CZECH TECHNICAL UNIVERSITY IN
PRAGUE

Faculty of Nuclear Sciences and Physical Engineering

Department of Physics

Master’s Thesis

Photoproduction of muon pairs in Pb-Pb collisions
with ALICE experiment

Bc. Tomas Herman

Supervisor: doc. Jesis Guillermo Contreras Nuiio, Ph.D.

Prague, 2019






CESKE VYSOKE UCENI TECHNICKE
V PRAZE

Fakulta jaderna a fyzikalné inZenyrska

Katedra fyziky

Diplomova prace

Fotoprodukce mionovych paru v Pb-Pb srazkach na
experimentu ALICE

Bc. Tomas Herman

Vedouci prace: doc. Jesus Guillermo Contreras Nuiio, Ph.D.

Praha, 2019






FAKULTA JADERNA A FYZIKALNE INZENYRSKA
PRAHA 1 - STARE MESTO, BREHOVA 7 - PSC 115 19

CESKEVYSOKEUCENI TECHNICKE VPRAZE A
/ﬁ.‘)
F B

Katedra: fyziky Akademicky rok: 2018/2019

ZADANI DIPLOMOVE PRACE

Student: Bc. Tomas Herman

Studijni program:  Aplikace piirodnich véd

Obor: Experimentalni jaderna a ¢asticova fyzika

Nazev prdce: Fotoprodukce mionovych pari v Pb-Pb srazkach na experimentu
(Cesky) ALICE

Ndzev prdce: Photoproduction of muon pairs in Pb-Pb collisions with ALICE
(anglicky) experiment

Pokyny pro vypracovani:

1) Zpracovéni reSerSe o fotoprodukci mionovych part
2) Meéfeni fotoprodukce mionovych parti na ALICE v datech z Run 2 urychlova¢e LHC



Doporucena literatura:

[1]J. G. Contreras, J. D. Tapia Takaki: Ultra-peripheral heavy-ion collisions at the LHC,
International Journal of Modern Physics A 30(8), 1542012 (2015)

[2] J. Adam, et al.: Measurement of an excess in the yield of J/Psi at very low pT in Pb—Pb
collisions at SNN=2.76 TeV, Physical Review Letters 116(22) (2016)

[3] V. Khachatryan, et al.: Coherent J/Psi photoproduction in ultra-peripheral PbPb
collisions at SNN = 2.76 TeV with the CMS experiment, Physics Letters B 772, 489-511
(2017)

[4] S. Afanasiev, et al.: Photoproduction of J/Psi and of high mass e+e- in ultra-peripheral
Au + Au collisions at SNN=200GeV, Physics Letters B 679(4), 321-329 (2009)

Jméno a pracovisté vedouciho diplomové prdce:

doc. Jesus C{uillermo Contreras Nuiio, Ph.D., Katedra fyziky, Fakulta jaderna a fyzikéaIné
inZenyrska CVUT v Praze

Datum zadani diplomové prdce: 22.10.2018
Termin odevzdani diplomové prdce: 06.05.2019

Doba platnosti zadani je dva roky od data zaddni.

/7

/8

............................................

garant oboru

V Praze dne 22.10.2018



Prohlaseni:

Prohlasuji, Ze jsem svou diplomovou prici vypracoval samostatné a pouZil jsem pouze podklady
(literaturu, projekty, SW atd.) uvedené v priloZeném seznamu.

Nemdm zavazny divod proti pouziti tohoto Skolniho dila ve smyslu § 60 Zakona ¢.121/2000 Sb.,
o pravu autorském, o pravech souvisejicich s pravem autorskym a o zméné nékterych zakonua
(autorsky zékon).

VPraze dne ..cooeeeeeeeveeeeaanece e

Tomas Herman






Acknowledgments

I would like to express my deepest gratitude to my supervisor doc. Jestis Guillermo Contreras
Nuiio, Ph.D. for his invaluable guidance, advice and experience, passion for science and lan-
guage corrections. I would also like to thank Mgr. Michal Broz, Ph.D. for providing the analysed
nanoAOD data sets. Finally, a special thanks goes to my parents and my girlfriend Pavlinka for
their never ending love.






Title:
Photoproduction of muon pairs in Pb-Pb collisions with ALICE experiment

Author: Toma§ Herman

Specialization: Experimental Physics and Particle Physics

Sort of project: Master’s thesis

Supervisor: doc. Jesus Guillermo Contreras Nufio, Ph.D., Department of Physics, Faculty of

Nuclear Sciences and Physical Engineering, Czech Technical University in Prague

Consultant:

Abstract: The phenomena associated with the proton and nucleus structure at high energies (small
Bjorken x), i.e., gluon saturation and nuclear shadowing, can be studied experimentally by mea-
suring cross sections of processes sensitive to their gluon distribution functions.

One of these processes is the coherent photoproduction of a J/y vector meson. One of the possi-
ble ways to theoretically describe this process is the colour dipole model. Experimentally it can
be studied in ultra-peripheral collisions (UPC) where hadronic interactions are suppressed due
to the impact parameter being larger than the sum of radii of the colliding particles.

Ultra-peripheral collisions of Pb ions at the LHC are capable of probing the gluon distribution
function at very low Bjorken x. ALICE measurement of the cross section for J/y photoproduc-
tion in Pb-Pb UPC is presented. The results indicate the presence of moderate nuclear gluon
shadowing.

Key words: ALICE, J/y, photoproduction, ultra-peripheral collisions, colour dipole model






Ndzev prdce:
Fotoprodukce mionovych paru v Pb-Pb srazkach na experimentu ALICE

Autor: Tomas§ Herman

Obor: Experimentalni jaderna a Césticova fyzika

Druh prdce: Diplomova prace

Vedouct prdce: doc. Jesus Guillermo Contreras Nufio, Ph.D., Katedra fyziky, Fakulta jaderna a

fyzikaln€ inZenyrska, Ceské vysoké uceni technické v Praze

Konzultant:

Abstrakt: Jevy spojené se strukturou protonu a jader pfi vysokych energiich (nizkych Bjorkeno-
vych x), tj. gluonova saturace a jaderné stinéni, mohou byt experimentalné studovany méfenim
ucinnych prifezii procesu citlivych na jejich gluonové distribu¢ni funkce.

Jednim z t€chto procest je koherentni fotoprodukce vektorového mezonu J/y. Jednou z moznosti,
jak teoreticky popsat tento proces, je pouZit barevny dipolovy model. Experimentalné jej 1ze stu-
dovat v ultra-periferalnich srazkach (UPC), kde dochazi k potlaceni hadronové interakce kvili
tomu, zZe srazkovy parametr je vét$i nezZ suma poloméra srazejicich se Castic.

Ultra-periferalni srazky Pb iontd na LHC jsou schopny zkoumat gluonové distribuéni funkce pfi
velmi nizkych Bjorkenovych x. V praci je prezentovano méfeni uc¢inného prifezu pro fotopro-
dukci J/y v Pb-Pb UPC pomoci ALICE. Vysledky naznaCuji pfitomnost mirného gluonového
stinéni.

Kli¢ovd slova: ALICE, J/y, fotoprodukce, ultra-periferdlni srazky, barevny dipélovy model






Contents

Preface

1 The structure of proton

[.1 Kinematics . . . . . . . . . . . e
1.2 FElastic scattering of an electron on a pointlike proton . . . . . . .. .. ... ..
1.3 Elastic scattering of an electronon areal proton . . . . . . ... ... ... ...
1.4 Deep-inelastic scattering of an electrononaproton . . . .. ... ... .. ...
1.5 Results on the elastic electron-nucleus and electron-proton scattering . . . . . . .
1.6 Results on the inelastic electron-proton scattering . . . . . . . .. ... .. ...
1.7 Thepartonmodel . . . . .. .. ... .. . . .
1.8 Saturation . . . . . . . ..

1.9 Nuclear shadowing . . . . . . . . . . . .. .

Ultra-peripheral collisions

2.1 Photoproduction . . . . . . . . ... e

2.2 Two photon production of a dilepton pair . . . . . . .. .. ... ... .....

2.3 Exclusive vector meson photoproduction . . . . . . . ... ... ... ... ...
2.3.1 Ultra-peripheral Pb-Pb collisions . . . . . . . . ... ... ... .....
2.3.2 Ultra-peripheral Pb-p collisions . . . . . . .. ... ... ... .....

2.4 Photoproductionmodels . . . . . .. ... L Lo
24.1 Vectordominance models . . . . ... .. .. ... ... 0oL
24.2 Leading order perturbative QCD models . . . . . . . ... ... ... ..
243 Colourdipolemodels . . . . . .. ... ... ... . ... ...

XV

10
12
13



Contents

3 Colour dipole models of vector meson photoproduction in ultra-peripheral colli-
sions 23

3.1 J/y production in ultra-peripheral Pb-Pb and p+Pb collisions at energies avail-

able at the CERN Large Hadron Collider . . . . . . .. ... .. .. ....... 23

3.2 Vector Meson Production in Coherent Hadronic Interactions: An update on pre-
dictions for RHICand LHC . . . . . . . . ... . ... .. . ... ... 30
4 The ALICE experiment 37
4.1 The Large Hadron Colliderat CERN . . . . . . .. ... ... ... ....... 37
42 ALICE. . . . . . e 38
4.2.1 Muonspectrometer . . . . . . .. ... 39
422 Zero-Degree Calorimeter . . . . . . . . . . .. ... ... ........ 42
423 VOdetector . . . . . . . . L 44
424 The ALICE Diffractive detector . . . . . . . . ... ... ... ..... 45
425 UPCHriggers . . . . . . o v v i i ittt e e e 46
4.3 Software . . . . . ... e 47
4.3.1 AliRoot framework . . . . . . . ... ..o 47
432 ROOTandRooFit . . .. .. .. ... ... .. .. .. .. ... .... 48
433 LEGO trains and nano-AOD . . . . . . . ... ... ... ... ... 48

S Previous measurement of coherent J/y photoproduction in Pb-Pb collisions with

ALICE 49
5.1 Coherent J/y photoproduction in ultra-peripheral Pb-Pb collisions at

VINN=2T6TEV L 49

6 Data analysis 57

6.1 Dataselection . . . . .. .. ... e 57

6.1.1 Runselection . . . . . .. .. ... 57

6.1.2 Triggerselection . . . . . . . . . ... ... ... 58

6.1.3 Trackselection . . . . .. .. .. ... L 58

6.2 Models for signal extraction . . . . . ... ... ... o 59

6.2.1 Invariant mass spectrum . . . . . . . . ... ... 59

6.2.2 Transverse momentum Spectrum . . . . . . . . . . . ... ... .. 60

6.3 Invariantmassfit . . . . . .. ... L 60

XVvi



Contents

6.3.1 Ratioof Y toJ/y . . .. .. .. ... 64

6.3.2 Feeddown contribution . . . . . . . . ... . 65

6.4 Transverse momentum fit . . . . . . . . . ... . 66
6.4.1 Incoherent contribution . . . . . . . . . . . . .. ... 69

6.5 CrossSeCtion . . . . . . . . 69
Summary 73
Bibliography 75
A Lists of run numbers 81

XVil






List of Figures

1.1 Diagram of deep-inelastic scattering at lowest order. An electron e~ interacts
with a proton p via the exchange of a virtual photon ¥*, resulting in an electron
e~ and a final hadronic state X. . . . . . . . ... ... 4

1.2 Dependence of the structure function F>(x, Q%) on Q? for different values of x.
The NLO QCD fit is compared to data measured by the ZEUS collaboration and
the fixed target data measured at DESY. . . . . .. ... ... ... ... .... 9

1.3 The parton distribution functions xu,,xd,,xS = 2x(U + D) and xg of HERA-
PDF2.0 NLO at Q? = 10 GeV? by the H1 and ZEUS collaboration at DESY.
The gluon and sea distributions are scaled down by a factorof 20. . . . .. . .. 11

1.4 A schematic diagram of the difference in the structure of the proton as observed
by a lower-energy probe (a) and a higher-energy probe (b). . . . . ... ... .. 12

1.5 Theoretical model of the saturation scale at medium impact parameter as a func-
tion of the nuclear mass number Aandx. . . ... .. ... ........... 14

2.1 Diagram of an ultra-peripheral collision of two nuclei at an impact parameter b
with charge Z; - e and radii R;, surrounded by a cloud of virtual photons y*. . . . 16

2.2 Diagram of a two photon production of a dilepton pair in a Pb-Pb ultra-peripheral
colliSION. . . . . . . . . e e e e 17

2.3 Event display of a candidate event for vector meson photoproduction at central
rapidity (a) and forward rapidity (b). . . . . . . .. ... L 18

2.4 Diagram of the photoproduction of a J/y vector meson in a Pb-Pb or Pb-p ultra-
peripheral collision. . . . . . . . . . . .. ... 19

3.1 The coherent J/y photoproduction cross section prediction for Pb-Pb collisions
at \/snn = 2.76 TeV computed with the fIPsat and IIM parametrisations and
Boosted Gaussian (thin blue lines) and Gauss-LC (thick black lines) wave func-
tions compared with the ALICEdata. . . . ... ... ... ........... 27

X1X



List of Figures

3.2

33

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

43

4.4

4.5

4.6
4.7

The incoherent J/y photoproduction cross section prediction for Pb-Pb colli-
sions at /sNN = 2.76 TeV computed with the fIPsat and IIM parametrisations
and Boosted Gaussian (thin blue lines) and Gauss-LC (thick black lines) wave
functions. . . . . . . .. L e e e 28

The coherent (thick lines) and incoherent (thin lines) J/y photoproduction cross
section in lead-lead collision at /sy = 2.76 TeV as a function of momentum
transfer # at midrapidity y = O using the Gaus-LC wave function. . . . . . . . .. 29

The J/y photoproduction cross section in proton-lead collisions at /sy = 5.02
TeV computed using fIPsat and I[IM parametrisations and boosted Gaussian (thin
blue lines) and Gauss-LC (thick black lines) wave functions. The proton is mov-
ing in the negative y direction. . . . . . . . . ... ..o L oL 29

The incoherent J/y photoproduction cross section in lead-lead collision is di-
vided by Apy, times the coherent J/y photoproduction cross section in proton-
lead collision at \/snn = 2.76 TeV computed using the fIPsat and IIM parametri-
sations and the Boosted Gaussian (thin blue lines) and Gauss-LC (thick black

lines) wave functions. The proton is moving in the negative y direction. . . . . . 30
Prediction for the rapidity distribution of J/y and Y photoproduction cross sec-
tion in p+p collisions at /s =7 TeV atthe LHC. . . ... .. ... ....... 33
Prediction for the rapidity distribution of p and J/y photoproduction cross sec-
tion in Au+Au collisions at /s =200 GeV atthe RHIC. . . . ... .. ... .. 34
Prediction for the rapidity dependence of the ratio between the J/y and p pho-
toproduction Cross SECHIONS. . . . .« v v v v v v b e e e e e e e e e 34

Prediction for the rapidity distribution of p and J/y photoproduction cross sec-
tion in Pb-Pb collisions at /syy =2.76 TeV atthe LHC. . . . . ... ... ... 35

Schematic layout of the CERN accelerator complex with all of its accelerators,
experiments and their connections. . . . . . . . .. ... Lo 38

Cross section schema of the ALICE detector with the description of all of its
subdetectors. . . . . .. L e 39

Blueprint of the longitudinal cross section of the forward ALICE Muon spec-
trometer and all of itsparts. . . . . . . . . ... ... 40

Photo of the first tracking station of the ALICE Muon spectrometer with the
individual cathode pads visible. . . . . . . ... ... L L Lo 41

