in two main
parts, the invariant mass and pseudo-proper decay length parameterisations. These pro-
cedures are detailed in Sections 3.9.1 and 3.9.2 respectively. The final settings for the 2D
fits and the results are given in Section 3.9.3

1If the estimated `J/ψ errors are correct, the distribution of (`J/ψ- `′J/ψ)/σ` would have width s = 1.
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3.9.1 Invariant mass parameterisation

In this section, the procedure to obtain the MSig(mµµ) and MBkg(mµµ) invariant mass pa-
rameterisations in eq. 3.20 is explained in details.
The inclusive J/ψ yield, i.e. combined prompt and nonprompt, is extracted separately by
1D-fitting the invariant µ+µ− mass spectra. The invariant mass fits are done in the re-
gion 2.6 < mµ+µ− < 3.5 GeV/c2. These fits are unbinned maximum extended likelihood
fits, performed using the RooFit [122] package. The J/ψ decay to muon pairs produces a
narrow peak in the dimuon mass spectrum around mµµ ≈ 3.09 GeV/c2. Pairs of uncor-
related muons form a continuous mµµ distribution called the combinatorial background.
These pairs are the products of leptonic decays of kaons and pions, and semi-leptonic
decays of heavy-flavor hadrons.

Invariant mass signal shape and parameters The best model describing the signal has
been determined based on MC simulations. Many shapes were tested and the shape
that gives the best χ2 value for most of the bins was chosen as the nominal shape. The
J/ψ nominal signal shape is defined by the weighted sum of two Crystal Ball functions
g2CB(mµ+µ−) ( f · gCB1(mµ+µ−) + (1− f ) · gCB2(mµ+µ−) ), with common mean m0 and tail
parameters α and n. The Crystal Ball shape, gCB, is defined in eq. 3.24. The Crystal
Ball function gCB(m) combines a Gaussian core and a power-law tail with an exponent n
to account for energy loss due to final-state photon radiation, and a parameter α which
defines the transition between the Gaussian and the power-law functions,

gCB(m) =





N√
2π σCB

exp
(
− (m−m0)2

2 σ2
CB

)
, for m−m0

σCB
> −α;

N√
2π σCB

(
n
|α|

)n
exp

(
− |α|22

)(
n
|α| − |α|−

m−m0
σCB

)−n
, for m−m0

σCB
≤ −α.

(3.24)

To have stable fits, some signal parameters are fixed to values extracted from the background-
free simulation. The fits are performed using the MC samples in the same bins as data,
and the signal parameters, mainly the tail parameters (and the ratio of sigmas in PbPb),
are extracted. Fig. 3.27 shows the dependence of α and n on z in pp and PbPb.
Since α (and σ2/σ1 in PbPb) is shown to be independent of z in Fig. 3.27, its value is fixed
to the z-integrated fit in data and is also used to extract the values of n from MC. n still
shows a dependence on z as can be seen in Fig. 3.28 so the values in data are fixed to the
corresponding bin in MC.
Since it was shown in previous charmonia anlyses [123] that n and α do not depend on pT,
the increase of n could be caused by the clustering of the photon emitted by the muons
in the jet, which means that at high z, where the J/ψ mesons are more isolated, the prob-
ability of having an extra photon would be low.
During the fitting procedure in data the following parameters are left free: f (the weight
of the components of the double CB), m0 (the J/ψ mass), σCB, σCB2 /σCB1 (in pp) and NJ/ψ

(the J/ψ yield). All other parameters are constrained or fixed to values from the simula-
tion, as explained above. Alternative fitting procedures have been tried for the systematic
uncertainty computation (see Sec. 3.10.1).
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Figure 3.27: Evolution of α (left), the ratio of sigmas (right) as a function of z in the
rapidity range |y| < 2.4, obtained from J/ψ fits in MC. The values obtained in the z-
average (dashed lines) over the different bins and z-integrated (blue points) values are
also reported.

Figure 3.28: Evolution of n as a function of z in the rapidity range |y| < 2.4, obtained
from J/ψ fits in MC with α (and σ2/σ1 in PbPb) fixed to the z-integrated fit values.
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Invariant mass background shape The background is described by a Chebychev func-
tion [124] of order N, defined as:

MBkg(mµµ) =
N

∑
i=0

ciTi(mµµ) (3.25)

where Ti is a Chebyshev polynomial of order i and ci is the corresponding fit parameter.
The parameters ci are uncorrelated with each other and the polynomials are determined
using the following recurrence relation [125]:

Tn+1(m) = 2xTn(m)− Tn−1(m), with : T0(m) = 1 and T1(m) = m (3.26)

The order N is determined by performing a log-likelihood ratio (LLR) test separately for
each analysis bin. This test compares the resulting minimized negative log-likelihood
(NLL) of a fit with order N to the NLL with orders N + 1 and N + 2. The second one
is necessary to account for the change between odd and even parity as the order is in-
creased.
In particular, 2 times the differences between the NLL values from the fits with polyno-
mials of orders N and M > N follow a χ2 distribution with M− N degrees of freedom.
The variables

χ2
N→N+1 := 2(NLLN − NLLN+1)

χ2
N→N+2 := 2(NLLN − NLLN+2)

(3.27)

can thus be used to decide whether or not the increase of order allows for the function to
fit the data significantly better, where significantly better is defined to be the case as long
as the p-values p(χ2 ≥ χ2

N→N+1) and p(χ2 ≥ χ2
N→N+2) are less than 5%. An example of

the results of the LLR tests in PbPb data for 0.688 < z < 0.844 and 30< pT,jet <40 GeV.
The first order was chose for this bin since p(χ2 ≥ χ2

1→2) and p(χ2 ≥ χ2
1→3), shown in

bold, are less than 5%.

M NLL p(N = 0) p(N = 1) p(N = 2) p(N = 3) p(N = 4)
0 -14080.36
1 -14111.72 0.0%
2 -14111.72 0.0% 99.2%
3 -14111.74 0.0% 100.0% 98.1%
4 -14111.95 0.0% 99.8% 97.8% 81.2%
5 -14115.01 0.0% 58.2% 36.3% 16.3% 4.7%
6 -14115.04 0.0% 75.9% 57.8% 36.1% 18.7%

Table 3.2: Negative log-likelihoods for fits with Chebychev polynomials of orders 0-6 of
PbPb data for 0.688 < z < 0.844 and 30< pT,jet <40 GeV. In addition the p-values of the
LLR-test are listed. Tests with χ2 probability for consecutive orders (M = N + 1 and M =
N + 2) are higher than 5% are highlighted in bold.

The order of the best polynomial to describe the background in all z bins with 30<
pT,jet <40 GeV is shown in Fig. 3.29. The order of the polynomial does not exceed 2
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Figure 3.29: Results of the order chosen for the nominal (p-value < 5 %) fits using the
log-likelihood ratio test performed in each of the analysis bins as a function of z in pp
(left) and PbPb in 0-90% centrality (right) for J/ψ in jets with 30 < pT < 40 GeV.

for all z bins in this jet pT selection.
In Figure 3.30 an example of invariant mass fits in data, performed in two different anal-
ysis bins following the above procedure is given as an illustration.
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Figure 3.30: An example of nominal invariant mass fits for PbPb(left) and pp(right). The
orange and green curves represent the two components of the double Crystal Ball func-
tion used for the fit.
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3.9.2 Pseudo-proper decay length parameterisation

While the invariant mass doesn’t distinguish between prompt and nonprompt J/ψ, the
`J/ψ distribution does, making the parameterization of the pseudo-proper decay length
more complicated than that of the invariant mass.
FSig(`J/ψ) and FBkg(`J/ψ) in eq. 3.20 are determined in four steps:

ý Parameterization of `J/ψ error distribution.

ý Parameterization of lifetime resolution.

ý Parameterization of b hadron decay length.

ý Parameterization of `J/ψ distribution of background dimuons.

The nominal procedure followed for each step is described in the corresponding sections
below. The studies made to estimate systematic uncertainties for each step are detailed
in Sec. 3.10.2.

Parameterization of `J/ψ error distribution

The uncertainty on to the `J/ψ distribution is computed as:

σ` =

√
mJ/ψ.

~pµµ.S.~pµµ

(pµµ)2 (3.28)

where S is the sum of the covariance matrices associated with the primary collision and
dimuon vertex. The σ` distribution is described using a template histogram determined
from data. Since the distributions for signal and background are different, they need to be
disentangled from the total distribution when using the per-event error technique. Also,
the σ` distributions are needed as input to obtain the parameterizations of the lifetime
resolution and the `J/ψ distribution of background dimuons, in order to use the data σ`
distribution both in data and MC fits. To separate the signal and background contribu-
tions we use the so-called sPlot technique [126]. This is fully integrated in the RooStats
[127] package.
This technique applies for a data sample of events described by a multidimensional space
of discriminating variables, where there are several sources of events (i.e. signal and back-
ground, prompt and nonprompt particles...). The basic concept of the sPlot technique
consist of constructing the so-called sWeights of the different categories of events, using
the fit information on a discriminating variable. Then, the data sample can be weighted
according to a given category of events, and plot the dataset for another variable.
In our specific case, we want to separate signal and background in the σ` distribution,
so the discriminating variable is mµµ. The sWeights of signal and background can be con-
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structed from the mass PDFs obtained in Sec. 3.9.1 in the following way:

sWsig(mµµ) =
Vsig,bkg ·Mbkg(mµµ) + Vsig,sig ·Msig(mµµ)

Nbkg ·Mbkg(mµµ) + Nsig ·Msig(mµµ)

sWbkg(mµµ) =
Vbkg,bkg ·Mbkg(mµµ) + Vbkg,sig ·Msig(mµµ)

