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Photoproduction of 7771~ and 7" 71~ 7t 71~ in lead-lead collisions at
ALICE-LHC.

by Sergio Paisano Guzman

The ALICE experiment at CERN LHC was designed to study heavy ion col-
lisions as well as proton collisions. Electromagnetic interactions are present
in such collisions; The electromagnetic field of a charged particle moving at
ultrarelativistic velocities can be considered as a photon cloud that surrounds
the particle. The photon cloud of a projectile nucleus can interact with the
entire target nucleus, its constituents or its photon cloud, giving as result the
production of new particles. To distinguish these processes from hadronic pro-
cesses a condition in the impact parameter is required, it must be bigger than
the raddi sum of colliding particles. Collisions that met this requirement are
called ultraperipheral.

The study of 777~ and w7~ w7~ photoproduction at ALICE in ultra-
periperipheral Pb-Pb collisions at /Syy = 5.02TeV during 2018 and Xe-Xe
collisions at v/Syn = 5.44TeV during 2017 is presented.
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Chapter 1

Introduction

ALICE(A Large Ion Collider Experiment) is a major experiment at the Large
Hadron Collider (LHC), Geneva, which is optimized for the study of QCD
matter created in high-energy collisions between lead nuclei, though addi-
tional studies can be carried out due to the great capabilities of triggering and
tracking of the detectors in ALICE. One of such studies are the ultraperiph-
eral collisions in which particles do not interact hadronically, the interaction
occurs through the electromagnetic field that surrounds them. This thesis fo-
cuses on the coherent production of 7t 7~ and 77w~ 7wt 71~ in lead-lead UPC

at /Syn = 5.02TeV.

The First chapter corresponds to the introduction of the thesis.

In the second chapter, a brief historic introduction about particle physics is
given, and also the main variables used in particle physics are presented .

In the second chapter, the Ultraperipheral collisions are presented from a
theoretical point of view. Main works in particles photoproduction related to
this thesis work are also presented and briefly explained in this chapter.

The third chapter includes the description of the ALICE experiment detec-
tors and trigger systems. Also a brief explanation of the computational re-
sources of the ALICE experiment is presented.

The main work carried out during this thesis work is presented in chap-
ter 4. In this chapter the detailed selection of events and analysis of physical
observable is presented. The simulated events events used to determine the
acceptance and efficiency corrections for the data sample are included in this
chapter. Corrected for acceptance and efficiency invariant mass distributions
for the 2 and 4 pins data samples are presented in this chapter.

The final chapter are the conclusions, this chapter summarize the main re-
sults obtained from the data analysis and also list some of the future work need
to be developed in order to obtain a value for the cross sections in the 2 an 4
cases.






Chapter 2

Particle Physics

The concept of matter being composed by elementary particles arise around
2500 years ago, when Greek philosophers, Democritus and Leucippus, pro-
posed that all matter is made up of bonding atoms. However, it was not until
1987 with the discovery of the electron, achieved by J.J. Thomson, when par-
ticle physics was formally started,aimed to the study of matter from a funda-
mental point of view. Thompson realised that cathodic rays emitted by a hot
filament could be deviated by the presence of a magnetic field, this suggested
that cathodic rays were not rays at all, rather a current of charged particles;
besides, due to the direction of the curvature, such particles should have nega-
tive charge. When the beam passed through both magnetic and electric fields,
which had been adjusted in such a way that the deviation of the beam was
zero, Thomson was able to measure the charge-mass relation of the particles,
in this way he concluded that either the mass was little or the charge was huge.
The first option was the one that agreed with the experiments, after this, the
discovered particles were named electrons.

Thomson thought that electrons were part of the atom, nevertheless, atoms
are electrically neutral and thousand of times heavier than electrons. Hence,
Thomson proposed his known atomic model, in which electrons are held by a
positively charged dense material, such as plums located in a pudding. This
model was discarded by the Rutherford’s scattering experiment, showing that
the atom is almost empty, it contains a very small nucleus with positive charge
and the largest amount of mass.

In 1914, Niels Bohr suggested his atomic model for the hydrogen atom,
where the proton is surrounded by a unique electron, similar to a planet mov-
ing around a star. The estimations of the Bohr model for the hydrogen spec-
trum were consistent with the experiments, supporting the fact that the heavier
atoms consisted of a certain number of bonded protons in order to maintain a
neutral charge, though, difficulties with this supposition arose when consid-
ering the next heavier elements; for instance, Helium and Lithium (with two
and three electrons, respectively) are two and seven times heavier than hydro-
gen. Such problem was solved in 1932 when Chadwick discovered the neu-
tron. Neutrons, as the name suggests, are electrically neutral. What is more, in
terms of mass, neutrons can be considered as the proton twin. The number of
neutrons in the atom is not necessarily the same as the number of protons, this
variations result into isotopes, which are those elements with the same number
of electrons and protons, but a different number of neutrons. One of the most
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common examples of this type of atoms, are the Hydrogen isotopes: Protium
(0 neutrons), Deuterium (1 neutron), and Tritium (2 neutrons).

Up to this point in history, it could be thought that the end had been reached
in understanding the fundamental structure of matter. Everything that can be
seen, touched and smelt is made of protons, neutrons, and electrons. But this
idea did not last long. A new question arose: what holds the protons together
in the nucleus? Protons should repel each other due to their electrical nature,
and neutrons have no apparent reason to stay there; undoubtedly there should
be a force that holds the nucleus together, one stronger than the electrical force,
which in this case would be repulsive. This new force was called strong force. A
special feature of this force is that its effects are only considerable over a very
short distance range, unlike electromagnetic and gravitational forces, both of
which have an infinite distance range, despite the fact that they could be negli-
gible at a finite distance. The range of the strong force is approximately the size
of the core itself; that is the reason why atoms with a large number of protons
in their nucleus tend to be unstable.

In 1934 Yukawa proposed a theory of the strong force in which protons and
neutrons are attracted to each other by some kind of force, and of a particle
whose exchange accounts for the characteristics of the strong force. Yukawa
stated that the mass of this particle should be about one third of the mass of the
proton; since this mass value is between the mass of the proton and the mass
of the electron, the particle was named meson, which means "Middleweight".
At that time there was a lack of experimental evidence for such particle. It
was in 1937 when, thanks to a cosmic ray experiment, hints of the Yukawa
meson were obtained. Unfortunately, later experiments, also with cosmic rays,
showed that the Yukawa meson was actually a particle produced in the upper
atmosphere due to the interaction of cosmic rays with air molecules, and that it
has nothing to do with strong interactions. This new particle was discovered in
1947 and received the name of pion (1), it was discovered at the same time as
another particle of "medium weight", the muon (i), also produced by cosmic
rays. Thanks to these discoveries, a new stage in the understanding of matter
began, originating studies of the physics of particles. The work of theoretical
and experimental physicists resulted in what is now known as the Standard
Model of fundamental particles.

2.1 The Standard Model

The Standard Model is considered one of the most successful theories in physics,
since it manages to describe, with a good approximation, the interactions of
fundamental particles. As a result, there is a study of three of the elemen-
tal forces of nature: the electromagnetic force, the weak force and the strong
force. It is said that a particle is fundamental when it does not have an internal
structure, that is, a fundamental particle is punctual.

The Standard Model establishes that all known matter in the Universe is
made up of fermions, which are particles with half-integer spin, which interact
through the mediators of forces, also known as bosons, these are particles with
integer spin. In turn, fermions are divided into quarks and leptons. The former



2.1. The Standard Model 5

are characterized by having a charge of color, which allows them to interact
with the strong force; the mediators of this force are gluons (g). In the case of
leptons, some have an electric charge (e, i, 7), and others do not (v, vy, v7), as it
can be seen in the figure 2.1, so the electromagnetic and weak forces can act on
quarks and leptons. Neutrinos, on the other hand, having no electrical charge,
do not feel the electromagnetic force, but they do feel the weak force.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
| ] 1]
mass | =2.2 MeVi/c? =] .28 GeV/c? =173.1 GeV/c? 0 =125.09 GeVic?
charge = % % £ 0 0
spin | % u L C k] t 1 y 0 H
up charm top gluon higgs
=47 MeWic? =86 Mel//c? =418 GeW/c? 1]
- - -1 0
. . & . b .
down strange bottom photon
=0.511 MeW/c® =105.66 MeV/c? =1 7768 GeV/c? =81.19 GeV/c?
-1 -1 =il 0
electron muon tau Z boson
<2.2 e\fc? <1.7 MeWic? <155 MeVic? =80.30 GeVic?
0 0 0 +1
" . Vi " ) W
electron muon tau
neutrino neutrino neutrino W boson

FIGURE 2.1: Standard Model of particle physics

The mediating particle of the electromagnetic force is the photon (), and
those of the weak force are the bosons W+, Z. These mediators (together with
the gluons g) are called vector bosons since their spin is one, although there
are also scalar bosons, which have zero spin. The Higgs boson (a scalar boson)
was the last remaining particle to be observed in order to verify that this model
is correct. It was in 2012 when the LHC, ATLAS and CMS experiments found
signals of a particle with the properties of the boson proposed in the Standard
Model, verifying the validity of the theory.

One of the biggest success of the Standard Model is the proposal of a pro-
cess for the mass generation of the particles, known as Higgs-Englert-Brout
mechanism. This process is possible through the spontaneous symmetry break-
ing (SSB), where a field associated to a particle acquires mass ([COTT]). Due
to observations detected by the ATLAS and CMS experiments at CERN, Peter
Higgs and Francois Englert were awarded with the Nobel Prize in Physics in
2013.
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Structure within
the Atom

Neutron
-10~"5m

Nucleus
Size ~ 1074m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.

FIGURE 2.2: Structure within the atom [22]

Quarks and leptons can be classified in generations, as it can be seen in Fig-
ure 2.1. Those particles belonging to the first generation are lighter than those
in the second generation; in the same way, the particles of the second genera-
tion have fewer mass than the particles of the third generation. In Figure 2.2
it can be seen how most of the known matter is made of fermions of the first
generation: quark up (1) and quark down (d), the electron (¢) and the electron
neutrino (v).

Even though many of the predictions of the Standard Model have been
proved, there are evidences that the model is unable to explain some processes.
For instance, it is incapable to include gravity, as well as the origin of the cou-
pling constants or the mass hierarchy. In the Standard Model neutrinos are
considered to be massless, however current experiments indicate the opposite,
actually intervals of the mass range are given for their mass (such mass is very
small compared with the other particles since it is in the order of 2 MeV).

These and more problems have been found in the Standard Model, for this
reason it is important to analyse the basis of the theory with the help of exper-
imental data. One of the most studied fields in particle physics, used in order
to search solutions to such problems, is the quantum chromodynamics, which
is the topic of the next section.
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2.2 Quantum chromodynamics

Quantum Chromodynamics (QCD by its initials) is a gauge theory which de-
scribes the strong interactions between quarks. Due to the fact that quarks
have color charge, they can interact through the mediators of the strong force,
the gluons.