Photo of the ALICE Muon spectrometer. From left, the magnet surrounding the
third tracking station, the fourth and fifth tracking station and the absorber pro-
tecting the two stations of muon trigger. . . . . . . . . .. .. ... 42

Schema (left) and photo (right) of the frontal view of the Zero-Degree Calorimeter. 43
Photos of the ZN (left) and ZP (right) detectors. . . . . . . . . ... ... .... 44

XX



List of Figures

4.8
4.9

5.1

5.2

53

54

6.1

6.2

6.2

6.3

Photos of the VOA (left) and VOC (right) detectors. . . . . . ... ... .. ... 45
Schema (left) and photo (right) of the ALICE Diffractive detector. . . . . . . . . 46

Invariant mass distribution of unlike-sign dimuons measured with the ALICE
detector at /syy = 2.76 TeV satisfying the criteria described in the text. The
blue line describes the J/y peak and the red line describes the yy continuum. . . 51

Transverse momentum distribution of unlike-sign dimuons measured with the
ALICE detector at /syy = 2.76 TeV satisfying the criteria described in the text.
The blue line describes the coherent J/y, the red line describes the incoherent
J/y, the purple line describes the feed down contribution from Y’ and the green
line describes the yy continuum. . . . . . . . . . ... ..o 52

Rapidity distribution of the measured coherent differential cross section of J/y
photoproduction in ultra-peripheral Pb-Pb collisions at /syy = 2.76 TeV. The
error is the quadratic sum of the statistical and systematic errors. The theoretical
predictions are alsoshown. . . . . . . .. ... ... L L Lo 55

Integrated coherent J/ y photoproduction cross section measured in ultra-peripheral
Pb-Pb collisions at /syy = 2.76 TeV. The cross section is integrated over rapid-

ity region —3.6 < y < —2.6. The error is the quadratic sum of the statistical and
systematic errors. The theoretical predictions are also shown. . . . . . . ... .. 55

Invariant mass distribution of unlike-sign dimuons in the full rapidity range mea-
sured with the ALICE detector at /syy = 5.02 TeV satisfying the criteria de-
scribed in the text. The blue line describes the two photon continuum, the red
line describes the J/y peak and the green line describes the y’ peak. The num-
ber of J/y, y' and background events in different intervals is denoted in the
graph. On the right side is the correlation matrix of the fit parameters. . . . . . . 61

Invariant mass distribution of unlike-sign dimuons in the first three rapidity bins
measured with the ALICE detector at /syy = 5.02 TeV satisfying the criteria
describedinthetext. . . . . . . . . ... ... L 62

Invariant mass distribution of unlike-sign dimuons in the second three rapidity
bins measured with the ALICE detector at /sy = 5.02 TeV satisfying the crite-
riadescribedinthetext. . . . . . . . . . ... Lo 63

Ratio of the number of Y’ to J/y events depending on the number of events in the
selected rapidity bin. Left: For real data with the read line denoting the measured
value for the whole rapidity range 0.0242 +0.0029. Right: For Toy Monte Carlo
data sample with number of events corresponding to the number of events in
real data in the relevant rapidity bins. Each rapidity bin has been simulated and
extracted 50 times. The red line denotes the input value for the ratio in the model. 64

XX1



List of Figures

6.4

6.5

6.5

6.6

Transverse momentum distribution of unlike-sign dimuons in the full rapidity
range measured with the ALICE detector at \/syy = 5.02 TeV satisfying the
criteria described in the text. The blue line describes the coherent J/y, the red
line describes the incoherent J/y, the cyan line describes the coherent feed down
from y/, the orange line describes the incoherent feed down from v/, the magenta
line describes the incoherent J/y with nucleon dissociation and the green line
describes the two photon process. On the right side is the correlation matrix of

the fit parameters. . . . . . . . . ...

Transverse momentum distribution of unlike-sign dimuons in the first three ra-
pidity bins measured with the ALICE detector at /syy = 5.02 TeV satisfying the

criteria described inthe text. . . . . . . . . . .. ... ..

Transverse momentum distribution of unlike-sign dimuons in the second three
rapidity bins measured with the ALICE detector at /syy = 5.02 TeV satisfying

the criteria described inthe text. . . . . . . . . . . . . ... . o

Measured coherent differential cross section of J/y photoproduction in ultra-
peripheral Pb-Pb collisions at \/syy = 5.02 TeV. The error bars represent the
statistical uncertainties, the boxes around the points the systematic uncertainties.
The theoretical calculations described in the text are also shown. The green band

represents the uncertainties of the EPS09 LO calculation. . . . . . ... ... ..

XXii



List of Tables

3.1 The integrated cross section (events rate/second) for vector meson photoproduc-
tion in p+p and A+A collisions at RHIC and LHC energies. . . . . . . ... ... 35

5.1 Summary of the contributions to the systematic uncertainty for the integrated J/ v
cross section measurement. The error for the coherent signal extraction includes
the systematic error in the fit of the invariant mass spectrum and the systematic
errorson fpand fi. . . ... L. 54

6.1 J/y yields, efficiencies, f and fp fractions and coherent J/y cross sections. . . . 70

6.2 Summary of systematic uncertainties. The ranges of values correspond to differ-
entrapidity bins. . . . . ... L L 70

XXiil






Preface

The structure of the proton is an actively researched topic. At low energies the proton seems to
be composed from the three valence quarks (uud). However, when studied with a high energy
probe (at low Bjorken x), the proton structure seems to be dominated by sea quarks and predom-
inantly gluons. The number of gluons is observed to rise very steeply, but this growth cannot go
indefinitely as it would the unitarity of the cross section. At some point gluon recombination is
expected to start to play a role and stop the rise. This process is predicted by QCD and it is called
saturation ,but it has not yet been conclusively observed. Moreover, when the nucleon (proton)
structure is studied within a nucleus, it is found to be different than that of a single free nucleon.
This phenomenon is called nuclear shadowing. All of these topics are introduced in Chapter 1.

It is possible to study the proton and nucleus structure with high energy probes in ultra-peripheral
collisions. These are collisions where the strong interaction is suppressed by a large impact
parameter and the colliding particles interact via an exchange of a quasi-real photon. Ultra-
peripheral collisions are discussed in Chapter 2.

One process of interest in ultra-peripheral collisions is called vector meson photoproduction.
One of the approaches to describe the cross section for such processes is called the colour dipole
model. It treats the photon in the interaction as if it fluctuates into a quark-antiquark pair which
then interacts with the target. Two papers using this model to predict vector meson photoproduc-
tion cross sections at the LHC are reviewed in Chapter 3.

To be able to measure the vector meson photoproduction cross section at small Bjorken x it
is necessary to accelerate particles at high energies and measure the products of their ultra-
peripheral collisions. To achieve this a large experimental infrastructure is necessary. The ALICE
detector at the CERN Large Hadron Collider which is capable of such measurements is presented
in Chapter 4.

The ALICE measurement of coherent J/ y photoproduction cross section in Pb-Pb ultra-peripheral
collisions at a centre-of-mass energy per nucleon pair /syy = 2.76 TeV is reviewed in Chapter 5.

The analysis procedure and the published results of coherent J/y photoproduction cross sec-
tion measured in the forward rapidity region by ALICE in Pb-Pb ultra-peripheral collisions at a
centre-of-mass energy per nucleon pair /syy = 5.02 TeV during the LHC Run 2 with data from
2015 and 2018 is discussed in Chapter 6. While Chapters 1 to 5 are an overview of the current
state of the art in the field, Chapter 6 contains my own contribution to a measurement performed
within the ALICE collaboration.






Chapter 1

The structure of proton

The most important experiment for understanding the structure of a proton is without a doubt
deep-inelastic scattering (DIS) which can be regarded as the successor of the famous Rutherford
experiment. As was the scattering of alpha particles on gold crucial for the understanding of the
inner structure of the atom and establishing the idea of atomic nucleus, so was the scattering
of leptons on proton essential in the formulation of the parton model and proving the existence
of quarks. This chapter is drawing information from QCD lectures by Jana Biel¢ikova and the
textbook ’Quarks, partons and Quantum Chromodynamics” [1] by Jiii Chyla.

1.1 Kinematics

To describe lepton-proton scattering, the following definition will be used

1(k)+pP) = U'(K)+X(P), (1.1

where [ and I’ can be electron, muon or their neutrinos, p is a proton, X is any hadronic final
state allowed by conservation laws and k, p,k’, P’ are four-momenta of their respective states.
A diagram of electron-proton DIS at the lowest order can be seen in Fig. 1.1.

Depending on the mediating particle there are two types of processes:

e Neutral current, where the lepton did not change (I = [’) and the mediator is either a photon
or the Z boson.

e Charged current, where the initial (/) and final (I') lepton states differ by one unit of ele-
mentary electric charge and the mediator is the W+ boson.
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e(k)

P(P)

Figure 1.1: Diagram of deep-inelastic scattering at lowest order. An electron e~ interacts with a
proton p via the exchange of a virtual photon y*, resulting in an electron ¢~ and a final hadronic
state X.

To describe both of these processes the following variables are commonly used:

s=(k+P)?, (1.2)
0’=—¢*=—(k—k)? (1.3)
W?=(g+P)? (1.4)
_Q?
_gP
Y=1p (1.6)

All of the above mentioned variables are relativistic invariants. The s is the Mandelstam variable
and it is the centre-of-mass energy squared. The Q7 is the virtuality of the exchanged particle,
where the ¢ is the four-momenta transferred in the collision. The W is the invariant mass of the

4



1.2. Elastic scattering of an electron on a pointlike proton

hadronic final state X. The x describes the elasticity of the process, for values of 0 < x < 1 the
process is inelastic and for x = 1 the process is elastic. Later, the x will also gain the meaning of
the fraction of the proton momentum carried by a constituent parton. The y corresponds to the
fraction of energy lost by the incoming lepton.

To describe a DIS process at a given centre-of-mass energy only two other of the five variables
defined above are necessary as the rest can be derived from them. Usually the pairs (x,y) or
(x, Q%) are used most often for describing the differential cross section.

For elastic scattering the variables x and W? are fixed to x = 1 and W? = Mg, where M), is the
proton mass. While for deep-inelastic scattering Q> and Pgq are required to be large with respect
to M,.

p

An important limit, which is used for computation in DIS, is the Bjorken limit. For this limit
one considers that Q% and Pg go to infinity, while their ratio x = Q% /Pq remains constant. In this
approximation, the parton model can emerge and the x variable gains the meaning of the fraction
of the proton momentum carried by the constituent parton.

1.2 Elastic scattering of an electron on a pointlike proton

When considering the elastic scattering of an electron (with negligible mass m) on a pointlike
proton (with mass M), the cross section is

d 2o M?
e S o} 7

When transformed to the laboratory frame, the cross section takes form

= OMott, (1.8)

do o? cos? (Ve /2) E’[ Q? an’ (l9lab>:| 0% cos* (Vb /2)
dQuab  4E2sin (O /2) E M—eo AE2sin*(Oyap/2)

where Oyt 1S a cross section for scattering of an electron on a proton with infinite mass, the
factor E'/E = 1 — Q*/2ME < 1 describes the the proton recoil. The Mott cross section is the
relativistic generalisation of the Rutherford formula, except for the factor cos?(Dp/2) which
rises from taking into account the spin interaction for spin 1/2 fermions.

The cross section can also be computed for the case of a pointlike proton with spin 0. The
generalised cross section takes the form

2 2 2
M dro
(1—yP el 22 220 ,
2 kp | s O

do  4ma?

> ¢!
where € = 1 is for a pointlike fermion with spin 1/2 and € = 0 is for a pointlike boson with spin
0. Therefore, to be able to differentiate between a spin 1/2 and spin 0 target, y has to be large.

(1.9

5



Chapter 1. The structure of proton

1.3 Elastic scattering of an electron on a real proton

When rewriting the interaction for elastic scattering of an electron on a real proton, one has to
take into account the structure of the proton and how it will affect the interaction. This is done via
the elastic electromagnetic form factors Fj(Q?) and F>(Q?). The cross section for this process is
called the Rosenbluth formula

d / 2 a
o _ GMonE {FE(QZ) + 4QW [2tan2 (%) (F(Q%)+ '<Fz(Q2))2 + KFzz(Qz)l }
(1.10)

For zero transferred four-momentum in the collision the electromagnetic form factors take values
F1(0) = F»(0) = 1 and kx = 1.793 corresponds to the pointlike proton anomalous magnetic
moment.

Instead of the form factors Fi(Q?) and F>(Q?) there are often defined the electric Gg(Q?) and
magnetic Gy;(Q?) form factors as

2

GE(QZ)EFl(QZ)—LLQWKFZ(Qz):»GE(O): 1, (1.11)
Gu(Q%) = Fi(Q*) + kF2(Q%) = Gu(0) = 1 + Kk = pp. (1.12)

With these the cross section takes the form

do E' [G}(0%) +1G3,(0%) 2 2y 2 [ Diab
= - 217G t — 1.13
KTo GMottE 1+ +27 M(Q)an ( > )}, ( )
where
Q2

=—. 1.14
T 4M? ( )

1.4 Deep-inelastic scattering of an electron on a proton

Unlike for elastic scattering where the final state is uniquely described by one variable, for deep-
inelastic scattering of an electron on a proton, two independent variables are needed to uniquely
describe the final state. Therefore the derived cross section is double differential

) | y=0 4ma? Fy(x,0%)
- V2F
i sz Q4 s + y l(xaQ)

d’c 4ra® M?xy\ Fa(x,0%) 1
{<l—y— ) 5 - . (115)



1.5. Results on the elastic electron-nucleus and electron-proton scattering

When computed in the laboratory frame one gets

d’c

dE' dQyyp

- cMott% Wa(x, 0%) +2W; (x, Q%) tan® (%)] . (1.16)

The functions F;(x, Q%) or W;(x, Q?) are called inelastic electromagnetic form factors or structure
functions and they are linked with the following relations

F =Wy, (1.17)
E—E'

F = Ws. 1.18

2 72 (1.18)

The fact that they are functions of x and Q7 is a matter of convention as any two variables from
X,, 0? could be used to describe them.

When x is taken to correspond to the elastic cross section, i.e. x = 1, the following relations
between the elastic and inelastic form factors can be derived

2Flinel (x: 1,Q2) _ (Flel (Qz) 4 K.erl (Qz)>27 (1.19)
‘ 2 22 2
Fzmel (x _ laQZ) _ (Flel (Q2>> n Z}WQz (erl (Q2)> . (1.20)

1.5 Results on the elastic electron-nucleus and electron-proton
scattering

A group of physicists at the Stanford University, lead by Robert Hofstadter, conducted a series
of systematic studies on nucleus and nucleon structure using an electron beam accelerated with a
linear accelerator (Linac). The results they published earned Hofstadter a Nobel prize for physics
in 1961.

The results of electron scattering on nuclei showed that they have finite size, in the order of
several fermi, and that they do not have a sharp edge. The group continued with measuring the
electron-proton scattering and the results proved that proton is not pointlike and that it has radius
of approximately one fermi.

The success of the Stanford group lead to the foundation of the Stanford Linear Accelerator Cen-
tre (SLAC) which possessed a new Linac capable of delivering electrons with much higher en-
ergies. The group composed of physicists from SLAC and MIT intended to focus predominantly
on further studies of the elastic scattering and the quasi-elastic scattering, i.e. the production of

7



Chapter 1. The structure of proton

resonances. Only for completeness of their program they also looked into the inelastic contin-
uum which was not accessible for the group lead by Hofstadter in the previous experiment. In
hindsight this research turned out to be the breakthrough which lead to the formulation of the
parton model.