Nbkg ·Mbkg(mµµ) + Nsig ·Msig(mµµ)
(3.29)

where Msig,bkg(mµµ) are the signal and background PDFs, Nsig,bkg are the yields of each
component and Vi,j is the covariance matrix of the ith and jth sources of events (i, j =
signal and background).
Each weight is applied to the dataset and then it is projected on the σ` to obtain the signal
and background σ` distributions. Finally, the resulting distributions are converted into
RooHistPdf to be used as Punzi-terms. In order to avoid zeros on the pdf in the low
statistics high σ` region, a limit is imposed in the σ` value, which is propagated to the
rest of the analysis. This limit is obtained from the σ` histogram and set at the value
where the two following consecutive bins are empty. An example of such distributions
for two analysis bins in pp is presented in Fig.3.31. The number of events lost due to the
limitation in σ` is written in the legend, and it is always smaller than 0.6%.
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Figure 3.31: Two examples of σ` distributions for J/ψ and background and their corre-
sponding PDFs in PbPb(left) and pp (right). The dashed lines represent the limits in the
error distribution range, which is propagated to the rest of the analysis.
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Parameterization of lifetime resolution

This section describes the procedure to obtain the parameterization of the lifetime resolu-
tion, Ri(`J/ψ|µ, siσ`) in eq.3.21. The prompt J/ψ `J/ψ distribution can be considered as the
lifetime resolution. To obtain this distribution from data, the negative tail in the `J/ψ dis-
tribution is assumed to be mostly due to prompt J/ψ affected by resolution. The events
from this negative tail are, therefore, used to determine the resolution. Among those
events, some dimuons can be background dimuons, so the signal and background com-
ponents are separated using the sPlot technique, as in Sec. 3.9.2. The resulting distribution
can be described by the weighted sum of several Gaussian functions. One of them de-
scribes most of the core (‘narrow’) region, while the other Gaussians take the tail (‘wide’)
components. Studies performed in Ref. [123] show that the shape better describing the
`J/ψ resolution is the weighted sum of three Gaussian functions, as in eq.3.30.

Ri(`J/ψ|µ, s · σ`) =
[

fres · Gauss(`J/ψ|µ1, s1 · σ`)+
(1− fres) · [ f 2res · Gauss(`J/ψ|µ2, s2 · σ`) + (1− f 2res) · Gauss(`J/ψ|µ3, s3 · σ`)]

] (3.30)

where the fres and f 2res are the relative weights of the individual Gaussian functions on
the total resolution pdf. The Gaussian components have separated sigmas. It has been
checked that the mean of each component is always consistent with zero, and therefore
they are fixed to zero in the fits. The Punzi-terms used in the resolution PDFs are tem-
plates of the σ` distributions obtained from real data in Sec. 3.9.2.
Examples for PbPb and pp resolution fits in data are given in Fig. 3.32. The dashed lines
represent only the fitting range, and no restriction is imposed in the resolution values in
the following steps of the analysis.
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Figure 3.32: `J/ψ resolution distributions for J/ψ in data. The distributions are fitted with
a weighted sum of two Gaussians. The dashed lines represent only the fitting range.
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Parameterization of b hadron decay length

The b hadron decay length, or the true `J/ψ, is a δ function in the case of prompt J/ψ. To
parameterize the Ftrue

Sig (`′J/ψ) in eq.3.22, the nonprompt component (Ftrue
Nonprompt(`

′
J/ψ)) is ob-

tained form generated-level MC for nonprompt J/ψ. The distribution has an exponential
behavior.

Ftrue
NonPrompt(`

′
J/ψ) = e−|λDSS|·`′J/ψ (3.31)

where λDSS stands for the average decay length of b hadrons (Single Sided Decay). Ex-
amples of Ftrue

NonPrompt(`
′
J/ψ) fits are shown in Fig.3.33 for pp and PbPb events.

The decay parameter results obtained from these fits, are used to initialise the parameter
of the average lifetime of nonprompt J/ψ PDF in the 2D fits on data.
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Figure 3.33: FNonPrompt(`
′
J/ψ) distributions in PbPb (left) and pp (right) events.
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Parameterization of `J/ψ distribution of background dimuons

The last step before the 2D-fitting is to obtain the parameterization of the decay length
distributions of background dimuons, Ftrue

Bkg (`′J/ψ) in eq.3.21. In order to use the full back-
ground statistics for the parameterization we use the sPlot technique in Sec. 3.9.2 to obtain
a background dataset. The same limit on the maximum and minimum σ` used for the σ`
parameterization is imposed here. The “nonprompt” (there is no actual physical notion
of prompt and nonprompt for background) component of Ftrue

Bkg (`′J/ψ) is described by a
combination of a single-sided decay, a flipped single-sided decay, and a double-sided
decay functions, while the “prompt” component is described by a Dirac delta function:

Ftrue
Bkg (`′J/ψ) = bbkg · [ fDLIV · ( fDFSS · e−|λDSS|·`′J/ψ

+(1− fDFSS) · e|λDF |·`′J/ψ ) + (1− fDLIV) · e−|λDDS·`′J/ψ| ]

+(1− bbkg) · δ(`′J/ψ) (3.32)

where bbkg represents the background “nonprompt fraction”. This function is convolved
with the resolution functions obtained in Sec. 3.9.2 to fit the background reconstructed
`J/ψ distributions in data. All the resolution parameters are fixed to those obtained in
data fits in Sec. 3.9.2. Examples of these background `J/ψ fits can be seen in Fig. 3.34 for
pp and PbPb data.
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Figure 3.34: FBkg(`J/ψ) distribution for PbPb (left) and pp (right).
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3.9.3 Bidimensional fitting of invariant mass and pseudo-proper decay length

All the components are now ready for the bidimensional fitting procedure of the invariant
mass and pseudo-proper decay length. The different pieces are plugged in the 2D fits as
follows:

ý From the invariant mass parameterizations in Sec. 3.9.1 all the signal and back-
ground parameters are fixed, except the number of inclusive J/ψ mesons, NJ/ψ, and
the number of background dimuons, Nbkg, which are left as free, but constrained,
parameters in the fits.

ý All the parameters of the resolution function obtained are Sec. 3.9.2, are fixed from
fits on the data sample.

ý The parameters of the `J/ψ background fits obtained in Sec. 3.9.2 are all fixed in the
2D fits.

ý The exponential decay parameters of the b hadron decay obtained from fits of the
nonprompt MC sample in Sec. 3.9.2 are used as initial parameters in the fit, and
they are left free.

ý The b fraction (bJ/ψ in the plots) is a free parameter in the 2D fits.

An example of the invariant mass and `J/ψ projections of 2D-fits in pp and PbPb can be
seen in Fig. 3.35. The corresponding 2D PDFs are presented in Fig. 3.36.
Finally, the number of prompt and nonprompt J/ψ mesons used for the results are simply
computed as:

NJ/ψ
prompt = (1− fb) · NJ/ψ ,

NJ/ψ
nonprompt = fb · NJ/ψ (3.33)

To compute the statistical uncertainties of the prompt and nonprompt results, the corre-
lation of the nonprompt fraction and the number of extracted inclusive J/ψ is taken into
account.
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Figure 3.35: Invariant mass and `J/ψ projections of bidimensional fit of `J/ψ and invariant
mass distributions for two given analysis bins.
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Figure 3.36: A bidimensional PDF of `J/ψ and invariant mass for a z bin in PbPb.
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3.10 J/ψ signal extraction systematic uncertainties

This section describes the sources of systematic uncertainty related to the bidimensional
fitting procedure to extract the prompt and nonprompt J/ψ yields. The uncertainties arise
from the parametrization of the invariant mass and the pseudo-proper decay length.

3.10.1 Invariant mass parameterisation uncertainty

The variations to determine the systematic uncertainties on the different ingredients of
the invariant mass parameterization are the following:
On the signal side:

ý Variation of signal parameters for the nominal shape (double Crystal Ball): fits on
data are performed by leaving free the parameters that were fixed from MC in the
nominal fits one by one. See details in Sec. 3.10.1.

ý Variation of the signal shape: use a Crystal Ball plus a Gaussian function as signal
shape instead of the double Crystal Ball function.

On the background side:

ý Variation of the fitting range. Use 2.6-3.4 instead of 2.6-3.5.

ý Use an exponential of Chebychev polynomials instead of the Chebychev polyno-
mials for the background parameterization.

In the cases where several variations are made for the same item listed above, the maxi-
mum deviation from the nominal value of the prompt and nonprompt J/ψ yields obtained
with these variations is taken as systematic uncertainty for each source. Finally, the un-
certainties from the different sources are added in quadrature.
The different tests performed for the determination of the systematic uncertainties are
discussed in detail in the following subsections.
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Variation of signal parameters

The CB tail parameters are fixed to the MC valued in the nominal data fits. This is also
the case for the ratio of the two CB widths in PbPb. In order to estimate the uncertainty
of the signal parameters from MC, the invariant mass distributions are refitted in data
leaving the fixed parameters free one by one, with the rest fixed like the nominal case.
Figure 3.37 shows an example of the invariant mass fits with the double Crystal Ball
function in data, performed in two different analysis bins with α fixed for both pp (right)
and PbPb (left) and σ2/σ1 fixed only in PbPb. n is left free in these fits.
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Figure 3.37: Examples of invariant mass constrained fits for in pp and PbPb data.
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Variation of signal shape

For this variation, a Crystal Ball plus a Gaussian function are used instead of the double
Crystal Ball function:

gCBG(mµ+µ−)( f · gCB(mµ+µ−) + (1− f ) · gG(mµ+µ−) (3.34)

where gCB is the Crystal Ball shape defined in Eq. 3.24 and gG is just a Gaussian shape.
The signal parameters of the Crystal Ball plus Gaussian shape are determined from MC
fits in the same way as for the double Crystal Ball shape.
In this case, the tail parameters α and n are fixed to the values found in MC, in addition
to the ratio of sigmas in PbPb. The same nominal background functions obtained with
the double Crystal Ball function are used, but the background parameters are left free.
Figure 3.38 shows an example of the invariant mass fits with the Crystal Ball plus Gaus-
sian function in data, performed in two different analysis bins.
By using a new signal shape, a new set of α, n, and σ2/σ1 had to be derived following
exactly the same way the nominal values were obtained.

