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Abstrakt:  Urychlovace nabitych c¢éstic poskytuji jedine¢nou moznost ke studiu
difrakénich procest, jako je centralni exkluzivni produkce v proton-protonovych
srazkach. Tyto procesy jsou povazovany za potencialni zdroj vazanych stavi glu-
ont, glueballi. Experimentalni potvrzeni jejich existence by silné podpoftilo platnost
kvantové chromodynamiky. V této praci je predstaveno prvni méreni téchto procestu
v proton-protonovych srazkach v /s = 510 GeV namérenych na experimentu STAR.
Meéreni difrakéné rozptylenych protonii pomoci detektori Roman Pot poskytlo plnou
kontrolu nad kinematikou interakce a umoznilo ovéfeni exkluzivity. Prvni vysledek
ve formé distribuce invariantni hmotnosti centralné produkovanych 7#F7~ paru je
prezentovan v této praci.

Klicovd slova: Pomeron, Glueball, RHIC, STAR, Roman Pot
Title: Central exclusive production in proton-proton collisions
Author: Be. Tomas Truhlar

Abstract:  High energy colliders provide a unique opportunity to study diffractive
processes such as central exclusive production in proton-proton collisions. These pro-
cesses are considered to be a potential source of the gluon bound states, glueballs.
The experimental confirmation of their existence would be a strong support for the
validity of the quantum chromodynamics theory. This work is dedicated to the first
measurement of those processes in proton-proton collisions at /s = 510 GeV col-
lected by the STAR experiment. The measurement of diffractively scattered protons
using Roman Pots detectors allows full control over interaction kinematics and ver-
ification of the exclusivity. The first result in the form of distribution of invariant
mass of centrally produced 77~ pairs is presented in this work.
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Introduction

Everything around us is composed of elementary particles such as quarks, leptons
and bosons. The standard model of particle physics describes the way how the
elementary particles form the matter around us using three of the four fundamen-
tal forces: electromagnetic, weak, and strong interactions. The strong interaction is
described by the quantum chromodynamics (QQCD) theory using gluons as the ex-
change particles. Together gluons and quarks are forming bound states e.g. proton
or neutron which are a necessary part of each atom.

High energy colliders such as the Relativistic Heavy Ion Collider (RHIC) at
the Brookhaven National Laboratory and the Large Hadron Collider at CERN pro-
vide a unique opportunity to study diffractive processes such as central exclusive
production (CEP) in proton-proton collisions. In CEP, the protons emerge intact
and central state is produced with quantum numbers of vacuum. It is believed that
the Double IPomeron Exchange is dominant CEP mechanism at high energies. This
gluon-rich environment is considered to be a potential source of the gluon bound
states (glueballs). The experimental confirmation of the existence of the glueball
would be yet another strong support for the validity of the QCD theory. However,
the existence of a glueball has not been unambiguously confirmed yet, despite its
theoretical predictions.

The main goal of this work is to validate the picoDST production and data
from proton-proton collisions at /s = 510 GeV collected by the STAR experiment
in 2017. Since the data contain triggers from DIPE in CEP, they are promising for
glueball search.

The first chapter of this work is a brief theoretical introduction to the hadronic
diffraction physics, Regge framework and CEP. The second chapter provides the
summary of recent results in central exclusive production, achieved by the exper-
iments at CERN and by the STAR experiment. The third chapter describes the
Relativistic Heavy Ion Collider accelerator complex and the STAR experiment with
its sub-detectors: Time Projection Chamber, Time of Flight detector, Beam-Beam
Counter and Roman Pots. Finally, the fourth and last chapter of this work is dedi-
cated to the first measurement of CEP in proton-proton collisions at /s = 510 GeV
measured by the STAR experiment. Specifically, distribution of invariant mass of
centrally produced 77~ pairs is presented.
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Chapter 1

Central exclusive production

Before central exclusive production is described, it is necessary to define kinematic
variables and introduce theoretical framework.