The first results on elastic electron-proton scattering confirmed the results obtained by Hofstadter,
showing the rapid decrease of the elastic form factors with increasing Q2.

1.6 Results on the inelastic electron-proton scattering

The first results on inelastic electron-proton scattering hinted at the possibility of pointlike con-
stituents within the proton. But this idea was at that time rejected by the majority of scientists.
Even though the static quark model was already formulated, the quarks were thought to be only
mathematical constructs and nobody expected them to play any role in high energy scattering
experiments.

There were very few predictions for the behaviour of the inelastic form factors at that time.
However, Bjorken derived a sum rule for the proton and neutron structure functions

dx 1
/; [Ff(x,0*) + F3 (x,0%)] > 3 (1.21)
and Callan and Gross derived a similar one
1
/dx [FY(x,0%) + F3 (x,0%)] < 3 (1.22)

Both of them assumed the limit of Q% — oo.

The most important question of the time was to determine the behaviour of the structure functions
Fi(x,Q?) with Q°. Bjorken suggested that instead of them going to zero very fast with increasing
Qz, as in the case of elastic structure functions, they would remain a nonzero functions of x. This
hypothesis is known as Bjorken scaling.

The new data supported this hypothesis as the structure functions were changing only very slowly
with increasing Q2. But more precise measurements conducted later showed that his scaling
is only approximate and for Q> — oo the structure functions F;(x, %) would go to zero, how-
ever they would do so very slowly. The approximate scaling behaviour of the structure function
F>(x,0?) can be seen in Fig. 1.2 in the lower part of the figure, where the values of x correspond
to the values of x which were accessible for the SLAC-MIT group at that time. The behaviour of
the structure functions at very low x will be discussed later.



1.6. Results on the inelastic electron-proton scattering
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Figure 1.2: Dependence of the structure function F>(x, Qz) on Q? for different values of x. The
NLO QCD fit is compared to data measured by the ZEUS collaboration and the fixed target data
measured at DESY [2].
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1.7 The parton model

Based on these results and using the Bjorken limit of the infinite momentum frame Feynman first
formulated the parton model. He stated that for deep-inelastic collisions the electron instead of
scattering coherently on the whole proton scatters on its constituents as on quasi-free pointlike
particles. The key component of the parton model is the infinite momentum frame. Because in
this frame any transverse momentum of the partons inside the proton can be neglected as well
as the masses of the partons. And the parton four-momentum can be written as p = xP, where
x corresponds to the fraction of the proton momentum P carried by the parton. It is at this point
that the momentum conservation in the collision shows that this x corresponds to the x defined in
Eq. 1.5.

Feynman used the idea of parton distribution functions (PDF) to describe the structure func-
tion F>(x), now only dependent on x as we are in the infinite momentum frame and using the
approximate scaling hypothesis

F(x) =x)_ e fi(x), (1.23)

where e; is the charge of the parton i and f;(x) is the probability of finding the parton i with
momentum fraction x inside the proton. When assuming a simple model for the behaviour of
the PDF one can assume the probability P(N) of having N partons inside the proton and each of
them carrying momentum fraction x = 1/N. With this in mind one can write

N 2
i=1€

! (L€
/0 dxF> (x) = ;P(N)T, (1.24)

thus giving the integral on the left side the meaning of the mean square charge per parton in the
proton. When this value is measured it is 0.17 & 0.01, which is about half the value one would
expect from the static quark model 1/3 = (4/9+4/94-1/9)/3. This implies that there are some
other neutral partons present in the proton. These were later identified as gluons of the Quantum
Chromodynamics (QCD). Another prove for the existence of gluons can be found when looking
into the momentum carried by the constituent quarks. The integral

/lefi(x)dx, (1.25)
(U

summing over all valence and sea quarks in the proton, i.e. (u,d,s,c and their corresponding
antiquarks), gives the fraction of the proton momentum carried by these quarks. This value is
measured to be approximately 0.5 serving as another proof for the existence of electrically neutral
gluons within the proton.
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1.7. The parton model

In the limit of infinite collision energy the function Fj(x,(Q?) is zero and therefore only the
F>(x,0?) is measured but at finite energies it also possible to measure Fi (x, 9%). When this was
done, the results were in good agreement with the Callan-Gross relation

F>(x) = 2xF;(x), (1.26)

which proved that the partons are fermions with spin 1/2. This is one of the measurements which
brought up the idea of connecting partons with the quarks from the additive quark model. Indeed
the partons and quarks are closely related therefore the names are often freely interchanged,
however they are concepts based on different assumptions and therefore are not identical.

Note that the PDF values are not predicted by the parton model, however once extracted from
experimental data they can be used to make predictions.

H1 and ZEUS
h l T T T T T TTT T T T T T TT \‘ T T T LB ‘ T
< p2 = 10 GeV?
08 —— HERAPDF2.0 NLO |
: uncertainties:
I experimental
[ ] model XU
[ parameterisation v

06 HERAPDF2.0AG NLO

0.4

0.2

Figure 1.3: The parton distribution functions xu,,, xd,,xS = 2x(U + D) and xg of HERAPDF2.0
NLO at Q> = 10 GeV? by the H1 and ZEUS collaboration at DESY. The gluon and sea distribu-
tions are scaled down by a factor of 20 [3].
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Chapter 1. The structure of proton

1.8 Saturation

So far only the quark PDF were discussed but as hinted by several measurements there are also
contributions from gluons. These cannot be measured directly with photons as they are electri-
cally neutral, however they can be measured by their contribution to the scaling violation. This
measurement was done by the H1 and ZEUS collaboration at DESY and their results can be seen
in Fig. 1.3.

The interpretation of the observation of sea quarks and gluons within the proton is as follows.
For probe with small energy, the proton seems to be composed of three valence quarks held
together by a static gluon potential. This is visible in Fig. 1.3 for x ~ 0.1. However, a probe with
high energy does not see a static quark potential but can resolve the exchanged virtual quarks
which can also split into virtual quark antiquark pairs or radiate other virtual gluons. This idea is
demonstrated in the diagram in Fig. 1.4. And the resulting image of the proton then corresponds
to the low x region in Fig. 1.3.

s .
N

@)

|
Lk

Y
)7%

Figure 1.4: A schematic diagram of the difference in the structure of the proton as observed by a
lower-energy probe (a) and a higher-energy probe (b).
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1.9. Nuclear shadowing

The splitting and the radiating of gluons cannot go indefinitely, as at some point the density of
the partons inside the proton would be so high that a process of gluon recombination would start
to play a significant role and a balanced state will be reached. This state is called saturation and
it is predicted by QCD, however it has not yet been conclusively observed.

1.9 Nuclear shadowing

When examining the the structure functions for nuclei, one can define the ratio Réz (x,Q?) of the
nucleus structure function F3' (x, Q%) and the structure functions of its constituents AFI"¢1e00 (x, 0?)

FA , 2
R (x,0%) = I F;gdiiinisz) : (1.27)

where A is the atomic mass number of the nucleus and FJU!°"(x, 0?) is taken as the average
nucleon structure function from deuteron

deeuterium ( X, Q2 )
2 )

anucleon (x’ Q2) — (128)
neglecting any nuclear effects there. This ratio can be measured and it has been shown that the
nucleus is in fact not just a simple sum of its constituent nucleons. For the region of x < 0.1 this
ratio turns out to be R*}z < 1. This phenomenon is called nuclear shadowing.

The available experimental data show that shadowing decreases with increasing Q> and increases
with increasing atomic number of the nucleus. Shadowing also increases with decreasing x, there-
fore for measurements of very low x structure functions of high mass nucleus one would expect
very high shadowing. However, the available data show a mild decrease of shadowing which
could be compatible with the onset of saturation occurring in the nucleus at higher x than in the
deuteron. The expected dependence of the saturation scale on A and x can be seen in Fig. 1.5.

Commonly, the underlying reason causing nuclear shadowing is associated with multiple scatter-
ing of the virtual photon inside the nucleus. This results in a modification of the nucleus structure
function with regard to the virtual photon-nucleus cross section [4]

2 1—
Fi(x,0%) = %aejcw_m (1.29)

where O, 1s the electromagnetic coupling constant.

The phenomenological handling of the multiple scattering of the photon inside the nucleus varies
depending on the applied model. For example, the dipole model gives the hadronic part of the
photon’s wave function a partonic interpretation. The vector dominance model just takes a su-
perposition of wave functions of hadrons with the photon quantum numbers. These models are

13



Chapter 1. The structure of proton

further discussed in Sec. 2.4 and the dipole model is reviewed in Chapter 3. Moreover, what is
seen as multiple scattering in the rest frame of the nucleus is seen as recombination in the infinite

momentum frame, i.e. the saturation principle discussed in Sec. 1.8.

10

|n||||| T

-2 1073 107
A 10 y

107°

Figure 1.5: Theoretical model of the saturation scale at medium impact parameter as a function
of the nuclear mass number A and x [5].
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Chapter 2

Ultra-peripheral collisions

At hadron colliders it is not possible to collide leptons with hadrons and study their structure
with DIS as was described in Chapter 1. Only hadron-hadron collisions are possible. However,
in hadronic collisions the colliding particles interact mostly via the strong force and in such a
case it is often complicated to compute the underlying processes from first principles of QCD.
Nevertheless, it is possible to study the inner structure of hadrons using ultra-peripheral collisions
(UPC) which are in a sense similar to deep-inelastic scattering. This chapter is loosely based on
the article ”Ultra-peripheral heavy-ion collisions at the LHC” [6] by J. G. Contreras and J. D.
Tapia Takaki.

2.1 Photoproduction

Ultra-peripheral collisions utilise the fact that when electrically charged hadrons collide at large
impact parameters b (larger than the sum of the radii of the colliding particles R; + R3), the
interaction via the strong force is heavily suppressed by their distance. In these collisions the
hadrons can interact electromagnetically. A diagram of an ultra-peripheral collision can be seen
in Fig. 2.1. When considering collisions of heavy ions or heavy ions with protons one can have
a look at their electromagnetic field. This field is contracted due to the Lorentz boost of the
particles and it can be described as a flux of virtual photons. For photoproduction processes the
virtuality of the photons is very low and they are called quasi real, later in the text denoted y. By
taking the square of the Fourier transform of the electromagnetic form factor the photon flux per
unit are can be described as [6]

OtenZ?
m2b?

n(k,br) = X2 {K%(x) + %Kg(x)} , 2.1)

where k is the photon energy, Z is the charge of the ion, ¥ is the Lorentz boost, x = kb/y and K;
are the Bessel functions.
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Chapter 2. Ultra-peripheral collisions

Figure 2.1: Diagram of an ultra-peripheral collision of two nuclei at an impact parameter b with
charge Z; - e and radii R;, surrounded by a cloud of virtual photons y*.

If one considers the range from by, = R| + R; to infinity, the following integral can be performed
analytically

n(k) = / d*bz n(k,br), (2.2)
and it is computed to be

2 2
=22 [ek@m(e) - KO - K@) @3)

n(k)

where & = kb, /Y. From this relation it is clear, that the intensity of the photon flux increases
with Z2, therefore heavy ions are a copious source of photons. The energy of these photons
increases with increasing Lorentz boost of the particle, therefore high energy accelerators serve
as a powerful source of energetic photons.
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2.2. Two photon production of a dilepton pair

2.2 Two photon production of a dilepton pair

There are two types processes happening during UPC. The first one is a two photon production,
for example of a dilepton pair

y+y—IT+17, (2.4)

where [ = e, 1 (7 have not yet been measured). A diagram of this process can be seen in Fig. 2.2.

Pb Pb

Figure 2.2: Diagram of a two photon production of a dilepton pair in a Pb-Pb ultra-peripheral
collision.

In the lowest order of QED, the integrated cross section for this process is [7]

3— [34n1+ﬁ
2 1-P

Oyy = emﬁ[ -2+ 8%, (2.5)

where § = ,/1—4ml2 /s, m; is the mass of the lepton and /s is the energy of the yy system,
which has to be above the threshold 2m;.
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2.3 Exclusive vector meson photoproduction

A second process happening during UPC is exclusive vector meson photoproduction. A diagram
of a photoproduction of a J/y can be seen in Fig. 2.4. In this process the photon interacts with
the target, i.e. proton or ion (Pb in the diagram) and produces only a vector meson (it has to be a
vector meson due to conservation of quantum numbers). When this vector meson is measured via
its decay into dileptons, it provides a very clear experimental signature. An event display from
ALICE of an ultra-peripheral collision with a vector meson candidate decaying into a dilepton
pair can be see in Fig. 2.3 a) for a vector meson produced at central rapidity and b) for a vector
meson produced at forward rapidity.

(a) Central rapidity ultra-peripheral collision.

(b) Forward rapidity ultra-peripheral collision.

Figure 2.3: Event display of a candidate event for vector meson photoproduction at central ra-
pidity (a) and forward rapidity (b).
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2.3. Exclusive vector meson photoproduction

Pb Pb

Jy

\2

Pb, p Pb, p

Figure 2.4: Diagram of the photoproduction of a J/y vector meson in a Pb-Pb or Pb-p ultra-
peripheral collision.

2.3.1 Ultra-peripheral Pb-Pb collisions

When considering Pb-Pb collisions, the differential cross section for vector meson production is
given by the product of the photon flux N,p, produced by one of the nuclei and the photon-ion
cross section Oypy,. However, as both ions may serve as the photon source or the target, the cross
section is a sum of two symmetrical terms

dopbpb (y)

dy = Nypb (¥, M) Oypp (¥) + Nypp (=3, M) Gp1 (—Y), (2.6)

where y is the rapidity of the vector meson.

The Pb-Pb collision can be divided into three possible categories:

e Coherent production, where the photon interacts coherently with the whole nucleus which
stays intact after the collision. There is a coherence condition also for the photon itself, it is
coherently produced by the electromagnetic field of the source ion. In such collisions, the
typical transverse momenta of the produced vector meson is very low pr ~ 0.06 GeV/c

e Coherent production with nuclear break up. Due to the intense electromagnetic fields the
two colliding nuclei, producing the vector meson, can have another independent interaction
via an exchange of low energy photons. This interaction causes one of the nucleus to
transfer into an excited state. When the nuclei de-excites, it radiates forward neutrons.
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e Incoherent production, where the photon does not interact with the whole nucleus, but
only with a nucleon within the nucleus. Because the nucleon is much smaller than the
nucleus, the average transverse momenta of the produced system is around pr ~ 0.3
GeV/c. Another consequence of the incoherent collisions is the break up of the target
nucleus.

2.3.2 Ultra-peripheral Pb-p collisions

When considering the ion-proton collision, the differential cross section is basically the same
apart form the fact that the proton is a much weaker source of photons. Taking into account the
Z? dependence of the intensity of the photon flux, the term with the proton being the photon
source can be safely neglected, resulting in a simpler formula

dGpr (y )

o Nypo (¥, M) Oy (y)- (2.7)

The Pb-p collisions can be categorised into two groups:

e Exclusive production, where the photon interacts with the whole proton. This process has
the same pr characteristics as the incoherent case for Pb-Pb collisions, i.e. pr ~ 0.3
GeV/c.

e Dissociative production, where the proton is excited to a low mass diffractive state during
the collision and the associated pr reaches values above 1 GeV/c.