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

10

210

310

410
65.455780 ± = 960.997260PbPb

bkgN

94.551966 ± = 2867.336191PbPb
ψJ/N

0.0000 ± = 1.5000PbPb
ψJ/α

0.1425 T-T± = 0.5788PbPb
ψJ/f

0.0783 ± = -0.5632PbPb
bkg1λ

 20.00099 GeV/c± = 3.09508PbPb
ψJ/m

0.0000 ± = 1.7000PbPb
ψJ/n

0.000  ± = 2.000PbPb

ψJ/
)1σ/2σ(

 21.93 MeV/c± = 19.78PbPb
ψJ/1σ

2018 HI Soft Muon ID

HLT_HIL3Mu0NHitQ10_L2Mu0_MAXdR3p5_M1to5_v1

 0.688≤ 
µµ

0.532 < z

| < 2.4
µµ

|y

 < 100 GeV/c
µµ

T
6.5 < p

 < 40 GeV/c
jet

T
30 < p

Cent. 0-90%

Data
Total fit
Background

 (5.02 TeV)-1bµPbPb 368 

CMS
Preliminary

)2 (GeV/c-µ+µm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

P
ul

l

6−
4−
2−
0
2
4
6

/ndof = 28 / 30 2χ

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

210

310

410

510 247.803974 ± = 12085.795555PP
bkgN

354.198622 ± = 44444.954350PP
ψJ/N

0.0000 ± = 1.9100PP
ψJ/α

0.0357 ± = 0.6060PP
ψJ/f

0.0193 ± = -0.7832PP
bkg1λ

0.0266 ± = 0.0710PP
bkg2λ

 20.00022 GeV/c± = 3.09355PP
ψJ/m

0.0000 ± = 1.1400PP
ψJ/n

0.041  ± = 1.802PP
ψJ/

)1σ/2σ(

 20.60 MeV/c± = 22.74PP
ψJ/1σ

2018 HI Soft Muon ID

HLT_HIL1DoubleMuOpen_v1

 0.688≤ 
µµ

0.532 < z

| < 2.4
µµ

|y

 < 100 GeV/c
µµ

T
6.5 < p

 < 40 GeV/c
jet

T
30 < p

Data
Total fit
Background

 (5.02 TeV)-1pp 27.39 pb

CMS
Preliminary

)2 (GeV/c-µ+µm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

P
ul

l

6−
4−
2−
0
2
4
6

/ndof = 49 / 28 2χ

Figure 3.38: Example of invariant mass fits with the Crystal Ball plus Gaussian function
in pp and PbPb data.
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Variation of invariant mass fitting range

In order to estimate how the background parameterization (and hence the extracted num-
ber of J/ψ) is affected by the choice of the invariant mass range, the fitting range is varied
from 2.6-3.5 GeV/c2 to 2.6-3.4 GeV/c2. The order of the Chebychev polynomial function
used to parametrize the background is the same as the one used for the nominal fits.
In Figure 3.39 an example of the invariant mass fits with the reduced invariant mass range
in data, performed in two different analysis bins, is given.

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

10

210

310

410
57.319342 ± = 879.450122PbPb

bkgN

90.445602 ± = 2892.064176PbPb
ψJ/N

0.0000 ± = 1.9800PbPb
ψJ/α

0.1258 T-T± = 0.6643PbPb
ψJ/f

0.0859 ± = -0.5050PbPb
bkg1λ

 20.00093 GeV/c± = 3.09453PbPb
ψJ/m

0.0000 ± = 1.4100PbPb
ψJ/n

0.000  ± = 2.130PbPb

ψJ/
)1σ/2σ(

 22.28 MeV/c± = 21.72PbPb
ψJ/1σ

2018 HI Soft Muon ID

HLT_HIL3Mu0NHitQ10_L2Mu0_MAXdR3p5_M1to5_v1

 0.688≤ 
µµ

0.532 < z

| < 2.4
µµ

|y

 < 100 GeV/c
µµ

T
6.5 < p

 < 40 GeV/c
jet

T
30 < p

Cent. 0-90%

Data
Total fit
Background

 (5.02 TeV)-1bµPbPb 368 

CMS
Preliminary

)2 (GeV/c-µ+µm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

P
ul

l

6−
4−
2−
0
2
4
6

/ndof = 31 / 26 2χ

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

210

310

410

510 221.374464 ± = 11344.853335PP
bkgN

339.059222 ± = 44681.707249PP
ψJ/N

0.0000 ± = 2.0700PP
ψJ/α

0.0470 ± = 0.5302PP
ψJ/f

0.0231 ± = -0.6868PP
bkg1λ

0.0306 T-T± = 0.0316PP
bkg2λ

 20.00022 GeV/c± = 3.09337PP
ψJ/m

0.0000 ± = 1.1900PP
ψJ/n

0.042  ± = 1.844PP
ψJ/

)1σ/2σ(

 20.77 MeV/c± = 21.86PP
ψJ/1σ

2018 HI Soft Muon ID

HLT_HIL1DoubleMuOpen_v1

 0.688≤ 
µµ

0.532 < z

| < 2.4
µµ

|y

 < 100 GeV/c
µµ

T
6.5 < p

 < 40 GeV/c
jet

T
30 < p

Data
Total fit
Background

 (5.02 TeV)-1pp 27.39 pb

CMS
Preliminary

)2 (GeV/c-µ+µm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

P
ul

l

6−
4−
2−
0
2
4
6

/ndof = 31 / 24 2χ

Figure 3.39: Example of invariant mass fits with reduced mass range in pp and PbPb
data.
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Variation of background shape

The second systematic variation for the background parameterization is on the choice of
the background shape itself. In this case, the functional form of the background shape
is changed from a Chebychev polynomial to an exponential of a Chebychev polynomial
given as:

MBkg(mµµ) = exp

[
N

∑
i=0

ciTi(mµµ)

]
(3.35)

where Ti is a Chebyshev polynomial of order i and ci is the corresponding fit parameter.
The polynomials follow the same recurrence relation [125] as the nominal case:

Tn+1(m) = 2xTn(m)− Tn−1(m), with : T0(m) = 1 and T1(m) = m (3.36)

The fits are also performed using orders 0-6 for the polynomial in the exponential, and
the LLR test is applied with 5% as p-value in order to determine the best order for each
analysis bin.
In Figure 3.40 an example of the invariant mass fits using the exponential of Chebychev
polynomials for the background, performed in two different analysis bins is shown.
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Figure 3.40: Example of invariant mass fits using the exponential of Chebychev polyno-
mials for the background in pp and PbPb data.
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3.10.2 Pseudo-proper decay length parameterisation uncertainty

The systematic uncertainties on the pseudo-proper decay length parameterization come
from the four different steps as follows:

ý On the error distributions side: Replace the nominal signal and background σ` tem-
plates in the 2D fits with the template of the total σ` distribution.

ý On the resolution side: Use the `J/ψ resolution from prompt MC instead of data

ý On the b hadron decay length side: Make a template of the nonprompt MC recon-
structed `J/ψ distribution instead of the one side decay function convolved with the
resolution function.

ý On the background distributions side: Make a template of the distribution instead
of the fit.

The σ` variation (first bullet) is simply taking the total distribution for the `J/ψ error
(shown in green in Fig. 3.31 in Section 3.9.2) instead of the signal (red) and background
(blue) distributions disentangled using the sPlot. The rest of the variations for the system-
atic uncertainties are discussed in details the following subsections.
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Systematics on `J/ψ resolution

In order to estimate the systematic uncertainty due to the parameterization of the `J/ψ

resolution, we obtain the resolution from prompt J/ψ MC (It was shown in [123] that the
nonprompt MC samples were not appropriated for this). The `J/ψ resolution can be di-
rectly determined by fitting the prompt J/ψ MC sample since the true `J/ψ value is zero.
The resulting distributions are then fitted with the weighted sum of two Gaussian func-
tions as for the case of the nominal resolution fits in data. The Punzi-terms used in the res-
olution PDFs are templates of the σ` distributions obtained from real data in Sec. 3.9.2. In
Fig. 3.41 we give two examples of the `J/ψ resolution parameterisation for pp MC events.
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Figure 3.41: `J/ψ resolution distributions for prompt J/ψ MC sample. The distributions are
fitted with a weighted sum of two Gaussians. The dashed lines represent only the fitting
range.



90 CHAPTER 3. MEASURING THE FRAGMENTATION FUNCTIONS

Systematics on b hadron decay parameterisation

In this case instead of using the convolution of the resolution function with the exponen-
tial decay function initialized with the nonprompt J/ψ MC value of the b decay length,
a template of the reconstructed `J/ψ distribution in nonprompt J/ψ MC is used in the 2D
fitting procedure. The templates are made using RooKeysPdf [128]. These PDF templates
have to be multiplied by the corresponding data `J/ψ error distribution (Punzi terms) in
the 2D fits. Examples of these templates are given in Fig. 3.42.
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Figure 3.42: Templates of FNonPrompt(`J/ψ) distributions in pp and PbPb MC.



3.10. J/ψ SIGNAL EXTRACTION SYSTEMATIC UNCERTAINTIES 91

Systematics on `J/ψ background distribution

To take into account miss-modeling of the `J/ψ background distribution in Sec. 3.9.2 due to
the choice of the fitting function, templates of the background distribution are created and
used in the 2D fits instead of the PDFs. The sPlot technique is used to unfold the signal
and background `J/ψ distributions, which allows using all the background events. The
smoothen templates are created with RooKeysPdf [128] technique. In Fig. 3.43 examples
of these templates in pp and PbPb data are shown.
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Figure 3.43: Templates of the `J/ψ background distributions in pp and PbPb data.
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3.10.3 Summary plots of systematic uncertainties on bidimensional fits

The systematic uncertainty of a given bin, corresponding to a given source or piece of
the 2D fits, is computed as the maximum difference between the nominal result and the
systematic variations for that source. The individual sources are the invariant mass back-
ground, invariant mass signal, `J/ψ error, `J/ψ resolution, `J/ψ background, and the pseudo
proper decay length. The total uncertainty for each bin is computed as the quadratic sum
of the uncertainties of the different sources.
In Fig. 3.44, the systematic uncertainties on the number of extracted prompt J/ψ mesons
due to the bidimensional fitting procedure for the different z bins for jets with 30 < pT <
40 GeV, the values of the uncertainties are given relative to the nominal value in the nom-
inal z bins.
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Figure 3.44: Systematic uncertainties of the 2D fits for the number of extracted prompt
J/ψ mesons in pp (left) and PbPb (right) collisions as a function of z for jets with 30 <
pT < 40 GeV. The values of the uncertainties are given relative to the nominal value.