A combination of quarks forms structures called hadrons, such as the proton
and the neutron. A system containing three quarks constitutes a baryon, in the
other hand, a particle with a quark and an antiquark results into a meson. Each
flavor has associated three color charges, hence it is possible to represent a
quark as a color triplet:

u=|ug (2.1)
Up

Where suffixes denote the color charge: u, corresponds to a red color, ug to
a green color, and u;, to a blue color charge. It is known that quarks composing
a hadron are confined, since it is infeasible to detect them individually, as well
as gluons. Figure 2.3 shows a fundamental process in QCD

FIGURE 2.3: Feynman diagram for a ¢ — g + ¢ process, taking
the time evolution upward [31]

Regarding the previous process, the color of the quarks could change, whereas
the flavour is conserved; although, the final color charge has to be conserved
too. For example, if the quark down has a blue charge, at the end of the process
it can have a green charge, hence the gluon has a green and an anti-blue color
charges. Gluons have a double charge color, one positive and one negative.
There are eight possible combinations for the color charge of a gluon.

Due to the fact that gluons have color charge, it is possible to have self-
interactions among them, as it is shown in figure 2.4. There are coupling con-
stants for each type of interaction, as the name suggests, determine the strength
of the interaction between particles or fields. The value of such constants de-
pends on the energy scale, i.e., on the distance from one particle to the other.
Figure 2.5 shows the evolution of the QCD constant coupling a;, which has
asymptotic freedom. This means that, when the distance between quarks is
very small (such as inside a hadron) the interaction force will have a small
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FIGURE 2.4: Feynman diagram for two gluon sel-interations pro-

cesses ([31])

value, too. Quarks move freely, since any force is strong enough to keep them

bonded.
o - . . —
9 —4— CMS Ry, ratio —>— HERA
S —#— CMS fi prod. —— LEP
0.20 —&— CMS incl. jet === PETRA ]
—— CMS3jetmass —y— SPS

0.15

0.10

—— Tevatron

—_— as(Mz) = 0.1171£30915

(3-jet mass)

0.05

B os(Mz)=0.1185 £ 0.00086 (World average)

10

100

1000

Q [GeV]

FIGURE 2.5: a5 experimental values [14]

It is expected to understand the nature of quarks through the study of
hadrons. Protons are one of the main particles analysed, hence a description
of them is given in the following section.

2.3 Pions

Unlike protons, pions (77) are mesons, which means they are composed by a
quark (g) and an antiquark (). These type of particles are the lightest mesons.
Pions can have positive charge (717), negative charge (717), and neutral charge
(1Y), depending on their composition, as it can be seen in Table 2.1.

Pions are mostly created at hadron colliders, they are also produced nat-
urally, for example when cosmic rays interact with matter in Earth’s atmo-
sphere. The pions lifetime is approximately 2.6 x 10~8s. Depending on the
content of a pion, it can decay to different particles [4], as it is shown in Table
2.2, where the decay rates are included.



2.4. Kinematics 9

TABLE 2.1: Quark composition of Pions

Pion Composition
al ud
T dil
0 uil, dd

TABLE 2.2: Pion decays

Decay Rate

mt — vy, 99.98%

nt = ptvyy 1.2 x 107*%
T = Uy 99.98%

T = U Uy 1.2 x 107%%
0 — yy 98.82%

m — ete y 1.17%

2.4 Kinematics

In particle physics there are certain quantities necessary for the description of
scattering processes, some of them are listed below:

2.4.1 Rapidity

The rapidity and pseudorapidity (see section 2.4.2) are 2 variables commonly
used in particle accelerators, which arose because the velocities of the incident
particles, or at least most of its magnitude, are directed along the beam axis. In
collision experiments usually the beam axis coincides with the z axis, as shown

in the figure 2.6:
In such reference system the rapidity “y” is defined as [23]:
1 E+ psc
=1 2.2
y=3in(F22) 22)

where E is the particle energy, p, is its momentum in the z direction and c
is the light velocity. In high-energy collisions, the rapidity gives us informa-
tion about the angle at which the particles are emitted after a collision, for
example, if the rapidity were zero or approximately zero, it would imply that
(E+ pzc)/(E — pzc) = 1 and so p, ~ 0 which would indicate that the emit-
ted particle came out in a direction practically perpendicular to the axis of the
beam, on the other hand, if the rapidity had an outsize magnitude(y ~ )
then, (E + pzc)/(E — pzc) = o0 and E = p;c, so the particle emitted in this case
would come out in a direction almost parallel to the beam axis, and finally if
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FIGURE 2.6: Reference System in particle collision experiments

y ~ —oo the particle would also come out with an angle almost equal to zero
with respect to the beam axis, but at opposite direction.

If we consider a reference frame S” moving at a velocity v in the direction of
the z axis with respect to a reference frame S, the rapidity in the frame S” will

be defined as:
y_ 1. (E'+pic
= — 2-
Y 2 In E' —plc 23)

The energy E and the moment p in the system S are related to the energy E
‘and the moment textbf p” of the system S’ as follows:

p Ev

E—v i
E= == p=pe py=p pi=——S (2.4)

0 (%

1-5 1-

According to the equations 2.4 the transformation of the rapidity from the
reference frame S’ to the frame S is:

y'—y+11n(1_%) (2.5)
2 M 1+e

If in a collision two particles are generated, each one with rapidity v} and
v, we can note that the rapidity difference measured is independent of the
reference system used; according to 2.5

2
c

/ o 1 _ _1 1_% o
yz—y1—y2+§ln(1+%) ! 21n<1+g )=v1—12 (2.6)

c

2.4.2 Pseudorapidity

As already explained, rapidity is very useful if the moment and energy of the
particle are known, however in collisions where the energy is very large, these
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quantities, especially the moment, are difficult to measure, so it is convenient
to define a new variable similar to rapidity but easier to measure. This new
variable is called pseudorapidity and is denoted by the symbol . We can
obtain the pseudorapidity from the expression for the rapidity given by 2.2,
considering E2 = p?c? + m?c*:

1
=-In

For relativistic particles with very high energy ]92C2 >> m2ct. Factoring

pc in each square root in 2.7 and using the binomial expansion, we found the

following approximation.
1. 1+

p

The angle between the beam axis and the direction of the emitted particle
is defined as § = arccos (p./p), therefore 1 + p,/p = 2cos? (§/2) and 1 —
p./p = 2sin? (§/2), substituting this into 2.8 we have:

2.7)

y~ —In (tan g) (2.9)

The pseudorapidity is defined as:

= —In tng
n= a 2

For highly energetic particles, in which E ~ p, the rapidity is approximately
equal to the pseudorapidity (y ~ 7). In figure 2.7, the relation between the
polar angle 6 and the pseudorapidity # can be seen. In the rest of this chap-
ter,natural units in which the speed of light ¢ = 1 will be used.

2.4.3 Mandelstam Variables

Mandesltam variables are lorentz invariants, which are used to describe the
kinematic of scattering processes of type 1 +2 — 3 + 4, an schematic example
of these processes is observed in figure 2.8, in which two incident particles 1
and 2, with 4-momenta p; and p, respectively, interact and become particles 3
and 4 with 4-momenta p3 and p4.

There are 3 Mandelstam variables, labelled with the letters s,t, u and are
defined as:

s=(p1+p2)° = (ps+ps)? (2.10)
t=(p1—p3)* = (pa—p2)* (2.11)
u=(p1—ps)* = (ps — p2)? (2.12)

where p; and p; are the 4-momenta of the incident particles and p3 y ps the
4-moment of the outgoing particles.
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The 4-momenta conservation applied to the process shown in figure 2.8
gives:
pitp2—ps—ps=0 (2.13)
which leads to:
s+t+u=m}+m3+mj+mj (2.14)

From expression 2.14 is clear that only 2 of the 3 Mandelstam variables are
independent, besides the sum of the 3 is a constant given by the sum of the
squared masses of the 4 particles involved in the process. Considering the cen-
ter of mass frame where p; — po» = p3 — ps = 0 and recalling that 4-momenta
of a particle wilt mass m is given by p* = (E, p):

pup" = p* = E* — p* = m? (2.15)

where E is the particle energy and p = (px, py, p-) its momentum. Mandelstam
variables can be written as follows:
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s = (E1 4 E»)? = (E3 + E4)? (2.16)
t = m? 4+ m} — 2(E1E3 — |py| |p5| cos 6) (2.17)
u= m%+mﬁ—2(E1E4+ P4l \p3\c059) (2.18)

In the equations 2.17 and2.18, 0 is the angle of scattering between incident
particle 1 and outgoing particle 3. According to 2.16, the variable s is the total
energy squared, measured from the center of mass frame, while the variable ¢
is the squared momentum transferred.
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Chapter 3

Ultraperipheral Collisions

An atom in its ground state can be taken to a excited state when it is irradiated
with light of certain frequency; the atom energy raises due to the absorption of
photons. Eventually the atom will return to its ground state through photons
emission. On the other hand, a moving charged particle passing near a point
p generates an electric field which changes over time at this point (and in the
whole space), it can be shown that the electric field at this point is equivalent
to light with certain frequency distribution passing through this point. And
if an atom is placed at p a similar phenomena as the presented in the begin-
ning will occur. This is known as the equivalent method of photons and was
proposed by Fermi in 1924 [28]. Ten years later, Weizsacker and Williams re-
sumed this idea and spread it to the ultrarelativistic case in what is known as
the Weizsacker-Williams approximation[27].

The Ultraperipheral Collisions (UPC) are characterized due the impact pa-
rameter, it must be bigger than the radii sum of the colliding particles[1]. The
hadronic interactions are highly suppressed. In UPC the particles interact
through the photon cloud that surround each ion (see figure 3.1); due the
electromagnetic field intensity has Z? dependence, the density of the photon
cloud will also depend on this, therefore the probability to have interactions
in heavy ion collisions is bigger in Pb-Pb collisions than in proton collisions
where Z = 1.

Two type of interactions occur in general in UPC:

¢ Photon-Photon: The irradiated photons of both atoms interact with each
other. Interactions between photons have been previously studied in col-
liders of photons such as HERA [11] and CERN LEP[43].

¢ Photonuclear: The irradiated Photons of an ion interact with the colliding
ion. The photons can interact with the whole ion or with its constituents,
so two different processes can be distinguished:

— Coherent Process: The photon interact with the entire ion; the ion
usually remain intact

— Incoherent Process: The photon interact just with one nucleon; the
ion usually breaks up and neutrons are emitted in forward direction.
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Furtehrmore a photonuclear reaction in which a nuclei breaks up due to an
additional photon exchange can occur. The interactions are schematized in
figure 3.2

The UPC allow the study of three areas mainly: processes in quantum
electrodynamics(QED) with strong electromagnetic fields, quantum chromo-
dynamics (QCD) and new physics.

One of the main interests in photoproduction of vector mesons is the possi-
bility to determine directly the gluon density in nucleons and nuclei[10]. The
gluons distribution can be probed in production of heavy vector mesons, pho-
toproduction of heavy quark-anti-quark pairs, and photoproduction of jets. As
a first approximation, the nuclear gluon density can be written as the nucleon
gluon distribution g (x, Q%) multiplied by the number of nucleons (A).

GA (x, Q2) = Ag (x, Q2> 3.1)

where, x, is the fraction of the projectile momentum carried by the gluon,
and Q? is the 4-momentum transfer squared. Photoproduction at heavy-ion
colliders may provide a more direct measurement of G (x, Q?).

The cross section for photoproduction of a state X is:

ox = /dwn(:})ag(w) (3.2)

where 07, is the photonuclear cross section, and n(w) is the number of photons
with energy w.
The cross section for two-photon processes is [9]:

ox = /dwldwz%ail)%a;z)ay (w1, wy) (3.3)

where 0" (w1, wy) is the two-photon cross section.

3.1 The photon flux

The flux of equivalent photons from a charged particle is determined from the
Fourier transform of the electromagnetic field of the moving charge.