2.4 Photoproduction models

All models describing photoproduction cross sections in UPC are based on Eq. 2.6, hence they
have two main components. The photon flux and the photon-nuclear cross section. The two main
approaches concerning the photon flux are based on Eq. 2.1, the first one is the one leading to
Eq. 2.3 and it is called the hard sphere approximation. The second one is integrating the Eq. 2.1
convoluted with the probability of no hadronic interaction. When considering the photon-nuclear
cross section most of the models can be divided into three categories.

2.4.1 Vector dominance models
The vector dominance model (VDM) is based on approximating the ¥ + Pb/p — V + Pb/p col-
lisions by the V + Pb/p — V + Pb/p collision, where the V is the produced vector meson. The

rapidity dependent photon-lead cross section can be expressed as
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2.4. Photoproduction models

do YPb
dr

| alFwp, 2.8)

t=0 * Imin

Gypb(y) =

where F'(¢) is the nuclear form factor and 7 is the momentum transferred in the nucleus vertex.

Taking into account the VDM approximation, the optical theorem relates the photon-lead cross
section with the total cross section oo(V + Pb) as [6]

_ Cem O3, (V +Pb)
=0 412 ,

doypy
dr

(2.9)

where fy is the vector meson-photon coupling. Then, using the Glauber model, the photon-lead
cross section can be expressed by the photon-proton cross section as

Orot(V +Pb) = / d*bz (1 —exp [— 01 (V +p)Tpp(br)]) (2.10)

where Tpy, describes the thickness of the nucleus. The oy (V +p) is obtained by using the optical
theorem in the other direction for proton

2.11)

=0

And again using the VDM approximation, the oy, can be expressed by the photon-proton cross
section as

dovp| _ 2 doy, 2.12)
dt |,_, 470em dt |,_,’ '
where the oy, is parametrised by the following formula
doyp -
SR by (xW YWy 2.13
dr o A\ Yp + P ( )

The parameters by, X, €,Y,n are obtained by fitting to experimental data. This is the model im-
plemented in the STARlight Monte Carlo program [8].
2.4.2 Leading order perturbative QCD models

The models based on leading order perturbative QCD (LO pQCD) in the collinear approach
compute the forward photon-nucleus cross section as
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doypy 16T, 3 o 5
el i N e
dr 0 3M5aem [X A(X7Q )}

g (2.14)
and use it as input for Eq. 2.8. The I',, is the vector meson decay width to electrons, M is the
mass of the vector meson and G4 is the nuclear gluon distribution function. This approach nicely

demonstrates how the measurement of vector meson photoproduction cross section enables us to
examine the gluon distributions.

The G4 is often parametrised as

Ga(x,0%) = gp(x,0%)R; (x,0%), (2.15)

where g, (x, Q?) is the proton gluon distribution function, which are fitted to HERA data, and
R’;} (x,Q?) is the nuclear modification factor introduced in Sec. 1.9.

2.4.3 Colour dipole models

The colour dipole models are based on the idea that the photon fluctuates into a quark-antiquark
pair which forms a colour dipole. The models assume that the fluctuation happens long before
the interaction of the dipole with the target and the formation of the vector meson happens long
after the interaction. More details on the colour dipole model can be found in Chapter 3 where a
discussion of two papers making predictions for vector meson photoproduction cross sections in
UPC within the colour dipole model is presented.
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Chapter 3

Colour dipole models of vector meson
photoproduction in ultra-peripheral
collisions

Predictions for vector meson photoproduction cross section in ultra-peripheral collisions within
the colour dipole model from two papers are reviewed in this chapter. First, the predictions by
T. Lappi and H. Mintysaari [9] are presented. Then, the the predictions by V.P. Gongalves and
M.V.T. Machado [10] are presented.

3.1 J/y production in ultra-peripheral Pb-Pb and p+Pb col-
lisions at energies available at the CERN Large Hadron
Collider

”J /y production in ultra-peripheral Pb-Pb and p+Pb collisions at energies available at the CERN
Large Hadron Collider” [9] is a paper by T. Lappi and H. Méntysaari.

In the dipole picture the virtual photon emitted by the lead nucleus fluctuates into a quark-
antiquark colour dipole which then can strongly interact with the target. The dipole model is
valid only for small Bjorken x, thus an x < 0.02 condition is required for the target parton. The
dipole-proton cross section can be expressed like
dog;,
dz—bT<bT,l‘T,x]p) = ZN(FT,bT,x]p>, (31)

where br is the impact parameter of the y-p collision, rr is the transverse size of the dipole, xp
is the Bjorken variable of DIS in a diffractive event and  is the imaginary part of the forward
dipole-proton scattering amplitude.
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The dipole-proton amplitude N satisfies the Balitsky-Kovchegov (BK) evolution equation. The
best approach would be to fit the initial conditions of the BK evolution equation to the available
data from DIS, solve the BK equation and use the computed dipole amplitude.

For this calculation it is necessary to know the impact parameter dependence of the amplitude.
However, when the impact parameter dependence is added to the BK equation, it leads to a non-
physical growth of the size of the proton. Therefore, two phenomenological dipole cross section
parametrisations, including realistic impact parameter dependence, were used.

First one is the IIM [11] dipole cross section which includes the most important features of the
BK evolution. The values of the parameters for the cross section are taken from a fit to HERA
data [12]. The second model is a factorised approximation of the IPsat model with eikonalised
DGLAP (Dokshitzer—Gribov—Lipatov—Altarelli—Parisi) evolved gluon distribution [13, 14].

In the IIM model the impact parameter dependence is factorised as
p
do;

dzbi;") (bT, rT,x) = 2Tp(bT)N(rT,x). (3.2)

Based on [15], the impact parameter profile function is chosen as

T,(br) = exp (—b*/2B,), (3.3)

where B, = 5.59 GeV 2.

In the [Psat model the impact parameter dependence is included in the saturation scale as

di;’ (br,rr,x) =2 [1 —exp (=F (x,)) T, (br))], (3.4)

where r = |r7| and T, (br) is defined same as in Eq. 3.3, but with B, = 4.0 GeV 2. F(x,r) is
proportional to the DGLAP evolved gluon distribution and is equal to

1 , C , C
F(x, r) = Zﬂsz_]VCaS (“0 —|— ﬁ) X8 (x, ‘U,O —|— r_2> y (35)

where N is the number of colours, C = 4 and ug = 1.17 GeV? [14]. Following [16] Eq. 3.4 is
replaced by a factorised approximation

p
deip

b, (br,rr,x) = 2T,(br) [1 —exp (—r*F(x,r))], (3.6)

where T),(br) and F (x, ) stay the same. This approximation transforms the IPsat parametrisation
to the form of Eq. 3.2 with V(r,x) = [1 —exp (—r*F(x,r))] and it is denoted as fIPsat.
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3.1. J/y production in ultra-peripheral Pb-Pb and p+Pb collisions at energies available at the
CERN Large Hadron Collider

The quasi-elastic (coherent and incoherent) vector meson production cross section in nuclear
DIS is

dGV*A—>VA B R§(1 _|_B2

& 6n (145,02 1)) (3.7)

where —Q2 is the virtuality of the photon, A7 is the transferred momentum, 1 + [32 accounts for
the real part of the amplitude and the R, is a correction for the skewedness effect (gluons in the
target having different x). The prescription for these factors is taken from [17]

B = tan%, (3.8)
2PHIT(A45/2)
Re = & T4 )
where
dlnA
A = 8ln—1/x[p' (3.10)

The correction terms are important in the absolute normalisation of the cross section and are
necessary to describe HERA data.

For the coherent cross section the amplitude A is squared after averaging ,| (A)y |2, and for the
incoherent cross section the variance is used <|A|2>N — [ {A)y|*. To compute the average values
the following formula is used [18]

>

©(briDn = [ T] [T (br)] O{brs}). (3.11)

i=1

It is the average over the position of the nucleon in the nucleus. 7y is the Woods-Saxon distribu-
tion with nuclear radius R4 = (1.124'/3 —0.86A~!/3) fm and surface thickness d = 0.54 fm.

The imaginary part of the scattering amplitude A is the Fourier transform of the dipole-target
cross section Ogjp from impact parameter by to momentum transfer Ar, contracted with the
overlap between the vector meson and the virtual photon wave function

deip

dz .
2 — 2 2 * 2 —ibr-A
A(xp, 0", Ar) /d rr _47r/d br W5 W](r, Q%,z)ePTAT b

(br,rr,xp).  (3.12)

The Boosted Gaussian and the Gauss-LC parametrisations [14] are used to describe the overlap
of the wave functions of the photon splitting into the quark-antiquark pair and of this pair forming
the vector meson.
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Chapter 3. Colour dipole models of vector meson photoproduction in ultra-peripheral collisions

For a large and smooth nucleus the averaged amplitude is

d .
<A(XIP7Q27AT)>N:/ﬁderdsze_le.AT[\PT/T](’;Qzaz)
x 2 [1—exp{—2aB,ATA(b)N (r,xp) }]. (3.13)

At large transferred momentum —¢ = A7? the cross section is strongly dominated by the inco-
herent contribution. Therefore the incoherent cross section at large |f| is the total quasi-elastic
cross section which can be computed as the average value of the squared amplitude <|A|2>N.
This approach results in [16]

2 dz d/
([ Al (xe.0%.07)) = 1678, / dby / Prrdrr

S 2 I\ a—ByAT? 2B, ATy ()N (PN ()] BN (r)N (') Ta(b) )
x [PyP](r, 0%, 7 )e e (l—27erTA(b) N LN ) (3.14)

(¥ (r, 0%,2)

Following [19] the vector meson production cross section in nucleus-nucleus (or proton-nucleus)
collisions is factorised as the product of the photon flux generated by one of the nuclei and the
photon-nucleus cross section

GpAaJ/wA:/dw”((f)") GYA—>J/II/A((D)’ (3.15)

where 674 /¥4 is the photon-nucleus cross section, n(®) is the photon flux, ® = (My /2)e is
the energy of the photon, My is the vector meson mass and y is the vector meson rapidity.

In nucleus-nucleus collision both of the nuclei can act as the photon source, therefore

dGA 1A2—>J/I[IA 143

& = n2(y)a™ (y) + 11 (—y) 7 (<), (3.16)

In proton-nucleus collision the proton can also act as the photon source, but as the generated
photon flux is proportional to the square of the electric charge of the emitting particle, the case
when the photon is emitted from the nucleus dominates.

The Bjorken x of the probed gluon, denoted xp, is

Xp = Mve_y/\/SNN. (317)

For forward and backward rapidity this means either a small energy photon scattering off a large-
x gluon or a large energy photon scattering off a small-x gluon. At mid rapidity only a moderately
small-x gluons are probed. The presented predictions should be most reliable in this region.
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3.1. J/y production in ultra-peripheral Pb-Pb and p+Pb collisions at energies available at the
CERN Large Hadron Collider

A comparison of the predictions of coherent J/y photoproduction cross section with the ALICE
data [20, 21] can be seen in Fig. 3.1.

Pb +Pb —J/¥ +Pb +Pb, \/5xy =2.76 TeV

— fIPsat
--- 1M
3 ¢ ALICE |

£

1©

Figure 3.1: The coherent J/y photoproduction cross section prediction for Pb-Pb collisions at
/SNN = 2.76 TeV computed with the fIPsat and 1IM parametrisations and the Boosted Gaussian
(thin blue lines) and Gauss-LC (thick black lines) wave functions compared with the ALICE data
(120, 21]) [9].

The ALICE data seems to favour the fIPsat model over the IIM model. With regard to this, the
most important difference between the models is the impact parameter dependence. The IIM
parametrisation uses B, = 5.59 GeV 2, which comes from a fit to inclusive J/y production
and the IIM model is close to the value measured for the inclusive J/y production. The IPsat
parametrisation has smaller B, = 4.0 GeV 2, which comes from a fit to exclusive J /v production
measured by HERA, therefore the fIPsat model is considered more reliable for the exclusive J/y
photoproduction.

The ALICE data also seems to favour the Gauss-LC wave function over the Boosted Gaussian,
therefore the fIPsat model with the Gauss-LC wave function is considered to be the most reliable
combination.

The PHENIX collaboration has measured the coherent J/y photoproduction cross section in

Au+Au collisions at \/syy =200 GeV to be dGJ/d—“;*X” V03— 76+ 31 (stat) £ 15 (syst) ub [22].
y|<0.

And the fIPsat dipole cross section parametrisation with the Gauss-LC wave function predicts
109 ub.
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Chapter 3. Colour dipole models of vector meson photoproduction in ultra-peripheral collisions

The presented results are slightly higher than the measured values, but the rapidity dependence is
reproduced correctly. The fIPsat model with the Gauss-LC wave function is consistently above
all data points by a factor of approximately 1.4. Note that all the parametrisations used are older
than the ALICE data. They describe well the HERA data, but no nuclear data were used to
constrain them. The normalisation error is most likely caused by the skewedness correction. The
corrections is larger for ALICE data than for HERA data, making it less reliable.

The prediction for the incoherent J/y photoproduction cross section can be seen in Fig. 3.2.

4 -3 -2 -1 0 1 2 3 4
Y
Figure 3.2: The incoherent J/y photoproduction cross section prediction for Pb-Pb collisions at

V/SNN = 2.76 TeV computed with the fIPsat and IIM parametrisations and the Boosted Gaussian
(thin blue lines) and Gauss-LC (thick black lines) wave functions [9].

The normalisation of the different models varies quite a lot again, but the rapidity dependence
remains very similar. Now the normalisation is larger for the fIPsat model, this is due to different
impact parameter parametrisation, see [16].

In Fig. 3.3 is presented the prediction for the ¢ distribution of the J/y photoproduction at mid
rapidity (xp =~ 0.001).

The ¢ distribution for incoherent J/y production cross section directly measures the spatial dis-
tribution of partons (gluons) in the nucleon.

In Fig. 3.4 is presented the prediction for the rapidity dependence of the J/y photoproduction
cross section in proton-lead collisions (the photon-nucleus scattering is required to be coherent).
The difference between the model’s normalisation is reduced, because the dominant process is
now the photon-proton scattering, which is constrained by HERA data.
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3.1. J/y production in ultra-peripheral Pb-Pb and p+Pb collisions at energies available at the
CERN Large Hadron Collider

-4
100.00

Figure 3.3: The coherent (thick lines) and incoherent (thin lines) J/y photoproduction cross sec-
tion in lead-lead collision at /sy = 2.76 TeV as a function of momentum transfer ¢ at midra-
pidity y = O using the Gaus-LC wave function [9].

14¢

12¢

10¢

do/dy [pb]

0

Figure 3.4: The J/y photoproduction cross section in proton-lead collisions at ,/syn = 5.02 TeV
computed using the fIPsat and IIM parametrisations and the Boosted Gaussian (thin blue lines)
and Gauss-LC (thick black lines) wave functions. The proton is moving in the negative y direc-
tion [9].
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Chapter 3. Colour dipole models of vector meson photoproduction in ultra-peripheral collisions

In Fig. 3.5 the incoherent J/y photoproduction cross section in lead-lead collision is divided
by App times the coherent J/y photoproduction cross section in proton-lead collision, both at
V/SNN = 2.76. Because in proton-lead ultra-peripheral collisions the main process is a photon-
proton collision, the above mentioned ratio is the nuclear transparency ratio, which measures the
absorption of the colour dipole as it propagates through the nucleus.

007——=3=2 =1 0 1 2 3 4
Y

Figure 3.5: The nuclear transparency ratio at \/syny = 2.76 TeV computed using the fIPsat and
IIM parametrisations and the Boosted Gaussian (thin blue lines) and Gauss-LC (thick black lines)
wave functions. The proton is moving in the negative y direction [9].