Fig. 3.44 shows also the total uncertainty of the J/ψ corrections, labeled as “Acc×Eff” in
the plots. The following section will explain the individual components of this uncer-
tainty.
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3.10.4 J/ψ correction uncertainties

The impact of the acceptance and efficiency variations on the signal extraction in data is
estimated using the MC samples. The procedure consists of applying the nominal 2D ac-
ceptance and efficiency correction to the reconstructed MC samples, in the same way as
it is done on data, and simply counting the number of J/ψ in each analysis bin, Nnominal

J/ψ .
Then the variations of the corrections are applied one-by-one to obtain different accep-
tance and efficiency corrections. These corrections are applied to the reconstructed MC,
and the number of J/ψ in each analysis bin is counted, Nvariation

J/ψ . The uncertainty is then
estimated from the difference Nnominal

J/ψ − Nvariation
J/ψ .

The statistical uncertainty on the efficiency (due to limited MC statistics) is taken into
account by performing 100 toy Monte Carlo on both corrections. The efficiency value in
each (pT,y) bin in the acceptance corrections is randomly re-generated using a binomial
function where (ε)new = binomial(Ntot,(ε))

Ntot
. The value of the uncertainty is the RMS of the

results obtained from the 100 toy MC (std dev. (Nnominal
J/ψ − Ntoy;i

J/ψ ; i = 1..100)). The same
procedure is done for the acceptance.
Since this binomial function takes the number of events in the denominator of the effi-
ciency as input, it does not handle well-weighted corrections. This is why it’s better to
refrain from using big weights e.g. Ncoll weights. Otherwise, this uncertainty would be
artificially negligible. As mentioned in Section. 3.7, unweighted corrections are used for
the nominal results and the weighted efficiencies are used as systematic uncertainties for
the mismodeling of the corrections.
The statistical and systematic uncertainties of the T&P scale factors are taken into ac-
count in the estimation of J/ψ acceptance×efficiency uncertainties. The T&P efficiencies
explained in Section. 3.7.3 are the global reconstruction and trigger+ID efficiencies in pp,
and the tracking, muon identification, and trigger efficiencies for PbPb. For each source
of efficiency, an uncertainty is assigned due to the data and MC statistics and labeled,
another is assigned to the signal and background shapes and the mass range of the T&P
fits, labeled “systematic” in the following. In the case of PbPb, an additional uncertainty
was assigned by changing the trigger used for tag selection.
The total systematic uncertainty related to the T&P scale factors is the quadratic sum of
the statistical and systematic components described above.
Finally, the total systematic uncertainty on the acceptance×efficiency is the quadratic
sum of the uncertainty related to the T&P scale factors, the statistical uncertainty on the
acceptance×efficiency, and the uncertainty from the mismodelling of the kinematic dis-
tributions in MC. In Fig.3.45 a summary plot of the different sources of uncertainties and
the total systematic uncertainty on the acceptance×efficiency is presented for pp and
PbPb in the nominal z bins.
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Figure 3.45: Systematic uncertainties of acceptance×efficiency on prompt J/ψ mesons in
pp (left) and PbPb (right) rapidity. The values of the uncertainties are given relative to
the nominal value.
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3.11 Raw quarkonia yields

This section presents the “raw” J/ψ yields, meaning that the yields are fully corrected
for acceptance and efficiency but still not corrected for bin migration between the z and
jet pT bins. The uncertainties presented are correspondingly only those of the quarkonia
yield extraction: 2D fits and acceptance×efficiency. The unfolded results are presented
in Chapter 4.

3.11.1 Raw prompt J/ψ yields

Figure 3.46 shows the yield of prompt J/ψ as a function of z in pp and PbPb collisions,
for the nominal jet pT range of 30 – 40 GeV. The distributions show a radically different
shape in pp and PbPb, which is due to the large combinatorial underlying event in the
latter case. A J/ψ of modest pT is very likely to overlap with a jet in this range, leading to
a large peak at low z. One also expects a corresponding depletion of J/ψ at large values
of z.
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Figure 3.46: Prompt J/ψ yields, as a function of z, in pp collisions (left) and PbPb collisions
(right), for the nominal jet pT range of 30 – 40 GeV.

3.11.2 Unfolding input

In order to unfold the effect of bin migration from finite jet resolution, we need to measure
the z distribution in lower and higher ranges of jet pT. We measured in three “underflow”
ranges of jet pT, 6.5 – 10, 10 – 20, and 20 – 30 GeV, as well as two overflow ranges, 40 – 50
and 50 – 60 GeV.
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Low-pT,jet

Figure 3.47 shows the yield of prompt J/ψ as a function of z for in pp and PbPb collisions
in three jet pT,jet underflow bins: 6.5 < pT,jet < 10, 10 < pT,jet < 20 and 20 < pT,jet < 30
GeV.
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Figure 3.47: Prompt J/ψ yield as a function of z in pp and PbPb collisions for 6.5 < pT,jet <
10, 10 < pT,jet < 20 and 20 < pT,jet < 30 GeV.
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High-pT,jet

Figure 3.48 shows the yield of prompt J/ψ as a function of z for in pp and PbPb collisions
in the two jet pT overflow bins: 40 < pT,jet < 50 and 50 < pT,jet < 60 GeV.
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Figure 3.48: Prompt J/ψ yield as a function of z in pp and PbPb collisions for 40 < pT,jet <
50 and 50 < pT,jet < 60 GeV.



98 CHAPTER 3. MEASURING THE FRAGMENTATION FUNCTIONS

3.12 Jet energy resolution

The pT resolution of jets is relatively poor compared to many other physics objects like
muons. The resolution needs to be well described by the simulation to avoid any biases
that can affect the steeply falling spectra of jets. An example of the jet resolution in sim-
ulation, defined as Rptcl = pT/pT,ptcl with ptcl indicating particle or generator level, is
shown in Fig. 3.49 for inclusive jets at 8 TeV [118]. The shape of the distribution is Gaus-

8.2 Simulated particle-level resolution 55

8.2 Simulated particle-level resolution

The jet pT resolution is reasonably Gaussian, although some nongaussian low-response tails
are present, e.g., due to rare detector effects such as inactive areas of the ECAL and to high-pT
particles punching through the HCAL. At low pT symmetric tails appear due to combinations
where two generator jets produce a single reconstructed jet, or vice versa. Such effects are
typically well-modeled by a double-sided Crystal Ball function [51], as seen in Fig. 35. Low
tails in response measurements are also commonly produced by neutrinos from semileptonic
decays of heavy-flavor hadrons. This does not apply to particle-level resolutions, because CMS
particle jets exclude neutrinos, but this does impact the dijet balance method used to measure
JER in data.
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Figure 35: Jet pT resolution distributions in the barrel for two bins of jet pT. DR indicates the
distance parameter value used for matching reconstructed jets to the corresponding particle-
level jets. The nongaussian tails due to inactive areas of the ECAL and HCAL punchthrough
become more visible for narrow high-pT jets with small core resolution. The Gaussian core
resolution is fit to within ±2s (solid line) and its extrapolation is indicated with a dotted line.
The tails are well modeled by a double-sided Crystal Ball function.

We define the particle-level JER in simulation as the s of a Gaussian fit to the pT, reco/pT, ptcl
distribution in the range [m � 2s, m + 2s], where pT, reco and pT, ptcl are the reconstructed jet pT
and generated particle-level jet pT, respectively, and m and s are the mean and width of the
Gaussian fit, determined with an iterative procedure. To maximize matching efficiency while
still ensuring a unique match, the reconstructed and the generated jets are required to be within
DR < R/2 of each other, with R being the jet distance parameter.

The nongaussian tails increase the RMS of the distribution, and the differences affect the data-
based dijet asymmetry, where two JER distributions are folded together with other (non) Gaus-
sian distributions. The dijet asymmetry is effective in symmetrizing the tails, and according
to the CLT the folded distribution will asymptotically approach a Gaussian distribution. The
treatment of these effects will be discussed in more detail in the next section.

The particle-level JER in simulation with a pileup profile matched to 2012 (8 TeV) data is pre-
sented in Fig. 36 in bins of true number of PU interactions µ. The particle-level JER in simula-
tion is parameterized with the “NSC” fit for calorimeter resolutions, where N is for noise (and
pileup), S is for stochastic fluctuations that scale as 1/

p
E, and C is a constant term with no pT

Figure 3.49: Jet pT resolution distributions in the barrel for two bins of jet pT [118].

sian with nongaussian low-response tails caused by rare detector effects such as inactive
areas of the ECAL and to high-pT particles punching through the HCAL. The distribution
is well modeled with a double-sided Crystal Ball function.
Jet Energy Resolution (JER) is defined as the σ of the Gaussian function of pT,reco/pT,ptcl
and is well described by the so-called CSN parametrization as a function of pT:

σ(pT)/pT =
√

C2 + S2/pT + N2/p2
T. (3.37)

where N is a noise term that comes from PU and UE, S is for stochastic fluctuations that
scale as 1/E, and C is a constant term with no pT dependence. The noise term N is neg-
ligible compared to the two other contributions in the low pileup pp data used in this
analysis (S dominates in the pT range studied here). In PbPb collisions, simulations are
well-described by centrality independent S and C values, with N values that depend on
centrality. The CSN parameters are extracted from fits in MC of JER as function of pT,ptcl
as shown in Fig. 3.50. The C and S values derived from simulation are 0.06 and 0.98
(
√

GeV).
The pT resolution is known to be somewhat different in data and simulation. To take this
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Figure 3.50: The extraction of the CSN parameters via fits to the jet energy resolution for
different centrality selections.