Let’s consider two particles, a projectile and a target, with charge and mass
numbers (Z1, A1) and (Z, A;) respectively. Suppose the target particle is fixed
in the origin of coordinate system, and assume the projectile particle moves in
straight line parallel to the Z axis and with an impact parameter b. if the parti-
cle velocity is near c, the light velocity, the relativistic effect leads to a contrac-
tion of the electromagnetic field in its transverse components. The components
of the time dependant electromagnetic field for a relativistic charged particle
given by:

:|3/2

E, = —Zqjeyot/ [bz + 20?2 (3.4)

3/2
Er = —Zieyb/ [bz + 'yzvztz} (3.5)
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FIGURE 3.1: Schematic diagram of an ultraperipheral collision of
two ions [1]
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FIGURE 3.2: A schematic view of (a) Photon-Photon interaction,

(b) a photonuclear reaction in which a photon emitted by an ion

interacts with the other nucleus, (c) photonuclear reaction with
nuclear breakup due to photon exchange [1]
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Bt = |Z)/C X ETI (3.6)
B, =0 3.7)
where v is the Lorentz factor, z and T denote the transverse and longitudi-
nal components of the electric and magnetic fields and b is the impact param-
eter.
if v = ¢, the transverse fields are equivalent to a pulse of plane polarized
light as shown in figure 3.3, the longitudinal fields can be also treated as a
pulse of light if a field B, is introduced, this field does not affect the dynamics
of the problem, since the electric field E, (and so the pulse in that direction), are
of minor relevance when v ~ c. Applying the Fourier transform on the time-
varying fields E and B in Eqs(4.1-4.3), we can calculate the amount of energy
incident on the target per unit area and per frequency interval:
c
I = (—|E B .
(€0) = (5| E(@) x B(w) (8
where E(w) and B(w) are the Fourier transforms of the Fields.
Considering the cross section o, (fiw) for an electromagnetic process gen-
erated by a pulse of equivalent light, the probability for the electromagnetic
process to occur is:

P) = [ 1w, by (heo)d (o) = [ N(w,b)ay(w)%u (3.9)

The integral runs over the full frequency spectrum of the virtual radiation.
N(w, b) is the number of equivalent photons incident on the target per unit
area, and calulated from Eq 3.9 using Eq 3.8, can be expressed as:

220 [ w\? /c\2 1
N(w,b) = Z5 (%> (5) [K%(x) + ?K%(x)} (3.10)

where Ky and K; are modified Bessel functions and x = wb/~v. The first
term of 3.10 comes from the transverse pulse, while the second term comes
from the longitudinal pulse, so is clear the longitudinal pulse contribution is
negligible whenv ~ ¢ = ¢ >> 1.

The flux at an impact parameter b in 3.10 is related to the flux n(w) in Eq
32 by n(w) = [27bN(w,b)db. Integrating from b = R(the radii sum of the
target and projectile) up to co we get:

2 c

n(w) = [ 20N (w,b)db = 275 (£)’ [gKOKl S

T 2¢2

(K% - K%)} (3.11)
where ¢ = wR/yv
The photon energy spectrum depends on the time the target particle spends
in the contracted electromagnetic fiel, i.e. on the minimum distance between
the target and the charge and on the projectile velocity; the minimum photon
wavelength is the width of the contracted field at the target. and the maximum

photon energy is given by:
h yho

= — o — 3.12
CTMT D (3.12)
where 7 is the Lorentz factor of the particle. For ultraperipheral collisions

. . 1@ ~ ’th
where b,,;, = R4 + Rp, the maximum photon energy is ~ RATR;
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FIGURE 3.3: (a)A relativistic charged projectile incident on a tar-

get with impact parameter larger than the radii sum. (b) Two

pulses of plane wave of light which produce the same effect on

the target as the electromagnetic field created by the projectile’s
motion. [8]

3.2 Exclusive photonuclear vector meson production

Exclusive photonuclear vector meson production in relativistic heavy-ion are

interactions of the type:
A+A—A+A+YV (3.13)

It is the dominant coherent interaction leading to the production of a hadronic
final state. The nuclei usually remain intact, and as it is a photonuclear interac-
tion the vector meson is produced when a photon from the cloud of one of the
nuclei interacts with the other nucleus. Using a change of variable from w to
y in 3.1 and differentiating respect to y, is possible to calculate the total vector
meson cross section in p+p or A+A interactions.

dr(A+A— A+A+V)

dy =n(w) oy asva (W) (3.14)
W’yN = \/4C¢JEN (315)
W, N ~ 62GeV. (3.16)

where w = (Myc?/2) exp{y}, M, is the vector meson mass. The Eq. 3.14 is
a direct measure of the vector meson photoproduction cross section if the flux
(w) is known.

The production of light vector mesons at high energies can be described
by the Meson Dominance Model(VMD); a photon radiated by the emitter nu-
cleus fluctuates into a g7 pair, is scattered elastically by the target nucleus and
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emerges as vector meson. The cross section for the vector meson production
depends on how the g7 pair is coupled to the nucleus. The coupling is deter-
mined mainly by the transverse momentum; the cross section is bigger at low
transverse momentum (p; < h/27R;)[20]. The photon has quantum numbers
JPC =177, so0 it mostly fluctuate into a vector meson. The uncertainty princi-
ple determine the lifetime of the fluctuation:

h h

IMZct + Q22 T Mye?

where Q is the photon virtuality of the photon and M, is the mass of the vector
meson the photon fluctuate in. According to VMD, the photon wave function
can be written as[46]:

At ~ (3.17)

o) + Culw) + Col) + Cyyyl1 /9) ++ -+ Cyglaa)

(3.18)

where Cyure =~ 1, and the amplitude Cy (V = p%, w, ¢....), for the photon to
fluctuate into vector meson V is:

|’)’> = Cpure ")’pure > + CPO

cy = VAT (3.19)

fv

where fy is the photon vector meson coupling, and « is the electromagnetic
coupling constant. The p" gives the dominant contribution to the photon hadronic
structure, and its photoproduction has been measured at STAR[21] and AL-
ICE[13] experiments. The scattering amplitude for the process y + A — V + A
can be written as:

Ayiasvialsit) =CrAviasvial(st) (3.20)
The cross section is then:

do(y+ A VHA) _ odo(VHA—V+A)
- >V

dt dt (321)

where t is the momentum transfer from the target nucleus squared and
do/dt = | A?|
The hadronic form factor F(t) determine the momentum transfer:

da_ do

= a [FOPF (3.22)

t=0

The form factor reflects the size and shape of the target. And if the spatial
distribution is known is possible calculate it. The forward scattering ampli-
tude, do/dt(t = 0), contains the dynamical information, and is related to the
total vector meson cross section oy,¢(VA), through the optical theorem:

02, (VA)
e A Ay 3.23
i—0 \% 167T7’L12 < 77) ( )

do
dt
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where 7 is the ratio of the real to the imaginary part of the scattering am-
plitude.

The forward scattering amplitude for heavy vector mesons has been calcu-
lated using the two gluon exchange in QCD. to leading order the result was:

do(yp = Vp)|  _ 021 g,
dt =g 3aM?ct

1672 [xg (x, M%/4> ] ? (3.24)

x is the fraction of the proton or nucleon momentum carried by the gluons and
the gluon distribution,g(x, Qz), is evaluated at a momentum transfer Q? =
(My /2)?

The dependence of do /dt on[g(x)]* makes exclusive vector meson produc-
tion a very sensitive probe of the proton and nuclear gluon distributions.

]2

3.3 Ultraperipheral collisions at STAR-RHIC

The Relativistic Heavy-lon Collider (RHIC) at Brookhaven National Labora-
tory began operating in the year 2000. It consists of two independent 3.8 kilo-
meter rings where heavy ions or protons circulate in opposite directions, it has
six interaction points, in two of them are the largest experiments of this acceler-
ator, the STAR experiment and the PHOENIX experiment. Particle production
in ultra-peripheral collisions has been studied by both experiments. Some of
the STAR results will be discussed in the following two subsections.

The STAR detector specializes in tracking the thousands of particles pro-
duced by each ion collision at RHIC. Weighing 1,200 tons and as large as a
house, STAR is a massive detector. The primary physics task of STAR is to
study the formation and characteristics of the quark-gluon plasma (QGP),

3.3.1 Coherent Photoproduction of 0°(770)

The first results on particle production in ultra-peripheral collisions at RHIC
were studies of coherent production of o mesons in Au+Au interaction by the
STAR collaboration. [18] There are several models that describe the produc-
tion of p"(770) mesons in ultraperipheral collisions: The model of Klein and
Nystrand (KN) [40] uses the Vector Dominance Model (VDM) for the virtual
photon and a classical mechanical approach for the scattering on the target
nucleus, based on data from vp — p°p experiments. The Frankfurt, Strik-
man, and Zhalov (FSZ) model [42] employs a generalized VDM to describe
the virtual photon and a QCD Gribov-Glauber approach for the scattering. The
model of Goncalves and Machado (GM) [29] takes into account nuclear effects
and parton saturation phenomena by using a QCD color dipole approach.

In STAR, the coherent photoproduction of pO has been measured at \/Syy =
62.4[15], /Snn = 130[18] and +/Snn = 200[16].

As in ALICE (see next chapter), the charged particles are reconstructed in a
cylindrical TPC. The TPC in STAR is surrounded by 240 Central Trigger Barrel
scintillator salts. There are are two Zero Degree Calorimeters located at +18m
of the interaction point. Three different triggers were used for UPC collisions; a
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Data sample | M, (MeV/c?) T (MeV/c?) IB/A]
62.4 GeV 764 £9 140 £13 0.88 + 0.009
130 GeV 777 £7 139 £13 0.81 £0.08
200 GeV 775+3 162 +7 0.89 £ 0.08

TABLE 3.1: Invariant mass, width and | B/A | ratio of three dif-
ferent data samples from STAR

topology trigger and two minimum bias triggers, For the topology trigger the
CTB was divided in four azimuthal quadrants. A coincidence between left—
and right-side quadrants was required. The first minimum bias (A) required a
coincidence signal in both ZDCs. The second minimum bias(B) trigger further
requiered a charged particle signal in the CTB.

The first minimum bias (A) trigger was used for the study at the three en-
ergies, the topological trigger was used at /Syn = 130 and /Syny = 200, and
the second minimum bias trigger(B) was used at \/Syy = 62.4.

For the analysis of the three data samples events with exactly two oppo-
sitely charged tracks, from a common vertex, were selected. A p° event from
photoproduction should have exactly two tracks in the TPC, but additional
tracks may come from overlapping interactions, including beam-gas interac-
tions. Events with at least one neutron (xn, xn), exactly one neutron (In, 1n),
or no neutrons (On, On) in each ZDC, and events with at least one neutron in
exactly one ZDC (xn, On), were selected using the energy deposit in the ZDCs.
The latter two can only occur with the topology trigger. The selected events
were required to have pT < 150MeV /c.

The invariant mass distribution for p° candidates, from the minimum bias
trigger and the topological trigger, for the sample at /Syny = 200 is shown
in figure 3.4. The distribution is fitted with a formula due to Soding, where a
continuum amplitude, B, is added to a Breit-Wigner resonance [47]:

2
\ /MmTMpoTpo

do
A : +B| +f
M2 — M2, +iMyT g

dMyr

(3.25)

Here, A is the amplitude of the Breit-Wigner function, B is the amplitude of
the direct non-resonant 7t 7t~ production,M o is the p° mass, f, is a second
order polynomial used to describe the background, and the mass dependent
width is given by

T =T <Mpo/M7T+7r>

X [(M2 —am2) /(M3 — 4mi>}3/2

The values obtained from the fit for the mass, the width and the |B/A | ratio,
for the three data samples are shown in table 3.1.