1.1 Kinematics

Mandelstam variables are commonly used for descriptions of two-body reactions
such as scattering processes of two particles to two particles which can be seen in
Fig. 1.1. There are three Mandelstam variables defined as:

e s=(p +p2)2 = (ps +p4)2,
o t=(p1—p3)? = (p2—p4a)?,
o u=(p1—ps)* = (p2—p3)?,

where pi,ps are four-momenta of incoming particles and ps, ps are four-momenta
of outgoing particles. Furthermore, the letters s,t,u stand for the channels corre-
sponding to Feynman diagrams [1]. In the reaction 1+ 2 — 3 + 4 the Mandelstam
variable s is square of the total center of mass energy and variable ¢ is squared four
momentum transfer [2].

Py P3

P2 Py

Fig. 1.1: The illustration of two-to-two particle scattering process. Taken from
Ref. [3].
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In high energy physics, rapidity y is often used to describe the longitudinal
momentum of final-state particle, defined as

1. E+p.c

B P
Y73 nE'—ch7

(1.1)
where FE is an energy of particle, p, is longitudinal momentum of particle and ¢
denotes the speed of light. The useful feature of rapidity is that it transforms addi-
tively under a Lorentz boost along z coordinate!. The rapidity y is often replaced
by the pseudorapidity n which is defined as

= —lntang, (1.2)

where the angle 6 is a polar angle and specifies the direction of particle motion with
respect to the z coordinate. The pseudorapidity and rapidity are approximately
equal for massless particles and for particles with |pt| > m 2 [2].

In the center-of-mass frame at high energy /s, the magnitude of the longitu-
dinal momentum of each initial particle is almost equal to %\/5 The longitudinal
momentum p, of a final-state particle can be than written as

1
Pz = §$F\/§7 (13)

/
where xp is Feynman’s variable defined as xp = % 2]

Another useful variable in CEP are £ = Ap/p the momentum fraction lost by
a proton, hence it is equal to the momentum fraction carried off by the Pomeron and
M the invariant mass of the centrally produced system. The My can be determined
from the knowledge of incoming and outgoing protons momenta and from the four-
momentum conservation [4].

1.2 Hadronic diffraction

High-energy particle diffractive processes are interactions between hadrons showing
strong analogy with the same optical phenomenon. They were first introduced by
Landau in the 1950’s. They can be defined as a processes in which the outgoing
system of particles at a given vertex has the same quantum numbers as the incoming
one, hence no quantum numbers are exchanged between the colliding particles at
high energies. Thus, they can be divided using the definition into 3 cases [2].

1. Elastic scattering, when incident particles emerge intact. See Fig. 1.2 (a).

2. Single diffraction dissociation (SDD), when one of the incident particles emerge
intact and the other creates a number of final particles with the same quantum
numbers as the initial particle. See Fig. 1.2 (b).

I 2 coordinate is parallel to the beam direction.
2 pt denotes particle’s transverse momentum.
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3. Double diffraction dissociation (DDD), when each incident particle creates a
number of final particles with the same quantum numbers as the two initial
particles. See Fig. 1.2 (c).

a2 X2 2
(a) (b) (c)

X2

Fig. 1.2: The schematic view of diffractive processes: Elastic scattering (a), Single
diffraction dissociation (b), Double diffraction dissociation (c). Taken from Ref. [2].

The definition above is quite unpractical, since it is difficult to fully recon-
struct the final state and decide if the outgoing particles have the same quantum
numbers as the incoming ones. Therefore, diffractive processes are redefined as non
exponentially suppressed processes characterized by a large rapidity gap in the final
state. This definition is equivalent to the first one and it is more practical since
it is easier to measure rapidity gap than quantum numbers of particles. Although,
the request of rapidity gap is practical, it is not sufficient condition. There are non-
diffractive processes with large rapidity gap, however the number of these events is
exponentially suppressed with increasing center-of-mass energy |[2].

The diffractive processes can be divided based on the |¢|-value in two classes [2]:

e The hard processes are processes with |t| > 1 GeV? and therefore they can be
described by perturbative QCD.

e The soft processes are processes with [t| < 1 GeV? and with an energy scale
of the order of the hadron size ~ 1 fm. Since, they have large length scale, the
perturbative QCD is not suitable for description of these processes and Regge
theory is used.