into account, the centrality-independent and dependent contributions are treated sepa-
rately. For the centrality independent contributions, data/MC scale factors are derived
from high luminosity pp data in 2017 and 2018 and γ+jet and dijet MC samples with a
T&P method. In 2017 they are evaluated from data run that directly preceded the pp
reference run used in the analysis. No scale factors are provided for individual running
periods, rather the uncertainties cover the variation of detector performance over the
year. For the 2018 data, the scale factors are provided for the pp data run just preceding
the PbPb run, although these scale factors are not very different from the ones provided
that are averaged over the entire year. The measurement of the JER is an extension of the
methods used for measuring JES, but looking at the width of the response distribution
instead of the mean. In γ+jet events the σJER can be expressed as:

σJER ≡
σpT

pT
= σBkrad 	 σPLI 	 σγ (3.38)

with 	 indicating quadratic subtraction. In the first term, σB is the σ of pT,jet/pT,fl and
kB = σB(secondary jet activity)/œB . The other terms are the Particle Level Imbalance
effects of the UE and OOC (out-of-cone activity) and σγ is the resolution of the photon.
In dijet events, the JER appears once for each jet. The dijet asymmetry is defined as:

A =
pT,1st jet − pT,2nd jet

pT,1st jet + pT,2nd jet
(3.39)

If both jets are in the same region and share the same JER:

σJER =
√

2(σAkrad 	 σPLI,dijet) (3.40)
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where σPLI,dijet is the resolution of the asymmetry variable, built with the momenta of
particle-level jets extrapolated to zero additional jet activity. It is related to the single jets
PLI resolutions through σPLI,dijet = 1/2(σPLI,tag ⊕ σPLI,probe). If one of the jets is central
and the other is forward:

σJER,forward = 2σAkrad 	 2σPLI,central−forward 	 σPLI,central (3.41)

where σPLI,central−forward is σPLI,dijet determined exclusively for the combination of central
and forward jets.
Fig. 3.51 shows the scale factors and the uncertainties as a function of η for 2018 data.

Figure 3.51: Data/MC scale factors as a function of η for pp (left) and PbPb (right). The
thick line represents the nominal scale factors and the thin lines represent the uncertain-
ties.

In practice, the MC values are smeared in the transfer matrix used in the unfolding, de-
scribed in Section 3.13. The reconstructed value of jet pT of the non-J/ψ part of the jet is
smeared and reassigned by randomly sampling a Gaussian function. The centroid of the
Gaussian is the original value of the reconstructed jet pT. The width of the Gaussian is
given by:

pT,meas ∗
√

C2 + S2/pT,true ∗
√

SF2 − 1, (3.42)

where pT,meas and pT,true are the measured and generator-level pT values, respectively, for
the non-J/ψ part of the jet. SF is the scale factor.
A simple toy MC study was used to check the validity of the smearing approach used in
this analysis, shown if Fig. 3.52. The pT of jets of 35 GeV is smeared by the CSN param-
eterization in Eq. 3.37, using two choices of N = 0 GeV and N = 5 GeV, to represent pp
and PbPb, respectively. The exact value is immaterial for this test, N = 5 GeV was chosen
purely for visibility on the final plots. The jet pT values are smeared a second time inflat-
ing the C and S values by an arbitrary scale factor of 1.25. Finally, the jets are smeared
according to the procedure used in this analysis. The jets are first smeared by the original
factor (without the scale factor) and then additional smearing to the reconstructed jet pT
value is applied according to Eq. 3.42. The analysis procedure is found to reproduce the
pT distribution of jets with the resolution given by the data/MC scale factors.
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Figure 3.52: Smearing of the JER for jets of 35 GeV with N = 0 and N = 5. The smeared
values are shown with the default C and S values (black line) and with an arbitrary scale
factor (red line). The blue line shows the smearing according to the analysis procedure
described in the text.

The uncertainty on the value is evaluated based on the random cone studies performed
in Ref. [129]. The pT density (ρ) evaluated in random cones was found to be overes-
timated in MC. Good agreement between data and MC was found by shifting the MC
centrality definition by 4.5%, such that, e.g., one compares 0 – 10% data to 4.5 – 14.5%
MC. A comparison of the underlying event energy density from random cones in data
and simulation is shown in Fig. 3.53. The plots show that a variation by 1.5% in central-
ity up and down is sufficient to cover data-MC differences in the ρ distribution. We use
these variations to the transfer matrix to assign an uncertainty on the jet resolution from
the UE.
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Figure 3.53: Underlying event density (ρ) from random cones in data and HYDJET sim-
ulation, for various centrality selections, in a central pseudorapidity region (η < 0.087).
In addition to the default simulation, the simulation is shown shifted by 3,4,5 and 6% in
centrality.
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3.13 Unfolding bin migration effects

The pT resolution of inclusive jets in the range where we perform our measurement (30 –
40 GeV), is around 15 – 20% in pp collisions and can reach around 50% in central PbPb col-
lisions. The relatively wide resolution of jets, coupled with their steeply falling spectrum,
causes substantial bin migration. The net effect is somewhat smaller on the z distribution
than on the pT spectrum of jets itself, as the fragmentation function scales logarithmically
with jet pT, whereas the yield decreases with pT according to a power law. However, the
effect is by no means negligible, especially in PbPb collisions. This is demonstrated in
Fig. 3.54, which compares the generator-level and measured z distributions from prompt
MC. The correction of resolution effects requires the application of an unfolding method.
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Figure 3.54: A comparison of the MC truth to the measured z distribution in pp (left) and
PbPb collisions (right).

It is not sufficient to only correct for the resolution as a function of pT. As discussed in
Section 3.8, if one neglects the resolution of the J/ψ itself, the resolution is proportional
to z. To take the dependence of the resolution on both pT and z into account, the un-
folding is done in two dimensions. A framework for doing 2D unfolding is available in
the RooUnfold package [130]. The D’Agostini’s iterative method [131] is used, which is
initialized with a “prior” guess of the unfolded distributions.
As is standard, the transfer matrix, which describes the detector response to the signal
of interest, is taken from MC. The transfer matrix encodes the relationship between the
measured and truth (labeled “gen” here) values.
The transfer matrices for pp and PbPb are shown in Fig 3.55. The lower and upper limits
of 6.5 and 60 GeV, respectively, were chosen such that 99% of jets with a gen pT in the
range of 30 < pT < 40GeV are in the measured range. This was tested in both prompt
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and nonprompt PbPb MC. The depicted transfer matrices are normalized such that the
sum over any gen bin, i.e., integrating over all measured bins, adds to unity. Hence this
shows the probability of a given gen value ending up in any of the measured bins. For
the case of 2D unfolding, the transfer matrix is a 4D histogram. In Ref. [132], it was found
that to minimize finite bin size effects finer binning is required on the gen axes, compared
to the measured ones. The number of bins is therefore increased by a factor of 5 for the
gen jet pT axis and a factor of 8 for the gen z axis.
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Figure 3.55: The 2D transfer matrix for bin migration in jet pT in pp (left) and PbPb
collisions (right).