The calculated cross sections for the three data samples extrapolated to the
tull 47t acceptance in y, is shown in table3.2. In figure 3.5 the calculated differ-
ential cross section at /Syn = 200 is compared with the theoretical models.

(3.26)
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FIGURE 3.4: The invariant mass distribution for the coherently

produced p° candidates from the minimum bias sample(left). The

invariant mass distribution for the coherently produced p° candi-
dates obtained from the topology sample (right) [16]

Cross section | \/syy = 62.4GeV | |/syny = 130GeV | |/syny = 200GeV
UQ;Xn(mb) 105+15+1.6 283+20+63 | 31.9+15+45
agnxn(mb) 31.8+£52+39 95+ 60 £ 25 105+ 5+ 15
UgflOn(mb) 78 £14+13 370 + 170 £+ 80 391 £ 18 +55
(Ttp;al (mb) 120+ 15+22 460 + 220+ 110 530 + 19 + 57

TABLE 3.2: Total cross section extrapolated to the full rapidity
range for coherent po production at \/Syn = 62.4, /Snn = 130
and vV SNN =200
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FIGURE 3.5: Comparison of theoretical predictions to the mea-
sured differential cross-section for coherent p° production [16]

3.3.2 7w mtr photoproduction

Coherent m* 71~ 7w 71~ production in ultraperipheral collisions accompanied
by mutual nuclear dissociation of the beam ions was measured in Au-Au col-
lisions at v/Syn = 200 [19] using the minimum bias data, where the minimum
bias trigger is of type B. In the offline analysis two- and four-tracks data sets
are selected. Four-tracks events are required to have exactly four tracks with
zero net charge in the TPC that form a common (primary) vertex. The trans-
verse momentum distribution of the 7" 7w~ 7" 7~ combinations is shown in
3.6, it exhibits an enhancement at low pT which is a characteristic of coherent
production.

The invariant mass distribution, figure 3.7, was fitted in the range from
1 to 2.6GeV /c? with a relativistic S-wave Breit-Wigner modified by the phe-
nomenological Ross-Stodolsky factor [44]:

fun(m) = A (

212
mo\" malg
m ) (m3 — mz)2 + m3T3

Here m is therr™ 71~ w771~ invariant mass. The resonance mass 11, the width
I'y, and the exponent n are left as free parameters. The non-interfering back-
ground fp; was parameterized by a second order polynomial which was ex-
tracted from the invariant mass distribution of +2 or 2 charged four-prongs.
Taking into account the experimental acceptance, the fit yields a resonance
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FIGURE 3.6: Distribution of the 7t 7w~ 7t 71~ transverse momen-
tum [19]

mass of 1540 + 40MeV /c? and a width of 570 & 60MeV /c? in agreement with
the photoproduction data for the p(1700). The Ross-Stodolsky exponent has a
value of n = 2.4 + 0.7. The mass and the width depend strongly on the value
of n.

For the acceptance and efficiency corrections was estimated using a Monte
Carlo Monte Carlo event generator based on the KN model [39]. A model,
where an excited p° meson decays into p® and f0(600), each in turn decaying
into w7

o — p°(770) fo(600) — [m 7] [t ] (3.28)

P— wave S— wave

This decay model is motivated by the fact that the invariant mass spectrum of
the unlike-sign two-pion subsystems in the four-prong sample shows an en-
hancement around the p’mass, figure 3.8 show the invariant mass spectrum
of the lightest pair 777~ with invariant mass spectrum of the pair recoiling
against it, so the model use for the MC reproduces the data well. Using the ac-
ceptance yield corrected for 77 7w~ 7" 71~ the ratio of p°(1700) and p° coherent
production cross sections is measured to be 13.4 4= 0.8stat. & 4.4syst.%.

3.4 Ultraperipheral collisions at ALICE-LHC

3.4.1 Coherent p’ photoproduction in Pb-Pb UPC

ALICE has published results on coherent p® photoproduction in Pb—-Pb UPC
[17] showing good agreement with STARLIGHT(KN Model)[40, 39] predic-
tions.

Data collected during the 2010 Pb—Pb run of the LHC at an energy of /Syn =
2.76TeV were used for this analysis. Two different triggers were used. For the
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first runs, the trigger requirement was at least two hits in the TOF detector,
due the luminosity was low. When the luminosity was increased the trigger
required additionally at least two hits in the outer layer of the SPD, and no
activity in any of the VZERO arrays. The offline requiremnts for the events
were:

* A primary vertex in £10cm in the beam direction

¢ Events with exactly two tracks reconstructed in ITS and TPC

VZERO detectors required to be empty

The energy loss in the TPC has to be consistent with that for pions within
4 standard deviations from the Bethe-Bloch expectations.

 Events with low transverse momentum (pT< 150MeV /c? and |y| < 0.5)
* Opposite charge tracks.

The two-pion transverse momentum distribution around the p” mass is
shown in figure 3.9, The distribution is compared with the corresponding dis-
tributions from STARLIGHT [16, 23] events for coherent and incoherent p” pro-
duction, processed through the detector response simulation based on GEANT
3. The coherent peak is shifted to slightly lower pT in data than that predicted
by STARLIGHT. The invariant mass distribution of the po candidates, corrected
for acceptance and efficiency and normalized by the luminosity, is shown in
figure 3.10 the fit to the spectrum was done using Soding formula given Eq
3.25 and a a Ross-Stodolsky function [44]:

2
do. \/MT[T[MPOF (Mn’y-[) ( M 0 k

1Y
= 3.29
dMTCTL’ f M72'C7T - M‘%O + 1Mp0r (Mﬂjn) MTL’T[) ( )

where the mass dependent width is given by:

3
2 4 212
My m”] (3.30)

[ (M) = T | Mon — 27
o e [Mﬁo—élm%

The fit to the Soding formula gave the following values: My = 761.6 +
2.3(stat. ) *§5(syst)MeV/c? and T 0 = 150.2 + 5.5( stat. ) *1%° (syst.) MeV/c?,
in agreement with the values reported by the PDG []. The ratio of the non-

resonant and resonant amplitudes is found to be |B/ A| = 0.50 £ 0.04( stat. )fg:(l)g(

syst. )

The fit to the Ross-Stodolsky function gave the following values: M, =
769.242.8( stat. ) TE9 (syst.)MeV/c?, T o = 156.9 + 6.1 stat. ) *3%5° (syst.)MeV/c?,
consistent with the PDG values. The deviation from a pure Breit-Wigner shape
is given by the parameter k, which was found tobe k = 4.7 +-0.2( stat. ) 703 (syst.).
Comparing the value of k obtained here with the one obtained in proton col-

lisions from ZEUS [] and H1 [] at HERA. Z(which was k = 6.84 £ 1 averaged
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over all momentum transfers), we can notice that the invariant mass distribu-
tion for Pb-targets deviates less from a pure Breit-Wigner resonance than for
p-targets , as was also found using the Soding formula.

The calculated cross section for the sample taken only with the TOF trigger

is Z—‘; = 466 £ 25mb, and for the sample using the SPD+TOF+VZERO trigger

is fii—‘; = 414+%§mb the final cross section is obtained as the weighted mean of
the cross sections of the two samples, and is %2 d" = 425 £ 10(stat.) T35 (syst.)mb.

The coherent p° photoproduction cross sectlon is shown and compared with
model predictions in figure 3.11. The measured cross section is in agreement
with STARLIGHT[40] and the calculation by Goncalves and Machado (GM)[30].
The GDL (Glauber-Donnachie-Landshoff) prediction [41]is about a factor of 2
higher than data. The calculation by GM is based on the Color Dipole model,
while STARLIGHT and GDL use the photon-proton cross section o(y +p —
o + p constrained from data as input.
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The ALICE Experiment

The ALICE(A Large Ion Collider) experiment [7] is a multipurpose heavy ion
experiment located in the large hadron collider(LHC) at CERN. It was de-
signed to address the physics of strongly interacting matter and the quark-
gluon plasma at extreme values of energy density and temperature in nucleus-
nucleus collisions. The QCD (quantum chromodynamics) predicts the exis-
tence of a state of deconfined quarks and gluons at energy densities above
1GeV / fm3, such energy densities can be reached right after heavy ion colli-
sions, although just for a small amount amount of time in a small space region
right after the collision. Besides Pb-Pb collisions, p-p, p-Pb and Xe-Xe colli-
sions are studied at ALICE.

The ALICE detector was built by a collaboration conformed by more than
1000 physicists and engineers from 105 institutes of 30 countries, including
Mexico. The detector have an approximate weights of 10 000 t, and a volume
of 665611°

In ALICE as well as in other particle collision experiments two types of de-
tectors are used; Calorimeters and Trackers. The Calorimeters are designed
to measure the energy of particles when they go through it; when a particle
passes through a calorimeter a photon shower is generated, the photons are
collected and used to measure the energy of the initial particle. The calorime-
ters are typically made of a highly dense material in order to trap the particle
and, therefore, its whole energy were deposited in the calorimeter. The Track-
ers are used to determine the trajectories of the particles that pass through it,
and are are designed to barely interact with such particles, so the trajectories
are not affected.

ALICE is conformed by central barrel detectors(which measures hadrons,
electrons, and photons), forward detectors and a muon spectrometer. The AL-
ICE schematic layout is shown in figure 4.1. The ALICE central barrel detec-
tors( from inner to outer: Inner Tracking System (ITS), Time Projection Cham-
ber (TPC), Transition Radiation Detector (TRD), Time Of Flight (TOF), Photon
Spectrometer (PHOS), Electromagnetic Calorimeter (EMCal), and High Mo-
mentum Particle Identification Detector (HMPID)), which enclose the interac-
tion point, are embedded in a solenoid with magnetic field B = 0.5T. Con-
sidering the axis z in the same direction of the beam pipe, most of the de-
tectors cover the full azimuth angle, except HMPID, PHOS, and EMCal. The
polar angle coverage varies between 45° to 135°. The ITS and the TPC are
used for charged-particle tracking and identification. The identification is done
via measurement of ionization energy loss (dE/dx). TRD detector is used for
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charged-particle tracking and for electron identification via transition radia-
tion and dE/dx.The TOF detector is used for particle identification at interme-
diate momenta. PHOS,EMCal and HMPID are also used for charged-hadron
identification.

The forward detectors are located at small angles in front and behind the
interaction point; the Photon Multiplicity Detector (PMD), the silicon Forward
Multiplicity Detector (FMD), The quartz Cherenkov detector T0, The plastic
scintillator detector VO and the Zero Degree Calorimeter (ZDC). The principal
functions of these detectors are the event characterization and triggering.

In 2015 the detector AD(ALICE Diffractive), made by a Mexican Collabo-
ration, was installed, and as its name implies, it is used mainly for diffractive
process studies.

The MUON spectrometer and five tracking stations with two pad cham-
bers each (Muon Chambers, MCH) are used to measure quarkonium and light
vector meson production.

ACORDE was a scitillator plastic array located on top of the solenoid and
used to study cosmic rays and for calibration of the other detectors. It is no
longer part of the ALICE detector, it was uninstalled during 2019.

Due to the geometry and position of detectors, the acceptance in 1 and ¢
and the effective detection area from each detector are different. Not all the
detectors can measure the same particles and physics events.