3.2 Vector Meson Production in Coherent Hadronic Interac-
tions: An update on predictions for RHIC and LHC

”Vector Meson Production in Coherent Hadronic Interactions: An update on predictions for
RHIC and LHC” [10] is a paper by V.P. Gong¢alves and M.V.T. Machado.

The coherent vector meson (V') photoproduction cross section in a hadron-hadron collision is
given by

) dNy(®) do
G(hh—>Vh):2/ da)/dt 1o E(Wyh,t), (3.18)

WOpmin
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3.2. Vector Meson Production in Coherent Hadronic Interactions: An update on predictions for
RHIC and LHC

ng(E)w) is the equivalent photon flux, % (Wyh,t) is the differential cross section for the

process (Yh — Vh), @ is the photon energy, Wi = M /4ym,, is the minimum photon energy
with My being the vector meson mass, ¥, is the Lorentz boost of a single beam, m,, is the mass
of a proton, Wyzh =2 m,/snN is the c.m.s energy of the photon-hadron system with /sy is the

where

c.m.s energy of the hadron-hadron system and t = —A?, where A is the transferred transverse
momentum.

For ultra-peripheral collisions the equivalent photon flux of a nuclei can be approximated as
[23, 19, 24]

ANy (®)  2Z%0pm [, . I T CE
o - 1o |MK@MK@)+UM)|, (3.19)

where Z is the charge of the hadron, ¢, is the fine-structure constant, Ko(7) and K;(7) are
the modified Bessel functions, 7 = @ (2R;)/y. with R;, being the hadron radius and U(7) =
K7 (1) — K3 (). The factor 2 in Eq. 3.19 takes into account that both nuclei can act as the either
the source or the target.

For proton-proton collisions the photon flux is given by [25]

20 \? 11 1
1+<1— ® ) (1n£z——+3 . ) (3.20)
\/SNN

6 0 202 308
where @ = 1+[(0.71GeV?)/Q2. Jand Q% = @*/[v} (1 -20/\/snN)] =~ (00/1.)%

Within the colour dipole approach, the vector meson (V) production amplitude is calculated as
[26, 27, 14]

dNY(w> Oem

do 27T @

ATV (3 02, A) = / dz &P (B W) 1p Ay (x,r,A) (3.21)

where x is the Bjorken variable, Q? is the photon virtuality, z (1 —z) is the longitudinal mo-
mentum fraction of the quark (antiquark), r is the transverse size of the dipole, (‘PV*‘P)T,L 1S
the photon-vector meson wave function overlap and 4,; is the dipole-target elastic scattering
amplitude, which is connected to the scattering amplitude N (x,r,b) by [14]

A r,d) = i / be AN (x,1,b) | (3.22)

where b is the impact parameter. With Eq. 3.22 the amplitude for the exclusive vector meson
photoproduction can be expressed as
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A?Z—Wh(x, 0%,A) = i/dz d?r d2be P~ (1=2rA (g ) L O A (2,1, ), (3.23)

where the [i(1 — z)r]A factor arises from non-forward corrections to the wave functions [28].

The differential cross section for exclusive vector meson photoproduction is given by

dGTyL

1
o (V= VR = o JAT P (e, 02 AP (14 57), (3.24)

where f is the ratio of the real to imaginary part of the scattering amplitude. The skewedness
corrections are also taken into account, for details see [14, 27].

The scattering amplitude N (x,r,b) contains all information about the target and the strong inter-
action physics. For the photon-nucleus collision the scattering amplitude can be assumed to be
given by [29]

N(x,r,b) = { 1 —exp [—%ATA(b) Ouip (X, r)} } , (3.25)

where T4 (b) is the nuclear profile function and oy, (x,r) is the IIM [11] parametrisation of the
dipole-nucleon cross section.

For the photon-proton collision the scattering amplitude can be described by the MPS [30] non-
forward saturation model, which describes well the dependence on energy, photon virtuality and
momentum transfer in HERA data. The dipole-target elastic scattering amplitude in the MPS
model is given by

Agg(x,r,A) = o9 e_B‘tU\/'(rQsat(x, lt]),x), (3.26)

where 0y is the normalisation parameter, the B parameter has value B = 3.754 GeV~2[30] and

1 A
G = G50 +elr) (1) 627

The rapidity distribution of the coherent vector meson photoproduction can be computed as

do h+h—h®V®h dey(a))

dy do

Oynsvi (@), (3.28)
where ® represents a rapidity gap.
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3.2. Vector Meson Production in Coherent Hadronic Interactions: An update on predictions for
RHIC and LHC

The prediction for the rapidity distribution of J/y and Y photoproduction cross section in p+p
collisions at /s = 7 TeV at the LHC is presented in Fig. 3.6.

s"2 _ 7 TeV — —— Y (x100)

Figure 3.6: Prediction for the rapidity distribution of J/y and Y photoproduction cross section in
p+p collisions at /s =7 TeV at the LHC [10].

At central rapidity the photoproduction cross section is 6jl—c’(y =0) ~ 6.5 nb (18 pb) for J/y (Y).
.. . Y . .

In Table 3.1 are presented predictions for the integrated photoproduction cross sections (produc-

tion rates) assuming a luminosity gfﬁc =10’ mb~Is~ 1

The prediction for the rapidity distribution of the p and J/y photoproduction cross sections in
Au+Au collisions at y/s = 200 GeV at RHIC is presented in Fig. 3.7. In Table 3.1 are presented
predictions for the integrated photoproduction cross sections (production rates) assuming a lu-
minosity e = 0.4 mb~ s~

In Fig. 3.8 is presented the prediction for the rapidity dependence of the ratio between the J/y
and p photoproduction cross sections. The presented prediction is without the correction for mu-
tual nuclear excitation, which is rapidity dependent and for the integrated cross section gives an
overall suppression factor of 1/10 [31]. The presented ratio J/w/p should have small sensitivity

0
to the correction and at mid rapidity % / %y/"’) ~1.2x10%
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Figure 3.7: Prediction for the rapidity distribution of p and J/y photoproduction cross section in
Au+Au collisions at /s = 200 GeV at the RHIC [10].
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Figure 3.8: Prediction for the rapidity dependence of the ratio between the J/y and p photopro-
duction cross sections [10].
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RHIC and LHC

The prediction for the rapidity distribution of p and J/y photoproduction cross section in Pb-Pb
collisions at /syy = 2.76 TeV at the LHC is presented in Fig. 3.9.
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Figure 3.9: Prediction for the rapidity distribution of p and J/y photoproduction cross section in
Pb-Pb collisions at /syy = 2.76 TeV at the LHC [10].

At central rapidity the photoproduction cross section is fl—‘y’(y =0) ~ 3.8 mb (470 mb) for J/y
(p). And in Table 3.1 are presented predictions for the integrated photoproduction cross sections
(production rates) assuming a luminosity Z555° = 0.42 mb~!s~1.

Meson | RHIC (Au+Au) LHC (Pb-Pb) LHC (p+p)
p 609.7 mb (256.0) | 4276 mb (1796.0) —
Iy 0.51 mb (0.20) 20 mb (8.40) 63.70 nb (637.0)
T — — 0.18 nb (1.80)

Table 3.1: The integrated cross section (events rate/second) for vector meson photoproduction in
p+p and A+A collisions at RHIC and LHC energies [10].

35






Chapter 4

The ALICE experiment

To be able to make measurements of the cross section for vectors meson photoproduction at the
energies discussed above, a vast experimental infrastructure is necessary. The ALICE experiment
at CERN used to measure the data analysed and presented in this thesis is discussed in this
chapter. The technical information presented in this chapter are taken from [32].

4.1 The Large Hadron Collider at CERN

The European Organisation for Nuclear Research (CERN) is a research organisation founded
in 1954. It has 23 Member States, 7 Associate Members States and it has various co-operating
scientific agreements with many other countries. More then 17 500 people of 110 nationalities
are working together on the CERN scientific program.

The main goal of CERN is to provide scientist with an unique infrastructure necessary for their
research. The primary focus of CERN is to maintain the CERN accelerator complex which can
be seen in Fig. 4.1.

The Large Hadron Collider (LHC) is the largest particle accelerator in the world and it is the last
link in the CERN accelerator complex. It has two beam pipes with a circumference of 27 kilo-
metres. The particles in the beam pipes are guided by 1 232 dipole magnets and 392 quadrupole
magnets, all of which are cooled by super liquid helium to —271.3°C. The particles are circulat-
ing in opposite directions in the two vacuumed beam pipes before they are collided at the four
experimental sites (ATLAS, CMS, ALICE, LHCb).

The LHC provides collisions of protons on protons, protons on Pb ions, and Pb on Pb. It also
provided collisions of Xe on Xe. All these collisions have been performed at the highest energies
ever in the laboratory.
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The CERN accelerator complex
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Figure 4.1: Schematic layout of the CERN accelerator complex with all of its accelerators, ex-
periments and their connections [33].

4.2 ALICE

A Large Ion Collider Experiment (ALICE) is a general-purpose heavy ion detector. Its main
goal is to study the quark-gluon plasma at extremely high temperatures and densities reached
in heavy ion collisions. However, it can also be used to measure ultra-peripheral collisions. The
ALICE detector is taking data also during proton-proton collisions to serve as a reference for the
heavy ions measurements. The ALICE detector was build and is maintained by a collaboration
consisting of more than 1 500 scientists from 37 countries.

A schema of the ALICE detector can be seen in Fig. 4.2, its dimensions are 16x16x26 m>
and its overall weight is approximately 10 000 tuns. The detector is composed of a central part
measuring hadrons, electron and photons, and a forward spectrometer focused on muons.
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Figure 4.2: Cross section schema of the ALICE detector with the description of all of its subde-
tectors [34].

The central barrel has coverage in polar angle from 45°to 135°and full in azimuthal angle. It is
located inside a solenoid magnet, reused from the L3 experiment, which provides a magnetic
field of 0.5 T. The central barrel is composed of an Inner Tracking System (ITS) with six layers
of high precision silicon pixel (SPD), strip (SSD) and drift (SDD) detectors, a Time Projection
Chamber (TPC), a Time-of-Flight (TOF), a High Momentum Particle Identification Detector
(HMPID) based on Ring Imaging Cherenkov (RICH) counters, a Transition Radiation Detector
(TRD) and two electromagnetic calorimeters (PHOS and EMCal).

Several detectors measuring at small angles (ZDC, PMD, FMD, TO, VO, AD) are used for trig-
gering and event characterisation. Some of which are discussed in more detail in this chapter.

The forward muon spectrometer is covering polar angles from 171°to 178°and full in azimuthal.
It is composed of absorbers, tracking plates, magnet and trigger plates.

4.2.1 Muon spectrometer

The muon spectrometer was designed with the intention to measure the complete spectrum of
heavy vector mesons, i.e., heavy quarkonia such as J/y, ¥/ T, Y Y" as well as the lighter ¢,
via its dimuon decay. Moreover, the unlike-sign continuum can be measured up to masses of
10 GeV/c?. Since this continuum is mainly coming from open flavour mesons, it enables studying
the production mechanisms of these mesons.
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Chapter 4. The ALICE experiment

As the main limitation for the accuracy of these measurements is the small size of the corre-
sponding cross section, the acceptance of the detector was designed to be as large as possible.
The muon spectrometer coverage when expressed in pseudorapidity is —4.0 < n < —2.5. The
semi-forward pseudorapidity region —2.5 < 11 < —1.0 can cover charmonium production when
one of the decay products is detected in the central barrel and one in the forward muon spectrom-
eter. The longitudinal cross section of the muon spectrometer can be seen in Fig. 4.3.

To be able to resolve the Y resonances a resolution of 100 MeV/c? in the 10 GeV/c? region is
necessary. This requirement governs the strength of the magnetic field and the granularity of the
tracking plates in the tracking system. Moreover, to minimise multiple scattering the material of
the absorbers and the detectors was carefully optimised.
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Figure 4.3: Blueprint of the longitudinal cross section of the forward ALICE Muon spectrometer
and all of its parts [32].

Absorbers

The front absorber, made out of carbon and concrete, is located inside the solenoid magnet and
itis 4.13 m long corresponding to ~ 10 A;, and ~ 60 Xj. The spectrometer is protected from the
background caused by residual gas interactions by a dense beam pipe shield made of tungsten,
lead and steel. To shield the trigger chambers a 1.2 m thick muon wall made out of iron is
installed in front of them. The size of the muon filter corresponds to ~ 7.2 A;, and together with
the front absorbers it stops muons with momentum smaller than 4 GeV/c.
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Tracking system

A space resolution of 100 pum is necessary in order to achieve the required invariant mass reso-
lution. Cathode pad chambers were used to accomplish this. They are organised in five stations
composed of two planes in order to get two dimensional location information. The first two sta-
tions are located before the dipole magnet and as they are closer to the interaction point (IP)
they have finer granularity. This is done with quadrant structure where the readout electronics is
located on the surface of the pads. A photo of the first station can be seen in Fig. 4.4 where pads
as small as 4.2 x 6.3 mm? were used.

Figure 4.4: Photo of the first tracking station of the ALICE Muon spectrometer with the individ-
ual cathode pads visible [35].

The third station is located inside the 0.7 T dipole magnet and the last two stations are placed
behind the magnet. These stations do not require such a fine granularity and therefore they are
made with the slat architecture where the electronics is situated on the sides of the slats. The
photo of the dipole and the fourth and fifth tracking station can be seen in the left part of Fig. 4.5,
where the largest slats have dimensions of 40 x 280 cm?. Both the slats and the quadrants overlap
in order to avoid dead space in the detector.
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Figure 4.5: Photo of the ALICE Muon spectrometer. From left, the magnet surrounding the third
tracking station, the fourth and fifth tracking station and the absorber protecting the two stations
of muon trigger.

Trigger system

For heavy ion collisions with high multiplicity the muon spectrometer is hit by approximately
eight low pr muons from 7 and K decays per event. In order to be able to measure the high pr
muons coming from quarkonia decays a trigger is necessary.

The trigger is constructed from Resistive Plate Chambers (RPC) with spatial resolution better
than 1 cm. The RPC are arranged in four planes grouped in two stations located behind the muon
filter, this can be seen on the right side of Fig. 4.5. Each plane consists of 18 RPC with the
approximate size of each module being 70 x 300 cm?.

The trigger can perform two pr cuts (high and low) in the range from ~ 0.5 GeV/c to ~ 2 GeV/c.
This allows to produce six trigger signals: at least one muon track above the high/low pr cut,
at least two unlike-sign muon tracks above the high/low p7 cut and at least two like-sign muon
tracks above the high/low pr cut.

4.2.2 Zero-Degree Calorimeter

The Zero-Degree Calorimeter (ZDC) can detect the non-interacting spectator nucleons in a heavy
ion collision and thus help to measure the centrality of the collision. There are two sets of
hadronic ZDC located 112.5 m from the interaction point on both sides of the ALICE detec-
tor.
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The spectator protons are deflected by the magnetic field of the LHC dipoles from the spectator
neutrons. Therefore, two detectors are necessary to measure all spectator nucleons. For neutrons
the detector (ZN) is located between the two beam pipes at 0°angle with respect to the LHC
beam. For protons which are deflected the detector (ZP) is located externally on the side where
the positive particles are deflected. A diagram (left) and a photo (right) of the ZDC with respect
to he LHC beamline can be seen in Fig. 4.6.

Beam pipes

Figure 4.6: Schema (left) and photo (right) of the frontal view of the Zero-Degree Calorime-
ter. [32, 36].