The unfolding procedure used in this analysis follows closely that used by LHCb in
Ref. [66]. By default, RooUnfold initializes the unfolding with the MC truth distribu-
tion as the prior. However, such a choice can easily lead to a biased result, particularly
in the case when the MC truth is a poor representation of the data. Following LHCb, the
unfolding instead starts with a prior which is flat in z, in order not to assume a shape that
is peaked to large z, as in prompt MC, or peaked towards lower values, as in nonprompt
MC. This is particularly important as the shape of the prompt MC does not reflect the
shape in the prompt data. In the interactive method, the unfolded distribution at each
iteration is then used as input to the next iteration. After performing a certain number of
iterations, which is a tunable parameter, a new “super-iteration” is started. This means
that the transfer matrix reverts to the original prior, except the z distribution is initialized
to match the output of the previous super-iteration. The number of super iterations is a
second tunable parameter. The strength of the regularization depends on both the num-
ber of iterations and super-iterations.
The first step was testing the unfolding machinery purely in MC. Using a self-same sam-
ple for the measured distribution and transfer matrix, the unfolding performs perfectly. A
less trivial test is performed by splitting the same into two equal-sized statistically inde-
pendent pieces. In this test, used to understand the qualitative features of the unfolding,
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the number of iterations is fixed to three, and the behavior is studied as a function of the
number of super-iterations. This choice of three iterations was inherited from the LHCb
measurement, where it was found to give reasonable results for pp collisions. Fig. 3.56
shows the results of the unfolding for the pp and PbPb prompt J/ψ MC. The left panels
show the distributions, while the right panels show the ratio of the unfolding output for
selected super-iterations to the measured distributions. The success of the unfolding can
be gauged by comparing these curves to the ratio of the truth to measured distributions,
which is also shown. For the pp MC, the measured distribution is already relatively close
to the truth one. After one super-iteration the unfolded result is quite close to the truth
one, removing most of the bin migration effect. Further super-iterations actually degrade
the performance, inducing an oscillatory behavior in the results.
Looking at the prompt MC in PbPb, the measured value is found to be quite far from the
truth. The truth is peaked towards large z, i.e., the J/ψ in the MC are isolated. When su-
perimposed on the large and fluctuating PbPb underlying event, these isolated J/ψ often
appear at low z. The overall yield in the measured distribution is larger, as more jets tend
to migrate into the nominal jet pT bin, than out of it, due to the steeply falling jet pT spec-
trum. The large peak at low z already disappears after a single super-iteration. However,
one needs to go to a much larger number of super-iterations to recover the shape of the
truth distribution. For illustration, we show the result of 98 and 99 super-iterations. The
unfolding converges to a stable result, which is also the case for a large number of (super-
) iterations in pp. The general features of the truth distribution are recovered, although
the agreement is not perfect.
At this point, we realized that a more careful optimization of the regularization param-
eters is necessary. We considered that it might be useful to tune not only the number of
super-iterations, but the number of standard iterations, as well. Further, we realized that
the oscillatory behavior caused by under-regularization, as clearly observed in the pp
MC test, should depend on the statistical precision of the measured sample. Therefore,
we had better try to emulate the statistical precision of the data. To do so, we smeared
each jet pT and z bin in the measured distribution in MC according to the relative un-
certainty from the same bin in data. We then ran the unfolding with several choices for
the number of iterations per super-iteration. Figure 3.58 (left) shows the χ2 between the
measured and truth distributions for three choices of the number of iterations, 3, 5, 7, 10,
and 20, as a function of the number of super-iterations. When computing the χ2, only
the statistical uncertainty of the truth is taken into account. For the initial choice of three
iterations, the best agreement is achieved after 25 iterations, after which the performance
degrades.
We also considered that the optimal choice of the regularization parameters could de-
pend on the shape of the measured distribution. To test this hypothesis, we performed
the unfolding on the nonprompt MC, where the z distribution looks very different. The
true z distributions are shown in Fig. 3.57. The corresponding χ2 scan is shown in the
right panel of Figure 3.58. Here it appears that a larger number of iterations improves the
performance. The best performance was achieved with 10 iterations. The best number of
super-iterations was smaller for the prompt case, showing a shallow minimum of around
9.
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Figure 3.56: Closure test of the unfolding in MC for prompt J/ψ in pp (top) and PbPb
(bottom) collisions. The left set of panels shows the truth, measured and unfolded z
distribution after selected super-iterations, while the right shows the ratio of these to the
true z distribution.
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The z distributions for the best number of iterations (3 for prompt and 10 for nonprompt)
are shown for several super-iterations, up to the best one (25 super-iterations), in Fig 3.59.
For prompt MC, we see very good agreement between the unfolded and truth distribu-
tion for the best choice of regularization parameters. For the nonprompt case, although
the main features of the truth distribution are still recovered, there is a somewhat poorer
agreement between the unfolded and truth distributions. This may indicate that the best
choice for regularization parameters obtained so far, may still be sub-optimal. We still
plan to explore more choices for these parameters to see if better performance can be
achieved.
A χ2 scan was also performed for the pp MC. The best performance was found to be 3
iterations and 1 super-iteration in prompt MC and 10 iterations with 1 super-iteration for
nonprompt MC. Fig. 3.60 shows the z distributions, using 3 and 10 iterations for prompt
and nonprompt MC, respectively. The unfolded distributions compare reasonably well
with the truth-ones for the curves corresponding to one super-iteration.
The same procedure is also done in two centrality ranges: 0–20% and 20–90%. The Clo-
sure tests for central PbPb collisions are shown in Fig 3.61. Where 2 iterations and 28
super-iterations were found to be the best option for prompt and 10 iterations and were
chosen for nonprompt. The tests for the peripheral collisions are shown in Fig 3.62. 21
super-iterations of 2 iterations are chosen for prompt and 13 super-iterations of 10 itera-
tions were chosen for nonprompt.
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Figure 3.59: Closure test of the unfolding in MC for prompt J/ψ in PbPb collisions for
prompt (top) and nonprompt (bottom). The left set of panels shows the truth, measured
and unfolded z distribution after selected super-iterations, while the right shows the dif-
ference between these and the true z distribution.
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Figure 3.60: Closure test of the unfolding in MC for prompt J/ψ in pp collisions for
prompt (top) and nonprompt (bottom), which have been smeared to emulate the statisti-
cal precision of real data. The left set of panels shows the truth, measured and unfolded z
distribution after selected super-iterations, while the right shows the difference between
these and the true z distribution.
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Figure 3.61: Closure test of the unfolding in MC for prompt J/ψ in central PbPb collisions
for prompt (top) and nonprompt (bottom). The left set of panels shows the truth, mea-
sured and unfolded z distribution after selected super-iterations, while the right shows
the difference between these and the true z distribution.
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Figure 3.62: Closure test of the unfolding in MC for prompt J/ψ in central PbPb collisions
for prompt (top) and nonprompt (bottom). The left set of panels shows the truth, mea-
sured and unfolded z distribution after selected super-iterations, while the right shows
the difference between these and the true z distribution.
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Figure 3.63 shows the unfolding procedure applied to the prompt J/ψ data in pp and
PbPb collisions. The transfer matrix is smeared to account for the data-to-simulation
difference in jet energy resolution, as described in Section 3.12. The best regularization
settings from the test with the smeared prompt MC are used. In pp, where the number
of iterations is set to 3, the majority of the difference between the unfolded and truth
distributions is already apparent after the first super-iteration (which is the selected set-
ting). Further super-iterations change the result somewhat but are changing very little by
super-iteration 6, which is also the case in the MC test. PbPb also shows an evolution that
is qualitatively similar to the MC. With the selected setting of 3 iterations, the large peak
at low z is already removed by the end of the first super-iteration. As in MC, the PbPb
data require a larger number of super-iterations to become stable, but no longer change
by the chosen setting of 25 super-iterations.
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Figure 3.63: Unfolding of prompt J/ψ data for pp (top) and PbPb (bottom). The left panels
show the measured z distributions in the nominal jet pT bin, and the unfolded ones after
various numbers of super-iterations, as indicated in the legend. The right panels show
the ratios of the unfolded distributions to the measured ones.
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3.14 Jet-related uncertainties

The jet energy scale uncertainties correspond to the JEC explained in Section. 3.8. The
CMS calorimeters are calibrated using the single-pion response (SPR). The simulated jet
response corrections are sensitive to SPR calibration, especially at low pT through neutral
hadrons. SPR was checked on proton-proton data, confirming good modeling of the bar-
rel response within ±3%. The JEC sensitivity to a ±3% change in SPR is at most 2.3%.
The uncertainty on the residual corrections rises from many sources. The uncertainty
on the relative corrections is estimated from uncertainties on the initial- and final-state
radiation, the jet pT resolution, statistics of the MC samples, and the time dependence
(estimated from different data-taking periods). The uncertainty on the absolute correc-
tions rises from uncertainties on the fitted absolute scale, the HCAL scale, the statistics of
the MC samples, and the bias on the MPF method. More details on each of the variations
can be found in Ref. [118].
The uncertainty at pT = 30 GeV, as a function of η is shown in Fig. 3.64. In pp, the un-
certainty varies from about 3 – 4%. In PbPb the uncertainty is around 4%, except in the
barrel-endcap transition region (1.2 < η < 1.6), where it reaches around 10%.

Figure 3.64: Uncertainty on the jet energy scale, as a function of η, in pp and PbPb data.

The uncertainty does not apply to the fraction of the jet that is comprised of the muons
from J/ψ, as the muon kinematics are much more precisely known. The J/ψ component
of jet does not lead to any uncertainty on the jet energy scale, as the J/ψ pT enters both the
numerator and denominator in the ratio z. The J/ψ does of course have a finite resolution,
but this is small compared to the relatively poor resolution of the ”jetty” component, i.e.,
the part of the jet whose momentum is given by 1− z.
The variation of the jet energy scale is propagated by shifting the reconstructed jet pT val-
ues in the transfer matrix used in the unfolding. For illustrative purposes, in Fig. 3.65, the
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effect of the energy scale shift on the measured z distribution is shown for the nominal
jet pT selection. Rather than perform the fits to extract the prompt yield, we simply select
on J/ψ in the mass range of 3 – 3.2 GeV, without applying any lifetime selection.
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Figure 3.65: Effect of shifting the JES within its uncertainties in pp (left) and PbPb (right)
data. Rather than extracting the yield from fits, we restricted the invariant mass of the
J/ψ candidate to 3 – 3.2 GeV.

To propagate the uncertainty from jet pT resolution, the data/MC scale factors discussed
in Section 3.12 are varied according to their uncertainties, and the unfolding is repeated.
The uncertainties that correspond to the dijet asymmetry rise from ISR+FSR correction
and radiation, Particle-level imbalance, Non-Gaussian tails, PU reweighting, Jet energy
scale, and parameterization uncertainties. The uncertainties for the γ+jet balance rise
from QCD dijet background contamination, flavor uncertainty, OOC showering, jet en-
ergy scale, and PU reweighting. More details on each of the uncertainty sources can be
found in Ref. [118].
For the 2018 data, the uncertainty on these scale factors ranges from about 3% in mid-
rapidity to about 7%, for the endcap and transition regions. For 2017 data, the uncertainty
is comparable in the barrel region (2 – 4%, depending on η), but is larger in the endcap
and transition regions, where it varies from 10 – 20%, depending on η. The contribution
to the jet resolution from the PbPb underlying event is estimated by varying the central-
ity definition in MC, as described in Section 3.12. The centrality is shifted by 5% for the
nominal results. 0% and 10% are taken as uncertainties. Fig. 3.66 shows the unfolded z
distributions with the three centrality shifts.
An uncertainty is attributed to the regularization strength used in the unfolding by chang-
ing from the best settings derived from prompt J/ψ MC, to the ones derived from non-
prompt J/ψ MC, as shown in Fig. 3.67. These settings are explained in Section 3.13.
The statistical uncertainty on the transfer matrix is also estimated. This is done by pro-
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Figure 3.66: Unfolded results with different MC centrality shifts in prompt data for pp
(left) and PbPb collisions (right).
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ducing 100 toy variations of the MC transfer matrices by smearing the bin contents by
their statistical uncertainties (exactly as done for the acceptance x efficiency errors). The
uncertainty is shown in Fig 3.68 for pp and PbPb.
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Figure 3.68: Systematic uncertainties coming from the statistical uncertainty on the re-
sponse matrix for pp (left) and PbPb (right)

Finally, an uncertainty is assigned on the shape of the prior distribution. This is done by
relaxing the assumption of a prior that is flat in z, which is quite far from the data, to
the z shape taken from nonprompt MC, which is closer to the shape found in pp data by
LHCb [66]. Fig 3.69 shows the difference between the unfolded distributions for the two
prior choices.
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3.15 Summary of systematic uncertainties

The systematic uncertainty is broken down into several sources shown in Fig. 3.70. The
relative uncertainties are shown in Fig. 3.71 All sources of systematic uncertainty on
the J/ψ signal extraction, which were presented in Section 3.10, are summed together
in quadrature. The various sub-sources of jet related uncertainties, presented in Sec-
tion 3.14, are shown individually on the plot.
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Figure 3.70: Systematic uncertainties for prompt J/ψ mesons in pp (left) and PbPb (right)
collisions as a function of z.