In table 4.1 a summary of the detectors is presented, acceptance in 7 is
shown for every detector, acceptance in ¢ is shown for detectors that not cover
the 360 degrees. The approximate distance from detectors to the interaction
point is indicated, for the barrel detectors the inner and outer radius are given.
Finally the area covered by active detector elements and the number of inde-
pendent electronic readout channels is shown .

Below, a brief description of the most relevant detectors for this study is
presented. For a more detailed description see reference 4.1.

4.1 Inner Tracking System (ITS)

The Inner tracking System (ITS) [24] is part of the central barrel detectors and is
the one with the the smallest radial distance about the beam axis, it surrounds
the beam pipe an also provides mechanical support to it. The main tasks of ITS
are:

¢ Primary vertex reconstruction (with a resolution better than 100ym )

¢ Secondary vertex reconstruction from hyperons and D and B mesons de-
cays

¢ Tracking and identification of low momentum particles (P<200 MeV/c)

¢ Improve the momentum and angle resolution for particles reconstructed
by TPC.

* Reconstruct particles that pass through dead regions of the TPC
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TABLE 4.1: ALICE detectors summary][7]
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FIGURE 4.1: Alice experiment[7]

The ITS is used in practically all the physical studies for the reasons listed
above.

Six cylindrical layers of silicon detectors conform the ITS (see figure 4.2),
the layers are coaxial with the beam pipe an are located at a radial distance
between 4 and 43cm, and have a lenght of 98cm. The rapidity range for all the
layer is 7 < 0.9, except for the first layer , which has a coverage 7 < 1.98.

A particle density of up to 50 particles/cm? is expected in heavy ion colli-
sions at the LHC, because of that and in order to achieve the required impact
parameter resolution, the two innermost layers of the ITS are conformed by Sil-
icon Pixel Detectors(SPD), the following two by Silicon Drift Detectors(SDD),
and the two outer layers by double-sided Silicon micro-Strip Detectors(SSD).
In these two last layers the desnsity is expected to be below 1 particle/2. The 4
outer layers can be used for particle identification via dE/dx measurement in
the non-relativistic (1/ %) region.

4.2 Time Projection Chamber (TPC)

A Time Projection Chamber is a particle detector that consists of a volume(usually
a cylinder) filled with gas, with a layer of multi-wire proportional chambers
(MWPCQ) in each end plate. The volume is divided in two equal parts by a
central high-voltage electrode disc. An uniform electric field is set between the
electrode and the end plates. A charged particle traversing the volume ionise
the gas along its path, liberating electrons that drift towards the end plates of
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FIGURE 4.2: ITS layout[7]

the cylinder, so this way is possible obtain a 3-D reconstruction of the particle
trajectory. To minimize electron diffusion and have a better trajectory recon-
struction a magnetic field, parallel to the electric field, can be applied.

The TPC was invented by Dave Nygren at the Lawrence Berkeley Labora-
tory (LBL) in the late 1970s.

In ALICE, the TPC [26] is the main tracking detector of the central bar-
rel and is used to provide, together with the other central barrel detectors,
charged-particle momentum measurements with good two-track separation,
particle identification, and vertex determination, In addition, data from the
central barrel detectors are used to generate a fast online High-Level Trigger
(HLT) for the selection of low cross section signals.

The shape of ALICE TPC is as the original TPC, a cylinder, with an inner
and outer radius of 85cm and 250 cm, respectively, a lenght of 510cm. The
volume is about 903, and is filled with a gas mixture: 85.7% Ne, 9.5% CO;
and 4.8% N,. Multi-wire proportional chambers with cathode pad readout
are mounted into 18 trapezoidal sectors at each end plate. In figure 4.3 the
ALICE TPC layout is shown. The TPC covers a pseudorapidity range of || <
0.9 and cover the full range in the azimuthal angle. It is designed to handle
multiplicities up to dN.h/dy = 8000, which is equivalent to 20,000 primary
and secondary traces within the acceptance range of the TPC. This multiplicity
value was estimated for Pb-Pb collisions. A wide range in transverse moment
(Pt) is covered by the TPC, from 0.1GeV /c to 100GeV /¢, with good momentum
resolution.

43 VO

The VO [6] detector measure particles produced in collisions whose trace forms
a small angle with respect to the beam axis, it consists of 2 counter arrays of
scintillating plastic, called VOA and VOC, which are located asymmetrically on
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FIGURE 4.3: TPC[7]

both sides of the interaction point. The VOA detector is located 340cm from the
interaction point(opposite to the muon spectrometer side), it has a pseudora-
pidity acceptance of 2.8 <77 <5.1. While the VOC detector is located 90cm from
the interaction point and has a pseudorapidity acceptance of 3.7 <y <1. Both
VOA and VOC are segmented into 32 individual counters which are distributed
in 4 rings (fig 4.4).

The counters consist of scintillating plastics with wavelenght shift(WLS)
fibres embedded, as indicated in its the name the WLSfibres change the wave-
lenght of the photons produced from the interaction of a charged particle with
the detector, these photons are collected transported to a photomultiplier. The
time resolution of each counter in the order of 1Ins. The VO detector tasks are:

¢ Provide minimum bias trigger signals for center barrel detectors in p-p
and Pb-Pb collisions

¢ Each of the 64 channels can measure the charge of the incident particles
and the moment at their arrival

* Serve as an indicator of the centrality of the collision according to the
multiplicity recorded in the event; there is a monotone dependence be-
tween the number of particles recorded in the VO arrays and the number
of primary particles emitted

* Measurement of luminosity in pp collisions with a good precision of
about 10%

¢ Identify Beam-Gas background; Due to the vacuum generated inside the
beam tube is not ideal, there are gas particles inside it with which the
beam particles can interact and generate background-fake signals in the
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FIGURE 4.4: VOC detector[5]

detectors. The arrival time of the signal in the VOA and VOC modules is
used in order to eliminate these noise signals

In the case of ultra—peripheral collisions the VO detectors are used as veto de-
tectors and are required to be empty in order to suppress avoid hadronic inter-
actions.

4.4 ALICE diffractive (AD)

The AD detector (ALICE Diffractive) [3] is composed of 2 subdetectors called
ADA and ADC, each one consists of 2 detector plates and each plate of four
scintillation detector stations. It was integrated into the experiment and vali-
dated in 2012 as a diagnostic system. This is a detector dedicated to the study
of hard and soft diffractive events in both p-p and Pb-Pb collisions. Due to its
position, on the sides of the point where collisions occur, AD is an excellent
detector, which allows ALICE to have adequate conditions to access the region
of very low transverse moment of the particles produced, and with ALICE’s
good capacity to making identification, a wide range of diffractive physics can
be explored within the LHC.
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FIGURE 4.5: AD detector[3]

4.5 Time of Flight (TOF)

The TOF (Time Of Flight)[25] detector is made up of 1593 Multi-gap Resistive
Plate Chambers(MRPCs) and divided into 18 sectors in the azimuthal compo-
nent. Covers an area of 160m?2, and is located at about 3.7m from the beam
axis,the whole device is inscribed in a cylindrical shell with an internal radius
of 370 cm and an external one of 399 cm. The TOF was primarily designed to
achieve global time resolution around 100ps in order to identify kaons and pi-
ons above 2.5 GeV/c and protons above 4GeV/c in the pseudorapisity range
7 < |0.9|. The time measured by the TOF, in conjunction with the moment
and the length of the trajectory measured by the TPC and the ITS, is used
to calculate the mass of the particles. Charged-particle PID in the interme-
diate momentum range is provided by TOF. The TOF also provides a trigger
for cosmic ray events and ultraperipheral collisions. A charged particle pass-
ing through a MRPC will ionize the detector material, a constant Electric field
will accelerate the free electrons product of the ionization and will generate an
avalanche effect, whichgenerates an observable signal in the electrodes. The
MRPCs have an efficiency close to 100%. The TOF detector does not have any
dead zones, the modules were designed in such a way so that any loss of sen-
sitivity is avoided, on the z axis, the only dead section it is due to the presence
of the support structure.

4.6 Trigger System

The trigger systems in ALICE can be configured to determine if an event should
be collected or discarded, according to the physics that is being searched dur-
ing the particles collisions. The triggers are generally formed by a set of detec-
tors signals; according to such signals a decision is made on whether or not to
collect the event. Clearly, this decision cannot take a long time since the col-
lisions and particle production are almost continuous, the separation between
beams is 25 nanoseconds.
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4.6.1 Trigger Inputs

The ALICE trigger system can be divided in two main elements, the Central
Trigger Processor(CTP) [2][48] and the High Level Trigger (HLT)[12], The CTP
is a hardware trigger placed in the experiment cavern, while the HLT is mainly
implemented as a software trigger. The CTP generates the trigger decision
using the information from various detector signals; a "trigger input" is the
signal from a triggering detector to the CTP and a "trigger signal” is the signal
sent to the readout electronics of the detector by the CTP, the signal is sent by
CTP to the detector Local Trigger Unit (LTU) which is the interface between
the detector read-out and the CTP. The ALICE CTP generates three levels of
hierarchical hardware triggers L0, L1 and L2:

¢ LO(Level 0): the trigger inputs arrive from the interaction to the CTP in
approximately 1.2us. The LO can be labelled as L0a and LOb where the
"a" stands for "after the CTP" and the "b" stands for "before the CTP". The
ALICE trigger system has 24 L0 inputs. The L0 inputs activated for the
2018 in Pb-Pb collisions are shown in table 4.2.

e L1(Level 1): the LO signal is too fast for some trigger inputs, therefore
there is an additional L1 signal arriving 6.5us after.The ALICE trigger
system has 24 L1 inputs. The L1 inputs activated for the 2018 in Pb-Pb
collisions are shown in table 4.3.

* Level 2 (L2) trigger is delivered after 105 ys from the interaction. The
detector with the longest sensitive period in ALICE, the TPC, will register
hits up to 88 ps from the time of an interaction. Therefore, the final level
of the trigger (L2), cannot be given until after this period. The ALICE
trigger system has 12 L2 inputs.

The trigger input detectors used for UPC in 2018 are TOESPD, V0 and AD.

4.6.2 Clusters and Classes

The set of readout triggers that participate in any given event are defined by a
trigger cluster. Different trigger clusters can be configured in ALICE. A series
of logical conditions(AND and OR) over the LO inputs along with CTP vetoes,
past future protection and region of interest make up a trigger class. A trigger
class defines which detectors will work as trigger detectors for a specific type
of event and, as mentioned before, The trigger cluster define which detectors
should be used as readout detectors.