The ZN and the ZP are sampling calorimeters using a passive material to evolve a shower which
then produces Cherenkov radiation in quartz fibres embedded in the passive material. The quartz
fibres were selected due to their radiation hardness, as the ZDC is subjected to high radiation
environment. Due to space limitations of the beam pipes the ZN is made out of a dense tungsten
alloy with dimensions of 7.04 x 7.04 x 100 cm?. The ZP is not a subject to such stringent
constrains and therefore it is made out of brass, moreover the spacial distribution of the protons
is wider than for neutrons and therefore the dimensions of the ZP are 12 x 22.4 x 150 cm?.
Both the ZN and the ZP are located on moving platforms which can retract them from the beam
horizontal plane when not in use.

The passive material of the ZDC is made out of metallic stacks with groves in the beam direction
which are nested with the quartz fibres. The spacing of the fibres is smaller than the radiation
length of the absorber material resulting in 1936 fibres for the ZN and 1690 for the ZP. For
each hadronic ZDC there are five photomultiplier tubes (PMTs), the ZDC is divided into four
quadrants on readout and every other fibre is connected to the PMT corresponding to its quadrant
while the rest are connected to one common PMT for the whole detector. This makes the detector
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also position sensitive and enables to make estimations on the centroid of the incoming nucleons.
Photos of the ZN (left) and ZP (right) can be seen in Fig. 4.7.

Figure 4.7: Photos of the ZN (left) and ZP (right) detectors [37, 38].

4.2.3 VO detector

The VO detector serves as a minimum bias trigger by measuring primary and secondary particles
produced during both proton and ion collisions. As the number of detected particles is linearly
proportional to the number of produced primary particles, the VO enables centrality estimation
by measuring the collision multiplicity. The VO detector can help to identify false events, e.g.,
from collisions with the residual gas in the LHC beamline. This is especially important for the
muon spectrometer as the muon trigger alone has a high background triggering rate and when
combined with the VO trigger the background is strongly suppressed. Lastly, the VO detector also
serves for luminosity measurement.

The VO detector is a scintillator counter. It consists of two scintillating arrays on the opposite
sides from the interaction point called VOA and VOC. The VOA is located 340 cm from the inter-
action point on the opposite side from the muon spectrometer. The VOC is located 90 cm from the
interaction point and it is fixed to the face of the forward absorber. The pseudorapidity coverage
of the VOA and VOC detectors is 2.8 < Nyoa < 5.1 and —3.7 < nyoc < —1.7 respectively. Each
of the two arrays is divided into 32 cells arranged into four concentric rings. And each of these
cells is measuring the signal produced by the incoming particles as well as the time of arrival of
the signal. Photos of both of the VOA (left) and VOC (right) detectors can be seen in Fig. 4.8.
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Figure 4.8: Photos of the VOA (left) and VOC (right) detectors [32].

The VOA detectors is made out of a 2.5 cm thick scintillating material with 1 mm diameter
Wavelength Shifting (WLS) fibres spaced out by 1 cm and embedded into the faces of the 32
arrays. The 32 arrays are spaced in four concentric rings each divided into eight symmetric
sectors. The PMTs for the VOA are located on the VOA support in groups of four and they are
connected directly to the WLS fibres.

The VOC detectors is made out of a 2.0 cm thick scintillating material with 1 mm diameter WLS
fibres glued to the radial sides of the individual cells in groups of nine. There are 48 cells of
this type arranged in two inner rings of eight counters and two outer rings of sixteen counters
coupled in pairs to make a single detection element. The PMTs for the VOC are located on the
forward absorber in groups of eight and they are connected to the WLS fibres by 3.22 m long
optical fibres.

4.2.4 The ALICE Diffractive detector

The ALICE Diffractive (AD) detector was installed between the years 2013 and 2014 during the
Long Shutdown 1 and substantially extended the pseudorapidity coverage of the ALICE detector
in Run 2. This enabled to significantly increase the trigger efficiency for diffractive and forward
processes and suppress their contamination with background. The AD detector is also used to
measure luminosity.

The AD detector consists of two stations (ADA, ADC) installed on opposite sides from the
interaction point. The ADA is installed 16.95 m from the interaction point covering rapidity
range 4.8 <M < 6.3 and the ADC is installed 19.57 m from the IP covering rapidity range
-7.0<n < —-409.

The ADA and ADC are composed of eight cells of scintillating plastic with dimensions of 216
mm X 181 mm x 25 mm. These cells are grouped in two layers of four quadrants around the
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beamline with WLS bars attached (not glued) to two sides of each cell. Each WLS bar is con-
nected via 96 optical fibres to a PMT. The AD measures the intensity of the detected signal as
well as the time of arrival of the signal. A schema and a photo of one station of the AD detector
can be seen in Fig. 4.9.

Scintillator

rl

WLS

Figure 4.9: Schema (left) and photo (right) of the ALICE Diffractive detector [39].

4.2.5 UPC triggers

The interaction rate at the ALICE detector is so high that we cannot record every collision.
ALICE is limited by the bandwidth of the electronics, by the storage necessary to save the data
and by the processing power necessary to process the data. Therefore, we want to measure only
events which have signatures of processes which we are interested in. For UPC events, where a
dilepton pair is produced, the signature is very clear as shown in Fig. 2.3. Therefore, we want to
measure only events with two lepton tracks in an otherwise empty detector. Triggers solve both
of the problems discusses above.

The triggers used in data taking are composed as logical combinations of requirements based on
information coming from different detectors. For the UPC muon triggers the following trigger
elements are used:

e OVBA =signal in VOA in beam-beam timing
e OVBC =signal in VOC in beam-beam timing

e OUBA =signal in ADA in beam-beam timing
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OUBC = signal in ADC in beam-beam timing

OMSL = single muon over low pr threshold in muon trigger

e OMUL = unlike sign di-muon over low pr threshold in muon trigger

OMLL = like sign di-muon over low pr threshold in muon trigger

When the triggers are constructed they are created by joining the trigger elements with logical
”and” denoted by ”&”. Besides the trigger elements defined above, also their logical opposites
are used which are denoted by ”’!” before the name of the trigger element.

UPC triggers for the muon spectrometer for 2015 data taking of Pb-Pb collisions were defined
as:

e CMUPI10-B-NOPF-MUFAST = !|0VBA & !0UBA & |0UBC & OMSL
e CMUPI11-B-NOPF-MUFAST = |0VBA & !0UBA & !0UBC & OMUL

e CMUPI13-B-NOPF-MUFAST = !|0UBA & !0UBC & OMUL

UPC triggers for the muon spectrometer for 2018 data taking of Pb-Pb collisions were defined
as:

e CMUP6-B-NOPF-MUFAST = |0VBA & OMUL
e CMUPI11-B-NOPF-MUFAST = |0VBA & !0UBA & !0UBC & OMUL

e CMUP26-B-NOPF-MUFAST = !|0VBA & !0UBA & |0UBC & OMLL

4.3 Software

4.3.1 AliRoot framework

The AliRoot framework is being developed continuously since 1998 by the ALICE collaboration.
It is using ROOT as its foundation and it is build using object oriented techniques. It is fully
written in C++ except few external programs hidden from the users which are still in FORTRAN.
This is complemented by the AliEn environment which grants access to the computing grid,
enabling physicist to use computing resources necessary for their analysis.

The main ideas taken into account for the development of the AliRoot framework were reusabil-
ity and modularity. The modularity is manifested through independence of different parts of the
code and by the possibility to easily exchange a given module (e.g. transport Monte Carlo model)
without affecting the analysis process. The reusability is complemented by the modularity and it
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is further assured by focusing on maximum backward compatibility as the system develops over
time.

The AliRoot framework contains Monte Carlo event generators, the description of the geometry
of the ALICE detector to simulate the detector response for passing particles, the data coming
from the different ALICE subdetectors, the analysis tools, such as ROOT, used for data process-
ing and more. This enables physicists to use the AliRoot for a vast range of tasks.

4.3.2 ROOT and RooFit

ROQOT is an object oriented toolkit written in C++ and developed at CERN. It enables data
processing, data analysis, data visualisation and storage. It is designed to be able to process large
amounts of data very efficiently. Roofit is an extension to ROOT mainly focused on modelling
and fitting of physics data distributions. It enables to easily construct toy Monte Carlo data sets,
use unbinned maximum likelihood fits and work with probability density functions.

4.3.3 LEGO trains and nano-AOD

The data recorded by ALICE is stored in a raw format. After calibrations an intermediate data
format is created, called the ESD (event summary data). From this data, the final format to be
used by physics analyses is created, the AOD (analysis object data).

To analyse effectively the large amount of data, there is a system called LEGO-train, where each
wagon is an analysis task. In the case of UPC data, the LEGO-train is used to extract the UPC
triggered events, that is, there is no analysis, just the production of files which have exclusively
UPC triggered events. As the events are very small, the final set of data (called UPC nano-AOD)
can be analysed by each user individually without incurring in a large overhead. The UPC nano-
AOD are the initial input for my analysis.
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Chapter 5

Previous measurement of coherent J/v

photoproduction in Pb-Pb collisions with
ALICE

This chapter summarises the direct predecessor of the measurement presented in this thesis. The
Run 1 measurement from 2011 UPC Pb-Pb data measured with ALICE is presented.

Other papers involving photoproduction have been reviewed in my previous works: ’Photopro-
duction of J/y and of high mass e*e™ in ultra-peripheral Au+Au collisions at /sy = 200 GeV”
[22] a paper by the PHENIX collaboration. "Coherent J/y photoproduction in ultra-peripheral
PbPb collisions at /sy = 2.76 TeV with the CMS experiment [40] paper by the CMS collabo-
ration. And ”"Measurement of an excess in the yield of J/y at very low pr in Pb-Pb collisions at
V/SNN = 2.76 TeV” [41] by the ALICE collaboration. All of the above are summarised in the Re-
search project [42]. And the paper ”Charmonium and e e~ pair photoproduction at mid-rapidity
in ultra-peripheral Pb-Pb collisions at ,/sxn=2.76 TeV” [43] by the ALICE collaboration is sum-
marised in the Bachelor thesis [44].

5.1 Coherent J/y photoproduction in ultra-peripheral Pb-Pb
collisions at ,/syy = 2.76 TeV

”Coherent J/y photoproduction in ultra-peripheral Pb-Pb collisions at /syy = 2.76 TeV” [45] is
a paper by the ALICE collaboration and it is the direct predecessor of the measurement presented
in this thesis.

The data presented in this paper were collected during 2011 in Pb-Pb ultra-peripheral collisions
at /snn = 2.76 TeV. The data were selected with a dedicated UPC trigger (FUPC) corresponding
to integrated luminosity of 55 ub~!.
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The FUPC trigger was defined as:

A single muon with pr above 1 GeV/c threshold in the muon trigger.

At least one hit in the VOC detector with beam-beam timing. This corresponds to the
produced muons and vetoes the beam-gas events.

No hits in the VOA detector to reject hadronic collisions.

The following offline selection criteria were requested (number of events after selection):

Two reconstructed tracks in the muon arm (432 422 events).

Due to multiple scattering in the front absorber, the DCA distribution (Distance of Closest
Approach) of the tracks coming from the interaction point can be described by a Gaussian,
whose width depends on the absorber material and is proportional to 1/p, where p is the
momentum of the muon. The beam-gas background does not follow this distribution and
was removed by applying a cut on the product px DCA, at 6 times the standard deviation.
Additional uncertainty in the position of the primary vertex is negligible when compared
to the multiple scattering effect (26 958 events).

At least one of the muon track candidates was required to match a trigger track above the
pr threshold in the muon trigger chambers (10 172 events).

Both tracks within the pseudorapidity range —3.7 < 1 < —2.5, to match the VOC accep-
tance (5 100 events).

The tracks exit from the absorber in the range 17.5 cm < R,s < 89.5 cm, corresponding
the angular acceptance of the spectrometer. Where R, is the radial coordinate of the track
at the end of the front absorber (5 095 events).

Dimuon rapidity in the range —-3.6 <y < —2.6, to ensure that the acceptance edges of the
VOC were avoided in the muon spectrometer (4 919 events).

Two tracks with opposite charges (3 209 events).

Neutron ZDC signal below 6 TeV on each side. This cut did not remove any events with
a J/y with pr below 0.3 GeV/c, but reduces hadronic contamination at higher p; (817
events).

Dimuons with p; < 0.3 GeV /c and invariant mass 2.8 < M;,, < 3.4 GeV/c? (122 events).

VO offline timing compatible with beam-beam timing (117 events).

50



5.1. Coherent J/y photoproduction in ultra-peripheral Pb-Pb collisions at
\/SNN = 2.76 TeV

The acceptance times efficiency correction (Accx ) for the analysis was calculated using the
STARIight generator passed through the Monte Carlo simulated detector response. Misalignment
and variation of time dependent variables was taken into account. The muon trigger chambers
efficiency was estimated from data and used in the total acceptance times efficiency correction.
The estimated correction factors (Accxé€); Jy were 16.6 % and 14.3 % for the coherent and
the incoherent J/y contributions respectively. The relative systematic error of the (Accx€)y v
coming from the uncertainty of the muon trigger efficiency was estimated to be 4 %. From the
reconstruction efficiency a 6 % contribution to the error was calculated. And the uncertainty
coming from the generator selection was also studied making a less than 3 % contribution to the
systematic error. The activity in the central barrel was checked and the signal was found to be
compatible with noise.

The invariant mass distribution for the selected events can be seen in Fig. 5.1. There is a clearly
visible J/y peak and a continuum coming from the two photon process. The combinatorial back-
ground in the J/y invariant mass range has been estimated to be less than 2 %.
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Figure 5.1: Invariant mass distribution of unlike-sign dimuons measured with the ALICE detector
at /syn = 2.76 TeV satisfying the criteria described in the text. The blue line describes the J/y
peak and the red line describes the yy continuum [45].

The distribution has been fitted with an exponential for the continuum and a Crystal Ball function
for the peak. The parameters for the tail of the Crystal Ball have been fixed to values obtained
from a fit to Monte Carlo data. The extracted number of J/y is Nyje1q = 96 £ 12(stat) & 6(syst).
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The contribution to the number of J/y coming from the decay of W' — J/y + anything was
computed from a sample of coherently produced ¥’ simulated by STARIight and their decay to
J/y was simulated with PYTHIA. The detector response was also simulated. Contribution from
the incoherent Y’ was considered to be negligible for the py < 0.3 GeV /c region. The fraction
of the events coming from the Y’ decay can be written as

oy .BR(y — J/y+ anything) - (Acc X €)

v I/
; (5.1)
GJ/V/ . (ACC X S)J/ll/

o=

where o are the respective cross sections and BR are the respective branching ratios. The (Accx €)
factors were calculated for pr < 0.3 GeV/c. The resulting feed down ratio is fp = (11 £6)%,
where different polarisations of the J/y and different models were considered.

In Fig. 5.2 is the transverse momentum distribution for the J/y invariant mass range 2.8 < Mj,, <
3.4 GeV/c?. The coherent J/y peak at low pr is clearly visible, the incoherent peak has lower
statistics and it extends over to higher pr.
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Figure 5.2: Transverse momentum distribution of unlike-sign dimuons measured with the ALICE
detector at /syy = 2.76 TeV satisfying the criteria described in the text. The blue line describes
the coherent J/y, the red line describes the incoherent J/y, the purple line describes the feed
down contribution from ¥’ and the green line describes the yy continuum [45].