Cross-section measurements in pp collisions have an overall uncertainty from the inte-
grated luminosity of 3.5% that is obtained from an analysis of data from a van der Meer
scan [133]. The PbPb data are normalized by the equivalent number of hadronic nucleon-
nucleon interactions in the data sample and TAA, which is determined from an MC im-
plementation of the Glauber model [134] with a total hadronic PbPb cross-section of 7.644
± 0.008 barns. The values of TAA used in this analysis are 6.27 ± 0.14, 18.79 ± 0.36, and
2.717 ± 0.098 mb−1, for the 0-90, 0-20 and 20-90% centrality selections, respectively.
The uncertainty on the number of hadronic interactions has an uncertainty of 1.3% com-
ing from the selection of such events, taking into account possible contamination from
electromagnetic interactions and beam backgrounds.
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Chapter 4

Results

4.1 Prompt and nonprompt J/ψ-in-jets results in pp collisions
with 2015 data

The results presented in this section are derived using the 2015 pp reference run at 5 TeV [132].
The fragmentation function of jets containing prompt and nonprompt J/ψ mesons are
measured for jets of 25 < pT < 35 GeV. The self-normalized z distributions are pre-
sented for mid-rapidity and forward rapidity in Figs. 4.1 and 4.2, respectively, compared
to generator-level predictions from PYTHIA 8.
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Figure 4.1: Self-normalized prompt (left) and nonprompt z distributions in the rapidity
range |y| < 1.6, for pp data and PYTHIA 8. For the nonprompt case, the z distribution of
the parent b hadron is also shown.

The prompt and nonprompt data show a qualitatively similar trend in each of the rapid-
ity selections. A similar trend is also observed in PYTHIA 8 for nonprompt J/ψ, although
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Figure 4.2: Self-normalized prompt (left) and nonprompt z distributions in the rapidity
range 1.6 < |y| < 2.4, for pp data and PYTHIA 8. For the nonprompt case, the z distribu-
tion of the parent b hadron is also shown.

the z distributions are slightly harder than the data. The trend for prompt J/ψ in PYTHIA

8, on the other hand, is very different than that observed in data. The z distribution
is much harder and peaked at z = 1, indicating that the jet activity accompanying J/ψ
mesons is underestimated. These results confirm the trends observed in Ref. [66] but in a
different rapidity range and per-nucleon center-of-mass energy. For the nonprompt case,
the z distribution of the parent b hadron from PYTHIA 8 is also shown, which is peaked
at much larger values of z compared to the daughter J/ψ. The apparent similarity of the
prompt and nonprompt J/ψ in data should therefore be interpreted with caution, as de-
cay kinematics play a large role in the latter case.
While the jet activity around J/ψ mesons appears to be underestimated by PYTHIA, only a
small fraction of J/ψ belong to jets in the selected pT range of 25 to 35 GeV. The fraction of
prompt and nonprompt J/ψ mesons in jets, as well as the data-to-MC ratio of these frac-
tions, is shown in Fig. 4.3, for J/ψ above the minimum pT threshold of 6.5 and 3 GeV, at
mid and forward rapidity, respectively. To evaluate this ratio, the numerator is taken by
integrating the z distributions, without applying the self-normalization. The systematic
uncertainties are treated as uncorrelated point-to-point. The denominator is evaluated
by performing the 2D fitting procedure without any constraint on the associated jet. We
find that the fraction of J/ψ produced in jets in the selected pT range is underpredicted
by PYTHIA 8 for both prompt and nonprompt J/ψ, for both rapidity selections. The non-
prompt J/ψ show a larger jet fraction than is observed for prompt J/ψ. This suggests that
J/ψ at lower values of pT are less jet-like than nonprompt J/ψ. These J/ψ-in-jet fractions
have not been studied before, to our knowledge, and provide complementary informa-
tion to the z distributions that should prove useful for model comparisons.
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Figure 4.3: Left: The fraction of prompt and nonprompt J/ψ in jets of 25 < pT < 35GeV
in pp data and in PYTHIA 8, compared to the total number of J/ψ in the relevant the pT
interval, as indicated on the Figure. Right: The ratio of these J/ψ-in-jet fractions in data
compared to simulation for prompt and nonprompt J/ψ.

4.2 Prompt J/ψ-in-jets results in pp and PbPb with 2017 and 2018
data

The results presented in this section are derived from the 2017 pp reference run at 5 TeV
and the 2018 PbPb data taking. The fragmentation function of jets containing prompt J/ψ
mesons are measured for jets of 30 < pT < 40 GeV and |η| < 2. Figure 4.4 shows the
self-normalized distribution of the fragmentation variable z for prompt J/ψ mesons in pp
data. A shape comparison is performed to generator-level predictions from PYTHIA 8 for
prompt and nonprompt J/ψ signal. In contrast to the PYTHIA 8 simulation, the data show
a relatively large degree of surrounding jet activity, and the distribution resembles more
closely that of nonprompt than prompt J/ψ simulation, similarly to what was seen in the
previous section for different kinematics.
Figure 4.5 (left) shows the same z distribution in pp collisions, this time normalized as a
differential cross-section, along with the per-event yield of prompt J/ψ mesons in PbPb
collisions. In order to compare the two collision systems, the PbPb yields are scaled by
the nuclear overlap factor TAA. The PbPb data are also peaked at an intermediate value
of z, indicating a sizeable amount of small-angle hadroproduction.
The PbPb data show a suppression level that is quantified by the ratio of these two distri-
butions, RAA, shown in Fig. 4.5 (right). The data show a slight rising trend as a function
of z. In the largest z bin, isolated J/ψ are less suppressed in comparison to lower values
of z, where the J/ψ is surrounded by a large degree of jet activity.
Figure 4.6 shows the RAA for two centrality selections, 0–20 and 20–90%. A larger degree
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Figure 4.5: Left: J/ψ yields, as a function of z in pp and PbPb collisions. Right: the
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of suppression is observed for the more central selection. The rising trend with increasing
z is also more pronounced in central events.
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Figure 4.6: The nuclear modification factor RAA for two centrality selections of PbPb col-
lisions, as a function of z. Due to limited statistical precision, the lowest z bin is excluded.
The boxes around unity show the normalization uncertainties.

4.3 Discussion

The larger jet activity observed in pp data compared to Leading-Order NRQCD calcu-
lations implemented in PYTHIA 8 cannot be explained by the classical J/ψ production
picture. However, the NLL’ calculations presented in Section. 1.2.4 introduce the produc-
tion of prompt J/ψ inside of parton showers. The z distributions with this new approach
showed a much better agreement with data. The assumption of J/ψ being produced in
a parton shower does not only affect the small-angle hadroproduction around the J/ψ
meson, but it also implies that J/ψ are produced at a later time to what is assumed in the
classical picture. In the new approach, the rising trend of RAA of prompt J/ψ in jets as a
function of z can be explained by jet quenching, i.e. ELoss processes. A J/ψ meson with
a low value of z tends to be produced late in the parton shower. The cascade of partons
traversing the hot medium loses energy by interacting with the deconfined color states
in the QGP. Eloss processes can affect the J/ψ in two ways: The partons can lose energy
before the formation of the J/ψ. In this case, the entire jet including the J/ψ is affected
and can be suppressed or migrate outside of the jet pT selection. The second is after the
J/ψ is formed. The partons of the jet keep losing energy before they hadronize. The J/ψ
itself does not lose energy so it shifts towards higher z values. Of course, the J/ψ is still
susceptible to Debye screening and can dissociate. The c and the c̄ can also lose energy
by interacting with the QGP before they are bound into a J/ψ state.
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Since the jet pT range is limited to 30–40 GeV, the z range of 0.22–1 is comparable to J/ψ pT
of ∼6.5–30 GeV. The rising trend of J/ψ in jets as a function of pT is qualitatively similar
to the rising trend observed for inclusive prompt J/ψ, i.e. without an explicit jet require-
ment, for the comparable pT range that was shown previously in Fig. 1.18 in Section. 1.2.4
compared to open charm RAA and can also be seen in Fig. 4.7 compared to hidden beauty
RAA. Even though the fraction of prompt J/ψ produced in jets of 30–40 GeV is small
compared to the total number of prompt J/ψ mesons because of the jet pT constraint, a
measurement that was done by CMS at 8 TeV [135] showed that (85± 3 (stat)± 7 (syst))%
of J/ψ of EJ/ψ > 15 GeV are produced with a jet of EJet > 19 GeV.
To disentangle the different sources of J/ψ suppression, one can look at other measure-
ments like bottomonium suppression in heavy-ion collisions. The suppression of Υ states
in PbPb is dominated by Debye screening. Within the systematic uncertainties, the Υ RAA,
presented in Fig.4.7, show no clear dependence on pT and does not rise at high pT in com-
parison to J/ψ RAA.
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Figure 4.7: Nuclear modification factor for the Υ(1S), Υ(2S) and Υ(3S) mesons [136] as
well as the J/ψ and ψ(2S) mesons [123] as a function of pT at 5.02 TeV.