The name of a trigger class is a series of five elements that give information
about the purpose and characteristics of the class:

1. descriptor: describe the trigger inputs

2. bunch crossing mask: B(means that there are beams from both sides),
A(beam from A side), C(beam from C side), E(empty)

3. Past future protection scheme
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Input ID | Input Name | Detector Description
1 OVBA VO signal in VOA in Beam-Beam
2 0VBC VO signal in VOC in Beam-Beam
3 0TVX TO TO-vértice (TO vertex)
4 OUBA AD signal in ADA in Beam-Beam
5 O0UBC AD signal in ADC in Beam-Beam
6 0SMB SPD SPD minimum bias single
7 ovoM V0
8 0ZED ZDC
9 0VSC Vo
10 0VOH W
11 0TOA T0 A was hit
12 00OM2 TOF At least 2 TOF pads triggered
13 0OMU TOF Between 2 and 6 TOF pad triggered
14 OBPA BPX bptx A-side
15 0BPC BPX bptx C—side
16 0STC SPD SPD tgpological ’.trigger with

optional opening angle

17 OMSH MTR
18 OMLL MTR like sign di-muon low threshold
19 OMUL MTR unlike sign di-muon low threshold
20 OMSL MTR single muon low threshold
21 OPHO PHOS PHOS level 0
22 OEMC EmCal EMCal level 0
23 0DMC
24 OLSR Laser Hardware calibration trigger

TABLE 4.2: L0 trigger inputs active in Pb-Pb runs for 2018

4. Detector cluster
5. Rare flag(optional)

So, a generic name for a trigger could be write as: C[descriptor code]-[bunch
crossing mask code]-[past—future protection code]-[detector cluster code]-[rare
flag]. An example is CINT7-A-NOPF-CENTNOPMD, where "INT7" is the de-
scriptor, "A" the bunch crossing mask code , NOPF is the past future protection
code, for this case NOPF means that no past future protection was applied,
CENTNOPMD is the cluster code and there are not rare flags. Each trigger
class has six counters, LOb, LOa, L1b, L1a, L2b and L2a, where b and a stand
for before and after. LOb gives the number of times a trigger class is counted
and L2a gives the number of times the same trigger class passes the CTP and
detector dead—time, and other possible vetos like downscaling.
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Input ID | Input Name | Detector Input ID | Input Name | Detector
1 1EJ1 EmCal 14 1HNU TRD
2 1EG1 EmCal 15 1ZED ZDC
3 1E]2 EmCal 16 1ZMS ZDC
4 1EG2 EmCal 17 1ZMB ZDC
5 1PHL PHOS 18 1ZNC ZDC
6 1PHM PHOS 19 1ZAC ZDC
7 1PHH PHOS 20 1DJ1
9 1HCO TRD 21 1DG1
10 1HJT TRD 22 1DJ2
11 1HSE TRD 23 1DG2
12 1H12 TRD
13 1HQU TRD

TABLE 4.3: L1 trigger inputs active in Pb-Pb runs for 2018(from
ALICE Logbook)

4.7 ALICE GRID

The GRID of the ALICE experiment is a Worldwide Computing Network which
is designed to share computing power and storage capacity over the Internet.
Under normal conditions, the LHC experiment produces about 600 million
collisions / second, which translates to about 15 Petabytes of information per
year, and currently there is no way to store all that information in one place,
so it is necessary distribute them in different places and also support them.
The Grid connects computers distributed throughout the world, and also al-
lows access to the resources of the connected computers. These resources in-
clude data memory, process power, sensors, visualization tools among oth-
ers, on the other hand, the World Wide Web allows access to the information
hosted on these computers. The Grid can combine the resources of thousands
of computers to create a powerful resource, accessible from the comfort of a
personal computer and useful for multiple uses in science. The Grid is based
on fiber optic networks dedicated to distributing data from CERN to eleven
major computing centers in Europe, North America and Asia. Of these, the
data is sent to more than 140 centers in 33 countries: Australia, Austria, Bel-
gium, Canada, China, the Czech Republic, Denmark, Estonia, Finland, France,
Germany, Hungary, Italy, India, Israel, Japan , Republic of Korea, the Nether-
lands, Norway, Pakistan, Poland, Portugal, Romania, the Russian Federation,
Slovenia, Spain, Sweden, Switzerland, Taibei, Turkey, the United Kingdom,
Ukraine, and the United States of America. The distribution of data around
the world is based on a model of 4 levels, labeled from 0 to 3. Each level is
made up of several computer centers that provide a specific set of services.
Level 0 is the CERN data center, in which a first backup is stored, which in-
cludes all the raw data taken by the detectors during collisions, and at this
level the first steps are carried out for the conversion of these raw data into
data with physical information.
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Level 1 is made up of large computing centers, which also have large stor-
age capacities, and provide 24-hour support for the GRID, here also raw and
reconstructed data is stored and processed on a large scale. Level 1 centers
allow access to data to Level 2 centers which consist of one or more associa-
tions of computer facilities that can store enough data and provide adequate
processing speed for data analysis tasks, usually they are universities or uni-
versities. other research centers, and finally scientists can access data from pre-
vious levels through level 3, which can consist of a local cluster, a university
department or even a personal computer.

4.7.1 Analysis on the GRID

The analysis framework for the ALICE experiment is AliROOT, which is based
on the software packges ROOT and GEANT. AliRoot uses the ROOT system
as a foundation on which the framework for simulation, reconstruction and
analysis is built. ROOT is an object oriented software framework for high en-
ergy physics and provides a basic set of features and tools. ROOT is written
in and heavily relies on the C++ programming language. GEANT is a toolkit
that describes the passage of elementary particles through matter

The analysis framework in AliRoot makes it possible for users to analyse
large data sets. The analysis is done with analysis tasks based in C++.

To access the GRID from a personal computer, it can be done by loading the
variables of the alien environment (that includes AliROQOT), for this a certifi-
cate granted by CERN to members of the experiment is needed. Once inside,
what is done to obtain information about the collisions is to launch "jobs", a job
is part of the GRID resources and is in charge of gathering the data required
for a particular study along with the physical information that we request of
those data. To launch the jobs an analysis task is required. In the analysis task
the data to be collected is specified, and also a first(or a complete) data analysis
could be carried out through the same analysis task. Once the job is finished
information can be downloaded. The output is usually data structures called
Trees, which contains event and track information for the selected events. The
information of the tree can be further analysed offline.

4.7.2 ALICE Logbook

In large experiments like ALICE, it is necessary to have a tool to keep records
of the activities carried out, in such a way that it is easy to access these records.
ALICE has a central repository called "ALICE Electronic LogBook", in which
reports of incidents, changes in the configuration of the experiment, and of
course, information on the data collected and validated by the firing systems
during particle collisions are stored. which can be downloaded for further
study This application developed for the ALICE experiment was implemented
by the ALICE data acquisition team (DAQ) since 2007.
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A run is a period of time during which collisions between particles are
recorded in the LHC, either protons or heavy ions, depending on the objec-
tive of said run, and in which all or only some of the detectors can intervene,
again, depending on the type of physical processes that are pursued. The runs
can last from minutes to several hours, this is usually determined by how long
the detectors work correctly. The whole information of each run, such as the
type of collision, the energy at which the particles are made to collide, the
events collected and reconstructed, detector failures, etc., is registered in the
ALICE logbook. The runs are grouped into periods denoted by letters of the
alphabet, the runs per period can vary and the duration of each period as well,
although on average it is approximately 1 month per period. The selection of
runs suitable for a study is done through the Logbook.
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Chapter 5

Data Analysis

In this chapter the data selection an analysis for Pb-Pb collisions data samples
corresponding to the year 2018 are presented. The two systems, 7171~ and
ntn- T are studied. First, the data samples for both studies are given
in section 7.2, the event selection is presented in section 7.3, the analysis for
the 77 71~ case is presented in section 7.4, and the analysis corresponding to
Tt 7t in section 7.6. Acceptance and efficiency corrections for the 2 and
4 pions case is presented in sections 7.5 and 7.7 respectively.

5.1 Reconstruction of kinematic variables

The primary objective of the analysis is to reconstruct an invariant mass spec-
trum of the "mother” particles created immediately after the collision and that
cannot be detected due to their short lifetime, but that can be studied through
the particles(pions) they decay in.

5.1.1 4-momenta reconstruction

The 4-momenta of a mother "M" particle that decays into 2 pions can be recon-
structed as follows:

P = P & P (5.1)
if M decays into 4 pions, then:

Pu=r+p +p+ph (5.2)

where pi . and pZ _in 5.1 and 5.2 denote the 4-momenta of the positively
charged pion and the the 4-momenta of the negatively charged pion respec-
tively. The first component of the 4-momenta is the energy, which in this case is
obtained from the moment and the mass of the pions, and in turn, the moment
is obtained through the measurements of the ITS, TPC and TOF detectors.

5.1.2 Invariant mass reconstruction

The invariant mass of a particle X decaying into another particles can be re-
constructed from the 4-moment sum of such particles, taking into account that
the 4-moment of a particle fulfills that:

phaphy = my* (5.3)
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Therefore, according to 5.1 and 5.2, the invariant mass for the 2 will be:

mm = \/(pilﬁ + pitr) : (pilﬁ + pilr) (5.4)

And for the 4 pions decay;

mpy = \/(P];ﬁ_ —i—pi_ +Pl;[+ +pll7'l[_) ) (Pi‘ﬁ— +pP7-£(— +p’71r+ +pP7lT_) (5.5

5.2 Data Samples

In 2018 at ALICE, lead-lead collisions took place in November during the
LHC18q and LHC18r periods, at a center of mass energy of /Syn =. The
run range is 295530-297635.

5.2.1 Triggers in 2018 (Central Barrel)

The triggers defined for UPC in Pb-Pb collisions during 2018 in the central
barrel are:

e CCUP29-B-NOPF-CENTNOTRD = *0VBA *0VBC *0UBA *0UBC 0STG

e CCUP30-B-NOPF-CENTNOTRD = *0VBA *0VBC *0UBA *0UBC 0STG
00OM2

e CCUP31-B-NOPF-CENTNOTRD = *0VBA *0VBC *0UBA *0UBC 0STG
0OMU

where the trigger elements are defined as:
* *0VBA = No signal in VOA in BB window
¢ *QVBC = No signal in VOC in BB window
* *0QUBA = No signal in ADA in BB window
* *QUBC = No signal in ADC in BB window
¢ (STG = SPD topological trigger with optional opening angle
¢ 0OMU = Between 2 and 6 TOF pad triggered
* 0OM2 = At least 2 TOF pads triggered

Starting from run 295881 past-future protection for SPD was introduced due
to high trigger rate:

¢ SPD2 = protection in 6 previous bcs
e CCUP29-B-NOPF-CENTNOTRD ( downscaled ~ 0.1%)
e CCUP29-B-SPD2-CENTNOTRD ( downscaled ~ 0.1%)
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e CCUP30-B-SPD2-CENTNOTRD ( downscaled ~ 5%)
e CCUP31-B-NOPF-CENTNOTRD ( downscaled ~ 5%)
¢ CCUP31-B-SPD2-CENTNOTRD ( fully open)

The main trigger used in this study is the CCUP31-B-SPD-CENTNOTRD,
we will refer to it simply as CUP31 from now on.

5.2.2 Runs

The run selection was done through the ALICE electronic Logbook, the repos-
itory designed to store data from the ALICE experiment. The suitable runs are
those that meet the following requirements:

¢ Runs from LHC18r or LHC18q period

* Run type: Physics

e Atleast 1 CUP31 trigger at L2a level

* Quality flag "Not bad run" for the SPD, V0, AD and TOF detectors.
* Quality flag "Good run" for the TPC detector.