The pr distribution is fitted with four Monte Carlo templates based on STARIight and folded with
the detector response. The contributions are from the coherent and incoherent J /v, the J/y from
the ¥’ decay and the two photon process. The contribution from the ¥’ decay was constrained
via the fp ratio discussed above and the two photon contribution was fixed to value obtained
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from fit to the invariant mass distribution in Fig. 5.1. The normalisation for the coherent and the
incoherent contributions was left free.

Due to possible hadronic contaminations the incoherent cross section is complicated to determine
and the yield provided by the fit is only the upper constrain of the contribution. Therefore, to cal-
culate the incoherent over coherent ratio f7 in the pr < 0.3 GeV/c region, the Gy, /Ocon fraction
folded with the detector (Accx €) was simulated. Taking into account simulations based on two
different models and the results obtained from data the incoherent over coherent contribution
ratio was calculated to be f; = 0.127- 1.

Based on the analysed data sample and results of hadronic J/y production, the contribution of
hadronic events in the pr < 0.3 GeV /c region is estimated to be negligible. Therefore the number
of coherently produced J/y in the pr range can be calculated as

N.:
coh yield
- 52
1w 1+ fi+dp ’ (5.2)
and resulting in NJC/";’/ =75+ 10(stat) "7, (syst).
The coherent J/y photoproduction cross section is then calculated as
dgcoh Neoh
vy _ Iy (5.3)

dy  (Accx€)yy - &rig- BRI/y — uru=) - Ly - Ay’

where (Acc x €); /y 18 the muon spectrometer acceptance times efficiency correction, &g is the
VO trigger efficiency, %, is the integrated luminosity and Ay is the rapidity bin size. Due to the
settings for the VO detector during the 2011 Pb-Pb run, the trigger efficiency calculation would
require very precise simulation of the detector response and therefore the two photon continuum
was used to normalise the coherent J/y cross section instead of Eq. 5.3. However, due to several
theoretical uncertainties and uncertainties coming from the model, the STARIlight two photon
cross section has been estimated to have uncertainty of 20%.

When the two photon continuum is used for normalisation, the coherent J/y photoproduction
cross section can be expressed as independent on the VO trigger efficiency and the data sample
luminosity

dojf, _ 1 Nf/otlll/, (Acc x €)yy Opy

. , 5.4
dy  BRU/W —u*tu=) Ny (Accxe)yy Ay

where Ny, is the number of events in the invariant mass intervals 2.2 < M;,, < 2.6 GeV/ c? (Nyy=
43 £ 7(stat)) and 3.5 < Mj,, < 6 GeV/c? (Ny, = 15+ 4(stat)), in order to avoid contribution
from the J/y peak. The cross sections and the acceptance times efficiency corrections for the
corresponding intervals were calculated using Monte Carlo simulations.

As the (Acc x €) correction for the J/y photoproduction and the Yy process are computed for
different kinematic regions, their uncertainty does not exactly cancel out in Eq. 5.4. Therefore a
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50% correlation factor has been used for the uncertainty of the ratio. A summary of all source of
systematic uncertainties can be found in Table 5.1.

Source Value

Theoretical uncertainty in oy, 20 %

Coherent signal extraction J_r? 4%%
Reconstruction efficiency 6 %
RPC trigger efficiency 5%
J/y acceptance calculation 3%
Two-photon e™e™ background 2 %
Branching ratio 1 %
Total f%‘g Z”)

Table 5.1: Summary of the contributions to the systematic uncertainty for the integrated J/y
cross section measurement. The error for the coherent signal extraction includes the systematic
error in the fit of the invariant mass spectrum and the systematic errors on fp and f7 [45].

The final cross section for the coherent J/y photoproduction is then computed to be dGJC/"$ /dy =

(1.00 £ 0.18(stat) *0-3¢ (syst)) mb. This result is compared to several theoretical predictions in
Fig. 5.3.

The models in Fig. 5.3 can be divided into three categories:

I. Models with no nuclear effects (AB-MSTWO0S8), where all nucleons are contributing to the
scattering.

II. Models using the Glauber approach to estimate the number of interacting nucleons (STARIight,
GM, and CSS).

III. Perturbative QCD models (AB-EPS08, AB-EPS09, AB-HKNO07, and RSZ-LTA), where
the cross section is proportional to the nuclear gluon distribution squared.

As stated in Chapter 2 and Chapter 3 in Pb-Pb UPC both of the ions can act as the photon
source. When using Eq. 3.17 the presented results are sensitive to gluon distribution functions
atx =5-1073 and x = 2- 10~ 2. However, STARIight predicts that the overall photoproduction
cross section is dominated with 94% by the x = 2- 102 contribution.

Figure 5.4 shows the integrated cross section compared to the models. A significant deviation of
about 3 sigma is found for the AB-MSTWO08 model and for STARIlight prediction. Best agree-
ment is found with the models based on pQCD involving moderate nuclear gluon shadowing.
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Figure 5.3: Rapidity distribution of the measured coherent differential cross section of J/y pho-
toproduction in ultra-peripheral Pb-Pb collisions at /syy = 2.76 TeV. The error is the quadratic
sum of the statistical and systematic errors. The theoretical predictions are also shown [45].
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Figure 5.4: Integrated coherent J/y photoproduction cross section measured in ultra-peripheral
Pb-Pb collisions at /syy = 2.76 TeV. The cross section is integrated over rapidity region —3.6 <
y < =2.6. The error is the quadratic sum of the statistical and systematic errors. The theoretical
predictions are also shown [45].
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Chapter 6

Data analysis

The analysis described in this chapter is a successor of the paper based on the Run 1 ALICE data
described in Chapter 5. The presented analysis is done on data collected in 2015 and 2018 during
Run 2 at a centre-of-mass energy per nucleon pair /syy = 5.02 TeV. With increased statistic
the data allowed a more precise measurement and it was also possible to use the luminosity
to normalise the cross section, unlike in the previous paper where the yy process simulated by
STARIlight was used for normalisation. This lead to a significant decrease in both the systematic
and statistical uncertainties of the measurement.

The analysis was published in the paper ”Coherent J/y photoproduction at forward rapidity in
ultra-peripheral Pb-Pb collisions at /syy = 5.02 TeV” [46] by the ALICE collaboration.

Both my own results and the published results are presented in this chapter. My results served
mainly as cross checks for the official results.

6.1 Data selection

The presented analysis is based on data recorded during LHC Run 2 at a centre-of-mass energy
per nucleon pair /syy = 5.02 TeV in 2015 and 2018 Pb-Pb periods. The data was measured with
the ALICE muon spectrometer in the forward rapidity region. Other detectors used for triggering,
event characterisation and background suppression were AD and VO.

The analysis described below was done with ROOT scripts based on the ALICE Analysis Task
library and they were executed within the AliEn environment using the ALICE computing GRID.
The fitting and Toy Monte Carlo models were done using RooFit macros.

6.1.1 Run selection

The runs listed in Appendix A were selected by the ALICE Data Preparation Group (DPG) as
good runs for physics analysis. This ensures that the analysed data were measured with good
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performing conditions of the necessary detectors and that the data reconstruction and detector
calibration was performed correctly.

6.1.2 Trigger selection

The analysed events were selected with the following UPC triggers (see def. in Sec. 4.2.5):

e CMUPI10-B-NOPF-MUFAST = !|0VBA & !0UBA & |0UBC & OMSL

e CMUPI11-B-NOPF-MUFAST = !|0VBA & !0UBA & !0UBC & OMUL

The two triggers were merged by offline requirement of OMUL for all events, which is the unlike
sign di-muon over low pr threshold in muon trigger.

6.1.3 Track selection

Listed below is the summary of requirements requested to ensure high quality of the selected
events with characteristic typical for ultra-peripheral collisions.

Event selection criteria:

e No signal in VOA - to suppress hadronic events and ensure exclusive production of the
dimuon.

e Maximum of two cells fired in VOC - corresponding to the maximum of two muon tracks
expected in the forward spectrometer. However, as the acceptance of the VOC detector is
smaller than the acceptance of the muon spectrometer, it is possible that some of the muon
tracks are not seen by the VOC detector, hence only the maximum limit is required.

e No signal in ADA and ADC - to suppress hadronic events and ensure exclusive production
of the dimuon.

e Exactly two unlike-sign tracks in the muon spectrometer - to suppress hadronic events and
ensure exclusive production of the dimuon.

Track selection criteria:

e Pseudorapidity of muon tracks: —4.0 <1 < —2.5 - to fit within the acceptance of the muon
spectrometer.

e Both of the muon tracks matched to the muon trigger above the pr threshold 1 GeV/c -
to make sure that the reconstructed muons are coming from vector meson decay as such
muons are characterised with higher pr when compared to background.
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e Cuton six ¢ for pxDCA passed for both muon tracks - events coming from the interaction
point in beam-beam timing have a Gaussian distribution in this variable unlike the beam-
gas background which is suppressed by this requirement.

e Radial position of the muon tracks at the end of the absorber: 17.5.cm < R ;s < 89.5¢cm -
to assure that the track lies within the muon spectrometer acceptance.

Dimuon selection criteria:

e Rapidity of dimuon: —4.0 <y < —2.5 - corresponding to the forward muon spectrometer
acceptance.

e Transversal momentum of dimuon: pr < 0.25 GeV/c for mass fit - to enrich the analysed
sample with coherently produced J/y which are characterised by low pr.

e Mass of dimuon: 2.85 < m < 3.35 GeV/c? for pr fit - the obtain the pr spectra within the
J/y invariant mass range.

6.2 Models for signal extraction

6.2.1 Invariant mass spectrum
Vector meson peak description

The J/y and y’ peaks in the invariant mass spectrum were described with Crystal Ball function[47]
which is defined as

fxo,nx,0) = e 2

n 2 - —nNn -
n _ o n X—X X—
= (—) e 2| ——|a—-——= for < —a.
| | o o

The function is composed from a Gaussian core with a power law times exponential tail. The tail
is parametrised by two parameters o and n and it corrects for the radiation losses of the particles
within the detector.

6.1)
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Dimuon continuum description

The dimuon continuum caused by the two photon process is described with the function [48]

fa A xp,a2,a3,a4) = M for x> xo,

= M1 +ay(x—x0)? +a3(x—x0)° + as(x—x0)*] for x <xo,
(6.2)
where xg = 4 GeV/c?. The background continuum has a typical exponential shape. However,
at lower invariant masses the spectrum is modified due to decreasing efficiency of the ALICE

trigger for this kinematic region. This decrease is parametrised by a fourth order polynomial and
the transitions is determined by the xo variable.

6.2.2 Transverse momentum spectrum

The transverse momentum distribution was described by templates based on distributions sim-
ulated with the STARIlight Monte Carlo generator. The generated events were passed through
a simulation of the ALICE detector including time varying variables throughout different runs.
The processes simulated by STARIlight were coherent J /y photoproduction, incoherent J / y pho-
toproduction, coherent feed-down contribution from y’ photoproduction, incoherent feed-down
contribution from y’ photoproduction and yy process producing dimuons.

The incoherent J/y production with subsequent nucleon dissociation cannot be modelled with
STARIlight. Therefore, to describe this part of the spectrum a parametrisation from the H1 col-
laboration describing J/y photoproduction with proton dissociation was used [49]

do b,

d 2\—n
—_ — 14224 pd 6.3
i pa DT ( +ndeT) ; (6.3)

where N, is the normalisation parameter, n,y = 3.58 +0.15 and b,y = 1.79£0.12 (GeV/e) 2,
which are values measured by the H1 collaboration [49].

6.3 Invariant mass fit

For the J/y and y' peaks were used two Crystal Ball functions. The tail parameters ¢ and n,
were the same for both functions and they were left free. The mass of the ¥’ was fixed to the J/y
mass as

nyr = my y, + 3.68609 — 3.096916, (6.4)
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6.3. Invariant mass fit

where 3.68609 and 3.096916 are the masses of the respective resonances taken from Particle
Data Group (PDG) [50]. The width of the ' peak was fixed to

Gy = Gyyy - (0 /077y),s (6.5)

where the ratio GVA;’,C / GJ%C/ ~ 1.09 is from the STARIlight simulation. The mass (mj ) and width

(0y)y) for the J /v peak are left as free parameters. The normalisations for both of the Crystal
Ball functions are left as a free parameter.

The yy continuum is fitted with the function in Eq. 6.2. The parameters a;,a; and az were fixed to
values obtained from a fit to Monte Carlo data. The parameter A and the normalisation parameter
were left free.

The invariant mass fit was done with the cut pr < 0.25 GeV/c to enrich the sample with coherent
events. The invariant mass fit for full rapidity range can be seen in Fig. 6.1 and for six rapidity
intervals in Fig. 6.2. The number of extracted events, denoted in the plots, is in agreement with
the results presented in [46].
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Figure 6.1: Invariant mass distribution of unlike-sign dimuons in the full rapidity range measured
with the ALICE detector at /syy = 5.02 TeV satisfying the criteria described in the text. The
blue line describes the two photon continuum, the red line describes the J/y peak and the green
line describes the ' peak. The number of J/y, ¥’ and background events in different intervals
is denoted in the graph. On the right side is the correlation matrix of the fit parameters.
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Figure 6.2: Invariant mass distribution of unlike-sign dimuons in the first three rapidity bins
measured with the ALICE detector at /syy = 5.02 TeV satisfying the criteria described in the
text. 62
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Figure 6.2: Invariant mass distribution of unlike-sign dimuons in the second three rapidity bins
measured with the ALICE detector at /syy = 5.02 TeV satisfying the criteria described in the

text.
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Chapter 6. Data analysis

6.3.1 Ratioof y/' toJ/y

The ratio of the number of Y’ to J/y events depending on the selected rapidity bin can be seen
in left part of Fig. 6.3. No strong dependence of the ratio on rapidity is expected for the involved
processes. However, there is a decease of the ratio observed in the middle of our rapidity interval
and an increase of the ratio for the edges of our rapidity interval when compared to the ratio
obtained from the fit to the full rapidity range.

2 0.06 2 0.06
Z C z C
= E > C
z 0.051— z 0.05—
0.04— 0.04F
0.03 0.035
0.02— 0.02
0.01 4‘7 0.01F S I
0:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 07“‘11\\\\\\\\\\\\\\\\\\\\\\l\
-4 -38 -36 34 -32 -3 28 -26 -4 -38 -36 -34 32 -3 28 -26
Number of events in given rapidity range Number of events in given rapidity range

Figure 6.3: Ratio of the number of Y’ to J/y events depending on the number of events in the
selected rapidity bin. Left: For real data with the read line denoting the measured value for the
whole rapidity range 0.0242 4+ 0.0029. Right: For Toy Monte Carlo data sample with number
of events corresponding to the number of events in real data in the relevant rapidity bins. Each
rapidity bin has been simulated and extracted 50 times. The red line denotes the input value for
the ratio in the model.

To examine this variation a Toy Monte Carlo data sample was simulated with RooFit. This mod-
els consists of two Crystal Ball functions with parameters consistent with those seen in data for
the full rapidity range and a background function also having the same parameters as in the full
rapidity range data. This results in the ratio of the number of ¥’ to J/y events being fixed in the
model to value 0.0244.

With this model were simulated six data samples each containing the same number of events as
is the number of events seen in real data in the six rapidity bins. These data samples were then
fitted and the ratio of Yy’ to J/y events was extracted. This process was repeated 50 times and
the results can be seen on the right side of Fig. 6.3.