The exciting feature of diffractive processes is presence of soft and hard properties
at the same time. The hard diffractive processes allow to study diffraction in a
pertubative QCD and they open up the way to translate Regge theory into language
of QCD [2].

1.3 Regge theory and IPomeron

The traditional theoretical framework for diffraction is Regge theory. It describes
hadronic reactions at high energies in terms of the exchange of objects called reggeons
or Regge trajectory a(t). Each family of bound states or resonances® corresponds

3Bound state which decade by the strong force are called resonances.
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to a single Regge trajectory «(t). The Pomeron (IP) is reggeon with vacuum quan-
tum numbers 07" and intercept azp(0) = 1. It is believed that diffractive pro-
cesses at high energies are occurring via the exchange of IP. The IP trajectory
azp(t) = 1.08+0.25t/GeV? with a 27 glueball candidate can be seen in Fig. 1.3 [5].

a(t)

2
1.8
1.6
1.4

1.2

1 L I I L I I 1
0O 05 1 15 2 25 3 35 4

t (GeV?)

Fig. 1.3: The IP trajectory azp(t) = 1.08+4-0.25t/GeV? with a 2T glueball candidate.
Taken from Ref. [5].

1.3.1 IPomeron

The [Pomeron was named after Soviet theoretical physicist I. Ya. Pomeranchuk. Its
existence was postulated by Chew, Frautschi and Gribov in 1961. However, the exact
nature of the IP still remains elusive. It is known that it is color singlet object with
internal quantum numbers of the vacuum 07*. The exchange of other reggeons with
vacuum quantum numbers is suppressed at high energy. Thus in Regge theory the
diffractive reactions are those dominated by IP exchange [2,5].

The IP trajectory does not correspond to any known particle. However, in
perturbative QCD in the leading order the IP is represented by a pair of gluons since
two gluons is the minimal number of gluons needed to reproduces the IP quantum
numbers. This representation was proposed by Low and Nussinow [2,5].

1.3.2 Glueball

QCD predicts the existence of mesons which contain only gluons. These mesons
(gluon bound states) are called glueballs. As a potential source of glueballs has been
regarded the production of mesons in the central region of proton-proton scatter-
ing. Despite its theoretical predictions, the glueball has not yet been observed. The
experimental confirmation of its existence would be yet another strong support for
the validity of the QCD theory [4-6].
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Lattice QCD calculations have predicted the lowest-lying scalar glueball state
in the mass range of 1,500—1, 700 MeV /c? and tensor and pseudo-scalar glueballs in
2,000 — 2,500 MeV /c?. Experimentally measured glueball candidates for the scalar
glueball states are the fy(1500) and the f;(1710) [4-6].

1.4 Central exclusive production

Central Exclusive particle Production (CEP) is process A+ B — A+ X + B, where
the colliding particles A and B emerge intact, and for which all particles are fully
measured. A process is central when the outgoing particles are well separated from
the produced state X by rapidity gap Ay > 3. The diagram of central exclusive
production through double IPomeron exchange (DIPE) compare to the diagram of
elastic scattering in proton-proton collisions with 1 — ¢ representations can be seen
in Fig. 1.4 [6]. The first hadron collider measuring CEP was the CERN Intersecting
Storage Rings (ISR) [7].

As Robson first suggested in 1977 [8], the DIPE is expected to be the domi-
nant CEP mechanism at high center-of-mass energies. This processes do not involve
valance quarks and the properties of the produced state X should be independent
of the colliding hadrons. Furthermore, the produced state X must have CP = ++,
total charge () = 0 and even spin. DIPE was first observed at the ISR and since then
it has been studied at numerous colliders such as the SppS collider at CERN, the
Tevatron at Fermilab, the Relativistic Heavy Ion Collider at Brookhaven National
Laboratory and last but not least at the Large Hadron Collider at CERN [9].

P P p p P
P - . .
X d P
P . . .
p p 0 n p p 0 n

Fig. 1.4: Left: the diagram of central exclusive production through double Pomeron
exchange with 1 — ¢ representation. Right: the diagram of elastic scattering with
n — ¢ representation. Taken from Ref. [4].