A total of 192 runs met the requirements, 89 for the LHC18q period and 103 for
the LHC18r period. To be sure the main detectors used in this study worked
well, the status at the run condition table for the detectors TPC,TOF,VO and
SPD in MonAlisa(The ALICE repository) was checked, and only the runs were
these detectors are labelled as "Detector was ON and running according to
nominal specifications" were used. In total 83 runs for the LHC18q period and
89 runs for the LHC18r were selected. The logbook registered 9312234 events
triggered by CUP31 in these runs. In total 3 602 451 events were used for the
ntr study and 1240425 events were used for the w7~ 7t 7t~ study. The
same runs are used for the two an four pions study.
The runs numbers are listed by period:

LHC18q

Run numbers used in this study for this period:
296623 296622 296619 296618 296616 296615 296553 296552 296551 296550 296549
296548 296547 296516 296512 296511 296510 296509 296472 296433 296424 296423
296420296419 296415 296414 296383 296381 296380 296379 296378 296377 296312
296309 296304 296303 296280 296279 296273 296270 296269 296247 296246 296244
296243 296242 296241 296240 296198 296197 296196 296195 296194 296192 296191
296143 296142 296135 296134 296133 296132 296123 296066 296065 296063 296062
296060 296016 295942 295941 295937 295936 295913 295910 295909 295861 295860
295859 295856 295855 295854 295831 295829

The runs 295829 and 295831 had 560 colliding bunches, the runs 295854 to
295913 had 619, the runs 295936 to 296066 had 316, the runs 296123 to 296553
had 619, and runs 296615 to 296623 had 456.
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LHC18r

297624 297595 297590 297588 297558 297544 297542 297541 297540 297537 297512
297483 297481 297479 297452 297451 297450 297446 297442 297441 297415 297414
297413 297406 297405 297380 297379 297372 297367 297366 297363 297336 297335
297333 297332297317 297311 297310 297278 297222 297221 297218 297196 297193
297133 297132297129 297128 297124 297123 297119 297118 297117 297085 297035
297031 296966 296941 296938 296935 296934 296932 296931 296930 296903 296900
296899 296894 296852 296851 296850 296848 296839 296838 296836 296835 296799
296794 296793 296790 296787 296786 296785 296784 296781 296694 296693 296691
296690

The runs 296690 to 296694 had 456 colliding bunches, runs from 296781
to 297278 had 702, runs from 297310 to 297336 had 619, runs from 297363 to
297595 had 702, runs 297624 and 297623 had 78.

5.3 Selection of events

5.3.1 Preselection

The analysis has been carried out using ESD pass 1 data of the runs listed
above. The Analysis Task used for this study is based in the AliAnalysis-
TaskUpcRhoO class found in:

https:/ /github.com/alisw/ AliPhysics/blob /master/PWGUD/UPC/ Ali-
AnalysisTaskUpcRho0.cxx
https:/ /github.com /alisw / AliPhysics /blob /master/PWGUD/UPC/ AliAnal-
ysisTaskUpcRho0.h

The only relevant modification done to the class for the 2 pions study is the
addition of code that indicate whether the tracks had attached a TOF cluster.

The AliAnalysisTaskUpcRhoO has the following track requirements:

¢ The track must be a track refitted in both TPC and ITS

¢ TPC clusters > 50

e TPCx?/TPCclusters< 4

¢ The track must come from a reconstructed primary vertex

¢ 2 hits on ITS layers 0 and 1 (SPD layers)matched to the track.

¢ Distance of closest approach to the primary vertex below 2cm in the z
axis and below 0.0182 + 0.035/ Pt1-%! in the xy plane.

Furthermore the class select only those events where exist exactly two good
tracks, and store the required information of this events:Pt momentum, rapid-
ity , azimuth angle ¢, energy deposed in ZDC,PID provided by TOF, tracks
that reached TOF, electric charge, VO and AD offline decisions.

Additionally the information about the triggers is stored, in particular whether
the CUP31 trigger were activated in such events.

For the 4 pions study the same class is used, just changes the requirement
in the number of tracks; 4 good tracks are required instead.
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5.3.2 Offline event selection for 71771~ study

The suitable events for the 2 pion study need to fulfill the following conditions:
* Trigger CUP31 must have been activated
¢ The pair of tracks must have opposite charge sign.

¢ PID(particle identification): To ensure the particles we are treating are
pions the following requirement in the standard deviations are required:
(07,)? + (07,)? < 42, the ¢”s are provided by TPC

¢ The V0 and AD offline decisions in both sides (A and C) must be "Empty",
this will be better explained in the next section.

¢ Tracks must have attached a TOF cluster.

* Tracks emerge from a primary vertex located between £10cm in z direc-
tion of the ideal interaction point.

¢ The number of SPD Tracklets must be equal to two

For each of the 2 particles (positive and negative) a 4-vector is made from the
transverse momentum of the track(pT), the azimuth angle(¢), the pseudora-
pidity 77, and the assumption that the particle has the pion mass of 139.57061 &
0.00023MeV as reported in the PDG. Another 4-vector can be defined from
the sum of the two 4-vectors mentioned, giving as result the 4-vector of the
"Mother" particle which decay in two pions.

Kinematics requirements for the Mother particle:

¢ Rapidity y < 0.9 (TPC acceptance)

¢ Transverse momentum in the coherent zone (pT < 150MeV)

5.3.3 Offline event selection for 7771~ 7t 71~ study

The suitable events for the 4 pion study need to fulfill similar conditions as for
the 2 pions case:

¢ Trigger CUP31 must have been activated
* 4 tracks charge sum must be identically equal to zero

¢ PID: To ensure the particles we are treating are pions The following re-
quirement in the standard deviations are required: (oy,)% + (0,)% +
(0703)% + (07,)? < 42, the ¢”s are provided by TPC

¢ V0 and AD offline decisions in both sides (A and C) must be "Empty"
e Tracks must have attached TOF cluster(at least two tracks).

¢ Tracks emerge from a primary vertex located between £10cm in z direc-
tion of the ideal interaction point.
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Data selection Number of events
Events triggered by CUP31 3602451
Events with opposite charge tracks 2312174
PID TPC 2 061 835
Vertex 1942 392
rapidity 1933 808
V0 decision 1256 870
AD decision 1234 012
Number of tracklets 478 248
Pt 249 368
two tracks reaching TOF 35195

TABLE 5.1: 2-tracks events after data selection

In the same way, for each of the 4 particles a 4-vector is made from the trans-
verse momentum of the track(pT), the azimuth angle(¢), the pseudorapid-
ity 7, and the assumption that the particle has the pion mass of 139.57061 +
0.00023MeV as reported in the PDG. Another 4-vector can be defined from the
sum of the four 4-vectors , giving as result the 4-vector of the "Mother" particle
which decay in four pions.

Kinematics requirements for the Mother particle:

¢ Rapidity y < 0.9 (TPC acceptance)

¢ Transverse momentum in the coherent zone (pT < 150MeV)

54 7t Analysis

As pointed out before, 3602451 events out of 9312234 registered in the log-
book for the CUP31 trigger were used for the 7+ 71~ study. These events ful-
filled the requested requirements in the logbook and by the class AliAnalisys-
TaskUPCRhoO, and conform our preselected data. In this section such pre-
selected data is analysed, the offline data cuts are better explained and the
distributions of relevant variables for this study are presented.

In table 5.1 the number of events after every data cut is presented.

5.4.1 Tracks properties

The pT, pesudorapidity and azimuth angle for the individual tracks is shown
in figure 5.1. The only requirements for the tracks(besides those of the pres-
election stage) are that they muust come come from events where the trigger
CUP31 has been activated and have opposite sign charge

5.4.2 Primary Vertex

The vertex distribution in z direction is shown in figure 5.2. for events trig-
gered by CUP31 and with opposite sign tracks. In ALICE a primary vertex is
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FIGURE 5.1: Tracks properties

taken to be valid when it is located between £10cm of the interaction point.
The figure show that most of the events come from a vertex in the accepted
region.

5.4.3 Particle Identification by TPC

The TPC provides information for particle indentification by measuring the
energy loss dE/dx, charge and the momentum p of particles that pass through
it. The energy loss, described by Bethe-Bloch formula, is parameterized by
[16]:

1

f(By) = % (Pz — B —In (P3 + W)) (5.6)

where B is the particle velocity, 7y the Lorentz factor and the P’s are fit parame-
ters.

The dE /dx shape is well distinguished for different particles species (7, p, K, e, )
and can be fitted to a Gaussian. The TPC provides information about the num-
ber of o’s(standard deviations) the measured particle is of the expected value
tobea T, p,K,eor u.

For this study only the pair of tracks with more probability of correspond
to pions are taken into account, it is done applying the PID cut described in
section 4.2. In figure 5.3 the TPC signal (dE/dx) vs the track momentum is
shown before an after the PID cut; it is clearly seen how contamination from
protons, electrons and kaons is removed after this data cut. In the same figure
is shown the o distribution of track 1 versus the ¢ distribution of track 1 before
and after the PID cut, an is seen the data portion used is the data enclosed by
a circle of radius 4c.
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5.4.4 V0 and AD decisions

The V0O and AD detectors allow to characterize the event interactions through
its corresponding offline decisions which are labelled from o to 3. The meaning
of the decisions is:

* 0 =Empty : the detector is empty
* 1= Beam-Beam: the beam A interacted directly with beam C
* 2= Beam-Gas: the beam (A or C) interacted with the gas in the tube.

* 3: Fake: a fake signal in the detector.

For this study the offline decision for VO and AD was required to be "Empty"
in order to avoid central collision events that occur in beam-beam interactions.

The offline decisions for the VO and AD are shown in figure 5.4, in the same
figure a comparison between the VO and AD decisions is presented.

5.4.5 Tracklets

The reconstructed points of the SPD (clusters) and the reconstructed primary
vertex position are used to build tracklets. A condition on the number n of
tracklets (n = 2) helps to decrease the incoherent background without signif-
icantly reducing the coherent region statistics, the effect of this condition is
clearly seen in the pT distribution shown below. In figure 5.5 the number of
tracklets from events triggered by CUP31 and with opposite charge tracks is
shown.
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5.4.6 Transverse momentum distribution

The transverse momentum distribution(after the trigger,charge, PID, and V0-
AD decisions data cuts) for the reconstructed mother particle is shown in fig-
ure 5.6. A peak is clearly seen in the coherent region, below 0.1 GeV. The events
in the not coherent section come from the incoherent production of th p%, and
its contribution to the coherent region can be estimated with Monte Carlo sim-
ulations. The second pt distribution in figure 5.7 show the effect of the condi-
tion on the number of tracklets to reduce incoherent background.

5.4.7 Uncorrected invariant mass distribution

The invariant mass distribution (after all data cuts but TOF condition) for the
reconstructed mother particle is shown in figure 5.8.In figure 5.9 the invariant
mass distribution including the condition that two tracks must reach the TOF
with angular condition is added. No efficiency or acceptance corrections are
made yet.
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5.5 Acceptance and efficiency corrections 7771~

The 77~ invariant mass distribution needs to be corrected for detector ac-
ceptance and efficiency. The acceptance is related to the geometry and active
areas of the detectors; an event whose particles have trajectories outside the
detection area will be rejected. The acceptance is defined as the ratio of the
number of events where the two tracks hit the detectors active areas to the
number of events with two tracks. The detectors are not 100% efficient, that is,
the tracks(and other properties as the mass or the dE/dx) of particles hitting
them won’t be measured accurately all the time, or may not be measured at all,
so ,not all particles that goes through the detectors will be reconstructed. The
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reconstruction efficiency is the ratio of the number of particles reconstructed
to the to the number of particles traversing the detectors. The total efficiency,
or rather (Acc x Eff), is the product of the acceptance of the detector and the re-
construction efficiency, which can be seen also as the ratio of two-track events
reconstructed to the total number of events where a p° was photoproduced.
For a MC sample:

Acchff:N— (5.7)
Gen

where N, is the number of reconstructed events after the data selection
and Ng,, is the number of generated events.