The results shows that the observed fluctuation is within the statistical precision of the extraction
method. Unfortunately, this does not exclude the possibility of a systematic effect being the cause
of such a behaviour.
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6.3. Invariant mass fit

6.3.2 Feed down contribution

The number of extracted J/y events is not the number of primary J/y created in the photopro-
duction process. There is a feed down contribution coming from decays Y’ — J/w+anything. To
compute this contribution one first computes the ratio of Y’ to J/y events. The value from the fit
to the full rapidity range is

N,/
Ry = —¥ =0.024240.0029, (6.6)
Ny

which is consistent with the value found in [46]. This ratio in data can be expressed as the ratio
of the primary Y’ events decaying to dimuons and the sum of primary J/y events decaying to
dimuons together with the Y’ decaying to J/w which is decaying to dimuons. When the efficien-
cies are also taken into account one can express the Ry as

Ry — N(y' — pu)
NIy = pu)+ Ny —=J/y — pu)

o(Y')BR(y — uu)e(y’)

~ o(/w)BR(/w — u)e(1/w)+o(¥)BR(Y — 1/w)e(y’ — 1/y)BR( [y — uu()6’7)

where the values for the branching taken from PDG [50] ratios are BR(J/y — pu) = (5.961 +
0.033)%, BR(y' — uu) = (0.80+0.06)%, BR(y' — J/y + anything) = (61.4+0.6)% and the
values for the efficiency correction are determined using the STARIlight data sets. The values
taken from [46] are €(J/y) = 12.0%, €(y') = 15.8% and €(y' — J/y) = 7.2%. With all the
above values known, it is possible to compute the ratio of the primary ¥’ and J/w photoproduc-
tion cross section ratio as

_ o(y) RNBR(J/y — pu)e(J/y)

~o(J/w) B BR(W — up)e(y')+RyBR(w — T/y)e(y' — T/w)BRI/y — up)’ (6.8)

The ratio of feed down and primary J/y is then computed as

_ N(feeddownJ/y) _ oc(v)e(y' —J/wv)BR(y' —J/v)
P N(primary J/y) o(1/w)e(/y)

=(53+£07)%, (6.9

which is value for the full rapidity range and it is consistent with the value presented in [46].
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Chapter 6. Data analysis

6.4 Transverse momentum fit

Templates made from the Monte Carlo data sets were used to describe the different contributions
in the transverse momentum spectrum. RooFit Probability Density Functions (PDF) were created
by fitting the STARIlight simulated distributions.

The fitting model for the pr spectrum consists of a sum of templates for the coherent J/y,
incoherent J/y, coherent feed down from y’, incoherent feed down from v/, yy — uu and the
incoherent J/y production with nucleon dissociation distribution from Eq. 6.3.

The normalisation for the coherent and incoherent feed-down contributions from Y’ were fixed to
the values of primary coherent and incoherent J/y by the feed down ratio fp. However, the value
for fp for the pr fit has to be computed without the pr < 0.25 GeV/c cut. The corresponding
value was taken from [46] and it is fp = (8.5+1.5)%.

The 7yy template normalisation was fixed to the number of background events in the invariant
mass fit. The parameters of the incoherent J/y production with nucleon dissociation distribution
were fixed to values n,; = 3.58£0.15 and b,y = 1.79+0.12 (GeV/c)~? measured by the H1
collaboration [49].
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p_ (Gevrc) Wy, W

Ndisuc

Figure 6.4: Transverse momentum distribution of unlike-sign dimuons in the full rapidity range
measured with the ALICE detector at /syy = 5.02 TeV satisfying the criteria described in the
text. The blue line describes the coherent J/y, the red line describes the incoherent J/y, the
cyan line describes the coherent feed down from v/, the orange line describes the incoherent
feed down from y’, the magenta line describes the incoherent J/y with nucleon dissociation and
the green line describes the two photon process. On the right side is the correlation matrix of the
fit parameters.
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6.5. Cross section

The only parameters left free in the transverse momentum distribution fit were the normalisations
of the coherent J/y contribution, incoherent J / y contribution and the incoherent production with
nucleon dissociation. These three processes are well separated by the p7 distribution shapes.

The pr fit in the J/y invariant mass range 2.85 < m < 3.35 GeV/c? for the full rapidity interval
can be seen in Fig. 6.4 and for six rapidity intervals in Fig. 6.5.

6.4.1 Incoherent contribution

The number of J/y events extracted from the invariant mass fit is not the number of coherent J/ y
events. There are also contributions form the incoherent events. The fraction of the incoherent
over coherent events can be computed as

fie N(incoh J/I//) _ J/ Vincoh + feed down J/lllincoh + dissociative J/ Vincoh _ (5.1 + 0_3)%’

N(coh J/y) J/ Weon + feed down J/ yeon 6.10)

for p7 < 0.25 GeV/c. This value is compatible with the one found in [46].

6.5 Cross section

The cross section for coherent J/y photoproduction can be computed as

doify _ NU/w) 610
Ay~ (L fit fo)e(/y)BRO/W = HE)EvaoLindy’ |

where N(J/y) is the number of extracted J/y events from the invariant mass fit, (1 + fi + fp)
account for the fraction of feed down and incoherent events, €., is the veto efficiency, L, is the
integrated luminosity and Ay is the size of the rapidity interval.

The integrated luminosity values are taken from [46] as 216 ub~! for 2015 data and 538 ub~! for
2018 data. The veto inefficiency due to electromagnetic pileup was studied with unbiased trigger
only on the timing of bunch crossing in the interaction point. The final veto inefficiency was
determined by luminosity weighting the veto rejection probabilities over periods with different
pileup. The average veto efficiency correction factor is taken from [46] as €yero = 95.0%.

Taking the abovementioned values the coherent J/y photoproduction cross section is computed
c;coh

d
to be %/“’ = (2.561 £0.023) mb. This value is consistent with the value presented in [46].

A summary of the published results for the J/y yields, efficiencies, f; and fp fractions and the
coherent J/y cross sections for all the rapidity intervals taken from the paper [46] can be found
in Table 6.1.
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Chapter 6. Data analysis

rapidity range Ny/y € /o Ni dGCOh / dy (mb)

(—4.00,—2.50) 217474190 0.120 0.055 0.055 2.549+0.022 (stat)+02§’2 (syst.)
(—4.00,-3.75)  974+36  0.051 0.055 0.060 1.621+0.061 (stat.) *J133 (syst.)
(=3.75,-3.50)  32174£70 0.140 0.055 0.059 1.9360.042 (stat.) *0155 (syst.)
(—3.50,-3.25)  57694+98  0.204 0.055 0.061 2.3760.040 (stat.) *0335 (syst.)
(—3.25,—-3.00) 6387+105 0.191 0.055 0.052 2.830=0.047 (stat.) {233 (syst.)
(=3.00,-2.75) 4229485 0.119 0.055 0.051 3.014+0.061 (stat.) T033; (syst.)
(-2.75,-2.50)  11904+47  0.029 0.054 0.032 3.585-+0.141 (stat.) TO3es (syst.)

Table 6.1: J/y yields, efficiencies, f and fp fractions and coherent J/y cross sections [46].

A study on systematic uncertainties was done in the paper [46]. Among other things it studied
the effect of adding a veto for the Silicon Pixel Detector (SPD) consisting of two concentric
cylindrical layers of silicon pixel chips. The veto demanded no track segments between the two
detector layers. It also studied a possible missing contribution in the Yy pr template. STARIight
does not simulate photons which are emitted incoherently by the source ion. These have much
wider pr distribution. To account for them, the shape of the yy pr template was extracted from
the side bands around the J/y peak in the invariant mass spectra. A summary of all systematic
uncertainty contributions computed in the paper [46] can be seen in Table 6.2.

Source Value
Lumi. normalisation +5.0%
SPD, VO and AD veto from —3.6% to —6.0%
Branching ratio +0.6%
MC rapidity shape from £0.1% to £0.8%
Tracking +3.0%
Trigger from £5.2% to £6.2%
Matching +1.0%
fp fraction +0.7%
Signal extraction +2.0%
Yy yield +1.2%
pr shape for coherent J/y +0.1%
bpq parameter +0.1%
Total from fg:g% +8 93%

Table 6.2: Summary of systematic uncertainties. The ranges of values correspond to different
rapidity bins [46].

The comparison of the rapidity distribution of the coherent J/y photoproduction cross section,
as computed in the paper [46], compared to theoretical models is in Fig. 6.6. The measured cross
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6.5. Cross section

section corresponds to gluon distributions at Bjorken x in the range 1.1- 107> < x < 5.1-107 or
0.7-1072 < x < 3.3- 1072 depending on the source of the photon. However, the contribution at
x ~ 1072 is found to be dominant [51] with the contribution of ~60% at y = —2.5 up to ~95%
aty = —4.
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Figure 6.6: Measured coherent differential cross section of J/y photoproduction in ultra-
peripheral Pb-Pb collisions at /syy = 5.02 TeV. The error bars represent the statistical uncer-
tainties, the boxes around the points the systematic uncertainties. The theoretical calculations
described in the text are also shown. The green band represents the uncertainties of the EPS09
LO calculation [46].

The impulse approximation [52] is based on data of photoproduction on protons and it does
not consider any nuclear effect except coherence. The STARIlight [8] prediction is based on
the Vector Meson Dominance model. It uses photoproduction data on protons combined with a
Glauber like approach for accounting multiple scattering. Both of the above models overpredict
the data, indicating the importance of gluon shadowing effects.
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Chapter 6. Data analysis

Guzey, Kryshen and Zhalov (GKZ) [51] provide one prediction based on the EPS09 LO parametri-
sation of nuclear shadowing data and a second prediction based on the Leading Twist Approx-
imation (LTA). Gongalves, Machado et al. (IIM BG-GM) [53, 54] and Lappi and Méntysaari
(IPsat-LM) [9, 16] provide predictions based on the colour dipole model combined with the
Colour Glass Condensate (CGC) but using different parametrisation for the dipole scattering
cross section. Luszczak and Schafer (LS BGK-I) [55] make predictions within the colour dipole
model but using the Glauber-Gribov theory. Cepila, Contreras and Krelina (CCK) [56, 57] pro-
vide predictions based on the Hot Spot (HS) model combined with the Glauber-Gribov (GG)
approach. All of these models mostly underpredict the data. Even though at some rapidity ranges
the models are consistent with the data, none of them agrees with the data over the whole rapidity
range.
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Summary

The evolution of our understanding of the structure of proton and nucleus up to the low Bjorken x
phenomenon of saturation and nuclear shadowing was presented in Chapter 1.

Ultra-peripheral collisions as a powerful tool for studying the proton and nucleus structure at
high energies were introduced in Chapter 2.

Two papers making predictions for vector meson photoproduction cross section made within the
colour dipole model were reviewed in Chapter 3.

The ALICE detector at the CERN LHC and its subdetectors essential for the analysis presented
in this thesis were discussed in Chapter 4.

The ALICE measurement of coherent J/ y photoproduction cross section in Pb-Pb ultra-peripheral
collisions at a centre-of-mass energy per nucleon pair /syy = 2.76 TeV was presented in Chap-
ter 5. The comparison of the results with theoretical models indicates that nuclear shadowing is
important in order to be able to describe the data.

The analysis procedure and the published results of coherent J/y photoproduction cross section
measured in forward rapidity by ALICE in Pb-Pb ultra-peripheral collisions at a centre-of-mass
energy per nucleon pair /syy = 5.02 TeV during LHC Run 2 in 2015 and 2018 was discusses
in Chapter 6. This measurement confirms the importance of nuclear gluon shadowing being
included within the theoretical models in order to agree with the data. However, none of the
models compared to the data was able to describe it accurately in the whole rapidity range.

In the future a study on the coherent J/y photoproduction cross section accompanied by a for-
ward neutron emission may untangle the two contributions to the cross section term and provide
valuable information about the gluon structure functions at Bjorken x ~ 107>.
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Appendix A

Lists of run numbers

Lists of good runs used in the presented analysis are given below.
Good runs for period LHC150 - NanoAOD 406 20181102-2241 - muon_calo_pass]1:

244918, 244980, 244982, 244983, 245064, 245066, 245068, 245145, 245146, 245151,
245152, 245231, 245232, 245233, 245253, 245259, 245343, 245345, 245346, 245347,
245353, 245401, 245407, 245409, 245410, 245446, 245450, 245496, 245501, 245504,
245505, 245507, 245535, 245540, 245542, 245543, 245554, 245683, 245692, 245700,
245705, 245729, 245731, 245738, 245752, 245759, 245766, 245775, 245785, 245793,
245829, 245831, 245833, 245949, 245952, 245954, 245963, 245996, 246001, 246003,
246012, 246036, 246037, 246042, 246048, 246049, 246053, 246087, 246089, 246113,
246115, 246148, 246151, 246152, 246153, 246178, 246181, 246182, 246217, 246220,
246222, 246225, 246272, 246275, 246276, 246390, 246391, 246392, 246424, 246428,
246431, 246433, 246434, 246487, 246488, 246493, 246495, 246675, 246676, 246750,
246751, 246755, 246757, 246758, 246759, 246760, 246763, 246765, 246804, 246805,
246806, 246807, 246808, 246809, 246844, 246845, 246846, 246847, 246851, 246855,
246859, 246864, 246865, 246867, 246871, 246930, 246937, 246942, 246945, 246948,
246949, 246980, 246982, 246984, 246989, 246991, 246994

Good runs for period LHC18q - NanoAOD 425 20190111-1316 - muon_calo_pass2:

295585, 295586, 295587, 295588, 295589, 295612, 295615, 295665, 295666, 295667,
295668, 295671, 295673, 295675, 295676, 295677, 295714, 295716, 295717, 295718,
295719, 295723, 295725, 295753, 295754, 295755, 295758, 295759, 295762, 295763,
2905786, 295788, 295791, 295816, 295818, 295819, 295822, 295825, 295826, 295829,
295831, 295854, 295855, 295856, 295859, 295860, 295861, 295863, 295881, 295908,
295909, 295910, 295913, 295936, 295937, 295941, 295942, 295943, 295945, 295947,
296061, 296062, 296063, 296065, 296066, 296068, 296123, 296128, 296132, 296133,
296134, 296135, 296142, 296143, 296191, 296192, 296194, 296195, 296196, 296197,
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296198, 296241, 296242, 296243, 296244, 296246, 296247, 296269, 296270, 296273,
296279, 296280, 296303, 296304, 296307, 296309, 296312, 296377, 296378, 296379,
296380, 296381, 296383, 296414, 296419, 296420, 296423, 296424, 296433, 296472,
296509, 296510, 296511, 296514, 296516, 296547, 296548, 296549, 296550, 296551,
296552, 296553, 296615, 296616, 296618, 296619, 296622, 296623

Good runs for period LHC18r - NanoAOD 426 20190111-1316 - muon_calo_pass2:

296690, 296691, 296694, 296749, 296750, 296781, 296784, 296785, 296786, 296787,
296791, 296793, 296794, 296799, 296836, 296838, 296839, 296848, 296849, 296850,
296851, 296852, 296890, 296894, 296899, 296900, 296903, 296930, 296931, 296932,
296934, 296935, 296938, 296941, 296966, 296967, 296968, 296969, 296971, 296975,
296976, 296979, 297029, 297031, 297035, 297085, 297117, 297118, 297119, 297123,
297124, 297128, 297129, 297132, 297133, 297193, 297194, 297196, 297218, 297219,
297221, 297222, 297278, 297310, 297312, 297315, 297317, 297363, 297366, 297367,
297372, 297379, 297380, 297405, 297408, 297413, 297414, 297415, 297441, 297442,
297446, 297450, 297451, 297452, 297479, 297481, 297483, 297512, 297537, 297540,
2907541, 297542, 297544, 2975568, 297588, 297590, 297595
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