This further hints in the direction of ELoss processes explaining the rise of J/ψ at high pT.
The b quark is heavier than the c quark. So even in the case of quarkonium production
in parton showers, charmonia would be more affected by the medium than bottomonia.
The study of Υ mesons in jets can provide very useful information for quarkonium pro-
duction. Since Υ mesons can be measured down to pT = 0 in CMS, the fragmentation
function can also be measured down to z = 0. Measuring the fragmentation function of
jets containing an Υ state in pp data can provide a direct comparison to NLO and NLL’
NRQCD models. After that, measuring the fragmentation function in PbPb would allow
a direct comparison in RAA between charmonia and bottomonia in PbPb collisions.
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With more statistics, it would also be very interesting to duplicate the J/ψ measurement
in different jet pT ranges, which should prove useful for model comparisons in pp and
PbPb, since jet fragmentation functions are usually measured as a function of jet pT. The
comparison between charmonium ground and excited states regarding their production
in jets is also intriguing since Debye screening is expected to be different for states with
different binding energies, but collisional and radiative ELoss processes are unsusceptible
to the final state.
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Chapter 5

Conclusions

The J/ψ meson is a powerful tool to probe the Quark-Gluon Plasma. It is used in heavy-
ion collisions to study the characteristic of the hot medium. However, the production of
the prompt J/ψ is still not fully understood. Despite the big efforts on the theory sides,
the existing models for prompt J/ψ production are not able to reproduce both the cross-
section and the polarization measurements. The study of the fragmentation function
of jets containing a J/ψ meson can provide helpful information about the isolation of
J/ψ in its production. It was seen that leading-order nonrelativistic QCD calculations,
implemented in simulation, do not reproduce the results of the fragmentation function
of prompt J/ψ in pp collisions. A new approach based on the assumption of the J/ψ being
produced in parton showers displayed a better agreement with data than LO NRQCD.
This assumption implies that the J/ψ is produced at later times and can alter the usual
interpretation of J/ψ results in heavy-ion collisions.
In this thesis, the fragmentation function of jets containing a J/ψ was first measured for
prompt and nonprompt J/ψ in pp collisions for jets of 25 – 35 GeV. I was responsible
for the J/ψ signal extraction including the bidimensional fitting and the acceptance and
efficiency corrections, and their systematic uncertainties. Afterward, the fragmentation
function was measured for prompt J/ψ in pp and PbPb collisions for jets of 30 – 40 GeV.
This time, I was responsible for the J/ψ signal extraction, the acceptance and efficiency
corrections, and the 2D unfolding procedure. I was also responsible for providing the
centrality calibration and the Tag&Probe scale factors for low-pT muons for the 2018 PbPb
run.
When the self-normalized pp distributions were compared to simulation the discrepancy
was still present. The comparison between the cross-section in pp and the per-event
yield in PbPb showed suppression of prompt J/ψ in jets in all bins of the fragmentation
variable z ≡ pT,J/ψ/pT,jet. The ratio of the two distributions, RAA, showed a rising trend
as a function of pT that can be explained using jet quenching mechanisms according to
the assumption of J/ψ being produced in parton showers.
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Chapter 6

Resumé en Français

Quelques microsecondes après le Big Bang, la matière existait sous la forme d’un plasma
de quarks et de gluons asymptotiquement libres appelé QGP. Pour recréer des conditions
similaires à celles de l’univers primitif, de puissants accélérateurs heurtent des noyaux
lourds pour former de nombreuses petites boules de feu dans lesquelles les nucléons
”fondent” en plasma de quarks et de gluons. Le QGP a une courte durée de vie et ne peut
pas être vu directement. Alors, de nombreuses particules sont utilisées comme signatures
de sa formation et comme outils pour étudier ses propriétés. L’une d’entre elles est le
méson J/ψ, une particule composée d’un quark charme et d’un anti-charme qui, en pres-
ence du QGP, ne peuvent pas former l’état de J/ψ. Dans ce cas le J/ψ est supprimé. Mais
la production de J/ψ n’est pas encore complètement comprise, malgré le grand progrès
réalisé dans les collisions d’ions lourds, et celles de protons où la formation de QGP n’est
pas attendue. Les modèles actuels de la chromodynamique quantique ne peuvent pas
reproduire toutes les mesures expérimentales de J/ψ. Une approche théorique récente
évoque la production des mésons J/ψ dans les gerbes de parton ou dans les jets. Ceci est
étudié expérimentalement en mesurant la fonction de fragmentation des jets contenant
un J/ψ, c’est-à-dire en vérifiant le degré d’isolation du méson J/ψ pendant sa production.
La thèse rapporte le travail de deux analyses qui mesurent la fragmentation des jets con-
tenant un méson J/ψ dans les collisions pp et PbPb.
Chapitre 1 commence par une description générale de la chromodynamique quantique
et termine par les principales questions auxquelles cette thèse tente de répondre. Une
grande partie concerne la formation du plasma de quark gluon et les sondes utilisées
pour l’étudier. La section suivante se concentre sur le méson J/ψ et sa production dans
les collisions pp et PbPb. À la fin du chapitre, les résultats de la fonction de fragmentation
des jets contenant un méson J/ψ dans les collisions pp, par la collaboration LHCb, sont
présentés avec une comparaison avec différentes approches théoriques. La comparaison
favorise l’idée que les mésons J/ψ sont produits dans des gerbes de parton.
Chapitre 2 contient une description des appareils expérimentaux utilisés pour collecter
les données. Dans le LHC, deux faisceaux de particules sont accélérés dans des directions
opposées dans des tubes de faisceaux séparés et se croisent en quatre points d’interaction.
Le détecteur CMS, qui le détecteur par lequel les données utilisées dans cette thèse ont été
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recueillies, est situé autour un des points d’interactions. CMS est composé de plusieurs
sous détecteurs, chacun ayant un rôle spécifique dans la détection et la reconstruction
des particules: un trajectographe pour identifier la charge et l’impulsion des particules
chargées, des calorimètres pour mesurer l’énergie des photons, électrons et hadrons, et
un système à muons pour identifier et reconstruire les muons. Les mesures très précises
de l’impulsion sont possibles grâce à l’aimant de CMS qui est le solénoı̈de supraconduc-
teur le plus puissant jamais construit.
Chapitre 3 concerne la procédure d’analyse utilisée pour obtenir les fonctions de frag-
mentation des jets contenant un méson J/ψ. Il commence par la reconstruction des objets
à partir des impacts et des amas dans le détecteur. Le canal muonique est utilisé pour
détecter les mésons J/ψ. Les muons sont reconstruits à partir des impacts dans le tra-
jectographe et les chambres à muons. Les jets sont reconstruits à l’aide de l’algorithme
de “Particle Flow” qui utilise les informations de tous les sous-détecteurs pour recon-
struire chaque objet dans l’événement. Puis, les objets sont regroupés en jets à l’aide de
l’algorithme anti-kt. Les événements et les objets répondent à des critères de sélection,
tels que le trigger et l’identification du muon. La calibration de la centralité est également
abordée. Les événements sont divisés en 200 cases de centralité depuis les événements
les plus centraux, où les noyaux entrent en collision frontale, jusqu’aux événements
périphériques, où les noyaux se chevauchent partiellement.
Après la sélection et la détermination de la centralité, les J/ψ et les jets sont associés et la
variable de fragmentation, z, est calculée comme la fraction du pt du jet prise par le J/ψ.
Les candidats J/ψ sont divisés en z et jet pt et une procédure de fit en deux dimensions
est utilisée pour obtenir les taux de production de J/ψ prompt et non-prompt dans les
jets, le prompt étant le J/ψ produit directement dans les collisions et le non-prompt étant
le J/ψ provenant de la désintégration des hadrons B. La procédure de montage se fait sur
la masse et la durée de vie du J/ψ. Les taux sont corrigés en fonction de l’acceptation du
détecteur et de l’efficacité de la reconstruction du muon et des critères de sélection. Avant
d’obtenir les résultats finaux, une procédure de “unfolding” est appliquée pour corriger
la migration de pt de jet. Elle est effectuée en deux dimensions : pt de jet et z.
Dans les chapitres 4 et 5, les résultats réalisées dans le cadre de cette thèse sont présentées,
suivis d’une discussion sur l’impact de ces résultats sur notre compréhension de la pro-
duction de méson J/ψ en pp et PbPb. En pp, la fonction de fragmentation de J/ψ dans
les jets a montré que les mésons J/ψ ont une activité de jet plus importante que ce qui est
prédit par les modèles de NRQCD. Les résultats de PbPb ont montré un comportement
similaire à celui de pp mais avec une suppression de J/ψ dans les jets dans tous les bins
de z. La comparaison entre pp et PbPb a montré que les J/ψ isolés sont moins supprimés
que ceux qui viennent avec une activité de jet plus importante. Les résultats favorisent
la production de J/ψ dans les gerbes de parton et au rôle de “quenching” des jets en tant
que mécanisme contribuant à la suppression de méson J/ψ.
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Titre : Fragmentation des jets contenant un méson J/ψ dans les collisions PbPb et pp à 5 TeV dans CMS
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Résumé : Le plasma des Quarks et des Gluons
(QGP) est un état de la matiére dans lequel les quarks
et les gluons sont asymptotiquement libres et non
confinés dans les hadrons. Les collisions ultra relati-
vistes d’ions lourds sont un outil unique pour produire
le QGP en laboratoire. Il ne peut pas être directement
observé, et des sondes, dont le méson J/ψ, sont donc
utilisées pour mesurer ses propriétés. Cependant, la
production de J/ψ n’est pas encore complètement
comprise.
Dans cette thèse, la fragmentation de J/ψ en jets est

mesurée en collisions pp et PbPb à une énergie au
centre de masse de 5 TeV. Les fonctions de fragmen-
tation de J/ψ prompts et non-prompts sont montrées
et comparées aux modèles en pp. Le facteur de mo-
dification nucléaire de J/ψ dans les jets est également
montré. Les résultats J/ψ-en-jets indiquent que les
mésons J/ψ prompts sont produits dans des gerbes
de partons et sont affectés par des processus de
perte d’énergie en présence d’un milieu chaud, dense
et interagissant fortement.
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Abstract : The Quark-Gluon Plasma (QGP) is a state
of matter where quarks and gluons are asymptoti-
cally free, and not confined in hadrons. Ultrarelativistic
heavy-ion collisions are a unique tool to produce the
QGP in laboratory frame. Since it cannot be directly
seen, probes are used to measure its properties, one
of which is the J/ψ meson. The J/ψ production, howe-
ver, is still not completely understood.
In this thesis, the fragmentation of J/ψ in jets is mea-

sured in pp and PbPb collisions at a center-of-mass
energy of 5 TeV. Prompt and nonprompt J/ψ frag-
mentation functions are shown and compared to the
models in pp. The nuclear modification factor of J/ψ
in jets is also shown. The J/ψ-in-jets results indicate
that prompt J/ψ mesons are produced in parton sho-
wers and are affected by energy loss processes in the
presence of a hot and dense strongly-interacting me-
dium.
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