5.5.1 Simulation of a p like mass distribution

In order to estimate the Acc x Eff a Monte Carlo(MC) simulation is used.
The event generator is STARLIGHT, the simulated process is the labelled as
kCohRhoTopi, which corresponds to simulation of a coherent p” sample with
a breit-wigner invariant mass distribution. The rapidity of the generated p°
was restricted to the region —1 < y < 1, the mass range is 2mm < M <
1.525GeV /c?, and the transverse momentum pr < 0.15GeV /c. The simulation
is anchored to the run 296377. Detector conditions may vary from one run
to another, the information about the detector status is stored for each run in
the OCDB(Offline Conditions Data Base). The OCDB information for the run
296377 is used during the simulation in order to reproduce the exact conditions
of the detector.

The generated events passed through an ALICE Geant simulation and then
through the same analysis procedures of data. The trigger CCUP31 is not sim-
ulated during the process, but information from the detectors after the sim-
ulation is used to emulate the conditions of the trigger and select only the
reconstructed events that fulfill the trigger criteria.

In figure 5.10 the invariant mass distributions for the generated and recon-
structed p° invariant mass simulation is shown for run 296377. The Acc x Eff
calculated is shown in figure 5.11. The trigger CUP31 require that two tracks
reach to the TOF, and that causes the Eff goes to zero around 500MeV /c?; The
TOF only measures pions with momentum of ~ 300MeV /¢ or higher.

The invariant mass distribution of 77~ (figure 5.9), is corrected for ac-
ceptance and efficiency bin by bin. Because of the low efficiency, and there-
fore large errors, below 0.65GeV / c? and above 1.1GeV/c?, only bins from
0.65GeV /c? to 1.1GeV /c? are corrected. The corrected invariant mass distri-
butions can be seen in Figure 5.12.

5.6 7t 7t Analysis

A total of 1240425 events were used for the 7t 7w~ 7" 7~ analysis from the
preselected data. In the same way as in the 2 pions case, in this section the
distributions of relevant variables is presented as well as the results for the
invariant mass reconstructed.
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In table 5.2 the number of events after every data cut is presented.

Data selection Number of events
Events triggered by CUP31 1240425
Events with zero net charge 628318

PID TPC 504356
Vertex 481084
rapidity 480834
VO decision 274982
AD decision 265039
Number of tracklets 74428
Pt 14010
At least two tracks reaching TOF 5744

TABLE 5.2: Events after data selection(4pions)

5.6.1 Tracks properties

The pseudorapidy, transverse momentum and azimuth angle distributions for
the 4 tracks is shown in figure 5.13. The only requirements (besides those of the
preselection) are that the tracks come from events where the trigger CUP31 has
been activated and the total charge given by the sum of the individual tracks
charge be equal to zero.

5.6.2 Vertex

In figure 5.14 the vertex distribution for the selected events is shown. Most
of the data sample is in the desired region of £10cm, though for this case the
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FIGURE 5.13: Individual properties 4 tracks

reconstructed vertex distribution exhibits a small enhancement in the positive
region.

5.6.3 Particle identification

As with the 2 particles study, only tracks that had a higher probability of cor-
responding to a pion track were considered. In figure 5.15 we see the loss of
energy vs the tracks momentum before and after the PID cut; it is also clear
how contamination from protons, kaons and electrons is reduced. In figures
5.16 and 5.17 the correlation between the tracks 0’s before and after the PID
cut can be seen.

5.6.4 AD and V0 offline decisions

The AD and V0 decisions are the same for this case; and an "Empty" signal is
required in both VO and AD detector.

5.6.5 Transverse momentum

The transverse momentum distribution(after trigger, charge PID, vertex, ra-
pidity, VO and AD data cuts) is shown in figure 5.19. A clear peak can be seen
in the coherent zone before approximately 120 MeV. In the same figure the pt
distribution when the additional condition over the number of tracklets(n=4)
is required. It can be clearly appreciated how the incoherent statistics decrease
considerably with this requirement.

Pt(GeV/c)
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tems in collisions Pb-Pb in the ALICE experiment. The spectra

of the heavier pair of pions (recoiling) exhibit a clear peak. Dis-
cussed in [33] in the region of the p%(770).

5.6.6 71" 7T subsystems

The invariant mass of each subsystem of 2 pions is shown in figure 5.20 with
the pair of light pions (lightest) accompanied by 0%(770) (recoiling).

5.6.7 Uncorrected invariant mass distribution

The reconstructed invariant mass distribution (after all data cuts but TOF con-
dition) is shown in figure 5.21.In figure5.22 the invariantmass distribution in-
cluding the condition at least two tracks must reach the TOF is added. No
efficiency or acceptance corrections are made yet.

5.7 Acceptance and efficiency corrections 77w T 7T

In the same way the 71" 71~ invariant mass distribution needed to be corrected
for acceptance and efficiency of the detector, the 777~ 7t 7~ distribution needs
the same corrections, the same definitions apply for this case except that 4 track
events are considered instead of two.

5.7.1 Simulation of p’ mass distribution

The simulated proccess is p(1720) — mt7~ + p° — 47 anchored to runs
296244, 296273, 296304, 296377, 296510, 297193, 297218, 297481 and 297544.
The decay mode was motivated by the invariant mass of the two pion sub-
systems shown in figure 5.20. In total 882 000 events were generated(~100k



5.7. Acceptance and efficiency corrections 65

Events/(40MeV/c?)

Events/(40MeV/c?)

This thesis

900

800

700

600

500

400

300

200

100

[

o
TTTT

o

o

-

-

o

N

N

o

w

35 4
Mass(GeV/c?)

FIGURE 5.21: Reconstructed Invariant mass. Discussed in [33,

35]
This thesis
300;
250;
200;
150;
100;
o
00:‘ s i R 25 3 35

4
Mass(GeV/c?)

FIGURE 5.22: Reconstructed Invariant mass with at least two
tracks reaching TOF. Discussed in [33, 35]



66 Chapter 5. Data Analysis

This thesis

)

& 400r

600001

w

a

o
I

40MeV/ch2,

(
Events/(40MeV/c"2

50000

Events/|

40000

30000

20000 1

10000

0 C L1 | I - J I | | \ - | 1 ] 0 : L1 L J I - ‘ Ll J - J Ll J L1
1 15 2 25 3 3.5 4 1 15 2 25 3 3.5 4
Mass(GeV/c?) Mass(GeV/c?)

FIGURE 5.23: Generated (left) and reconstructed(right) invariant
mass distributions. Discussed in [33, 32]

events per run). The rapidity region is restricted to —1 < y < 1, The angle
distribution is uniform over all the azimuth. The p’ maximum mass value is
5GeV /c?. The same analysis as for data is applied to the reconstructed events.
The trigger conditions are the same as for the CCUP31 trigger, and as in the 277
case, information from simulated response of detectors is used to emulate the
trigger. In figure 5.23 the invariant mass distributions for the generated and re-
constructed p’ invariant mass is shown for the anchored runs. The Acc x Ef f
calculated is shown in figure 5.24. Once again only tracks with momentum
above 300MeV /¢ reach the TOF, so low momentum tracks are excluded.

The invariant mass distribution(figure 5.22), is corrected for acceptance and
efficiency bin by bin. Because of the low efficiency, and therefore large er-
rors, below 1.4GeV /c? and above 2.3GeV /c?, only bins from 1.4GeV /c% to
2.3GeV /c? are corrected. The corrected invariant mass distributions can be
seen in Figure 5.25

5.8 Xe-Xe Analysis

Xe-Xe collisions were carried out at ALICE in 2017 during the LHC17n period.
A total of two runs were dedicated to this collision type: 280235 and 280234
runs. We present a brief study in 2 and 4 pions production. The same class
AliAnalysisTaskUpcRhoO is used for the preselection, but the requirement that
tracks have attached a TOF cluster is omitted. No specific trigger was required
but information about the triggers activated was stored. Offline selection had
the same requirements as for Pb-Pb, presented in section 5.3, except for the
requirement in TOF cluster.
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5.8.1 7771 in Xe-Xe

A total of 38811 events were used. 2874 events remained after perform all the
data cuts(PID,VO,AD,Pt,Vtx and rapidity cut). These events were triggered
mainly by the trigger CCUP2 and CCUP25 which are defined as:

e CCUP2-B-NOPF-CENTNOTRD = *0VBA *0VBC 00M2 0SH1
e CCUP25-B-NOPF-CENTNOTRD = *0VBA *0VBC 0STG 00M2

The trigger elements were defined in section 7.2.1.

A detailed study for 2 pions in Xe-Xe collisions was performed by David
Horak. A presentation and an analysis note can be found in:
https:/ /indico.cern.ch/event/899086/

Only the invariant mass and the transverse momentum distribution are
presented here, and can be seen in figures 5.26 and 5.27. Once again, for the
transverse momentum a peak in the coherent region is observed. Also, for
the mass distribution a peak is observed around the po mass~ 775MeV /c?,
In figure 5.28 the invariant mass distribution obtained by David Horak in his
analyses is shown. The invariant mass obtained in this thesis seems to agree
with the one reported with David in shape and statistics.

5.8.2 st T in Xe-Xe

For the 4 pions case 22561 events were used; 85 events remain after the data
selection. In 79 of these events the trigger CCUP2 was activated and in 80
the trigger CCUP25 was activated. Similar plots as in Pb-Pb are displayed for
Xe-Xe in figures 5.29 to 5.35.
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Chapter 6

Conclusions

Data samples for Pb-Pb collisions during the year 2018 were analysed, the pe-
riods chosen were the LHC18r and the LHC18q. The trigger class selected was
the CCUP31. The detectors used for the veto in the forward region of ALICE
were V0 and AD; both are integrated as part of the mentioned trigger, and
were also included as part of the data cuts.

For the 2 pions study a clear peak in the p°(775) mass region is seen, this
result is in agreement with the reported previously by the STAR and the ALICE
experiments for the photoproduction of the p”. A peak in the mass region of the
j/ psi can also be seen, this could be muons background mainly, due to the peak
is enhanced when the 2 tracks are required to reach the TOF, and as pointed out
before, the TOF only measure particles with high momentum, and is harder to
do accurately particle identification with high momentum particles using the
TPC dE/dx, and especially between pions and muons due the expectations for
dE/dx of both are quite similar.

For the 4 pions study, if the TOF condition is not required a peak that could
correspond to the p(1720) is seen around 1.6GeV /c?, if the TOF requirement
is applied the spectrum moves a bit to the high mass region, due to the high
momentum pions that are required to reach TOF, the peak is located for this
case about 1.8GeV /c? . No peak is observed in the region of the p(1450).

Acceptance and efficiency corrections were applied to both samples in Pb-
Pb collisions. This value need to be calculated for the Xe-Xe sample.

Despite the low statistics in Xe-Xe a peak from coherent events in the un-
corrected mass distribution is seen around 1.6GeV /c?, in agreement with the
4 pions production study in STAR.

The invariant mass distributions still need to be fitted to some function (as
for the results presented in chapter 2 for UPC in STAR and ALICE), in order to
determine the o° and p' yield, the mass and width of each distribution.

Experimentally the cross section ¢

(Number of candidate events) x (Branching ratio)

1
Luminosity x Acceptance x Ef ficiency (61)

A further study that can be carried out is the determination of the cross sec-
tion, for which the luminosity value need to be calculated, and also systematic
errors for acceptance x efficiency value need to be determined.

The analysis and results exposed in this thesis have been presented and
discussed in the PAG-UPC(ALICE expert’s group in UPC) meetings [37, 38,
36, 35, 34, 33, 32]. and are included in an analysis note for the experiment[45].
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