25



26



Chapter 2

Results in central exclusive
production

Before the CERN Intersecting Storage Rings (ISR), the world’s first hadron col-
lider, there were searches for DIPE in fixed target experiments. One of them was
carried by the France-Soviet Union Collaboration at Serpukov [10]. They were only
able to measure upper limits of the DIPE cross section. The ISR was the first to
measure the DIPE in central exclusive production [11] since it had enough central
mass energy for the DIPE signal to appear. At the ISR, there were many collabora-
tion searching for DIPE: the ARCGM Collaboration, the CCHK Collaboration, the
CHOV Collaboration, the CHM Collaboration and the AFS Collaboration. The AR-
CGM Collaboration was first which presented the experimental evidence of DIPE.
The forward protons were tracked by all collaborations and only some collabora-
tions measure their momenta. All collaborations, except the ARCGM, measured
momenta of central particles, however only the AFS Collaboration identified them,
otherwise pions were assumed. The DIPE measurements of the ISR collaborations
are summarized in Tab. 2.1 [6].

Collaboration | /s [GeV]| | Central system | opipr [ub]
ARCGM 31 Thr= @ 28 £8
ARCGM 62 Ttg= @ 20+ 3

CCHK 31 Thr— @ 25+ 10
CCHK 62 Thr= @ 12+3
CHOV 23 Tt @ 7T+1
CHOV 45 Tha= @ 6+2
AFS 63 Trre 34 4+ 14°
AFS 63 Tt 1.940.9¢
AFS 63 KtK~ 1.4+0.6
AFS 63 P 0.04 + 0.2
AFS 63 o ata 3+2

Tab. 2.1: Summary of DIPE cross sections measured by the ISR collaborations.

a

The central system was not identified, just assumed. ® For M, < 1 GeV/c?. ® For 1
GeV/c* < My < 2.3 GeV /2. Taken from Ref. [6].
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The AFS Collaboration also looked for glueballs in the reaction p+p — p +
77~ +p which is the most suitable reaction satisfying the quantum number filter for
glueball search. The measured invariant mass spectra of 77~ is shown in Fig. 2.1.
The measured invariant mass spectra of 7*7~ shows several interesting features.
There is an rapid increase followed by a sharp drop at 1 GeV/c? and a bump between
1100 and 1500 MeV /c%. There is no sign of p° decaying to 777~ at 770 MeV/c?,
which is forbidden in DIPE. The interpretation of these features is not clear. It is
believed that the rapid increase with sharp drop at 1 GeV /c? could be due to f(600)
and fo(980) resonances, which are the lightest scalar glueball candidates. The bump
between 1100 and 1500 MeV /c? is considered to be f5(1270) resonance. According to
Minkowski and Ochs, there is a single very broad state extending from 400 MeV /c?
to about 1700 MeV/c2. They call it red dragon and considering to be the lightest
scalar glueball. Besides 777~ CEP processes, the AFS Collaboration also measured
CEP processes with K™K~ pp and 77~ 77~ [6].

Exclusive ™

T

T T (IFIIII

Events /25 MeV

T 7T IlIIill

T T ITIlH[

3.5 4.
M(nm) GeV

Fig. 2.1: The 77~ invariant mass distribution measured by the AFS Collaboration
at the Intersecting Storage Rings. Taken from Ref. [12].

At present, the CEP processes are studied at the STAR experiment and at
CERN experiments: COMPASS, LHCh, ALICE, CMS and ATLAS. Nevertheless
experiment such as LHCb, ALICE and CMS do not measure the outgoing protons
and therefore they are not able to measure the exclusivity of the process. One of
the newest measurements of those experiment was done by the CMS collaboration.
They investigated CEP of 777~ pairs in proton-proton collisions at the LHC at the
Vs = 5.02 and 13 TeV. They measured differential cross sections as a function of
invariant mass of 77~ which can be seen with four resonant peaks in Fig. 2.2. The
measurement at 13 TeV is the first measurement of the CEP at that energy. The
spectra shows similar features as in the spectra measured by the AFS Collaboration,
especially the peak at 800 MeV /c? followed by the sharp drop 1000 MeV/c? and the
peak at 1200 — 1300 MeV /c?. The first peak is attributed to p°(770) resonance. Since
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the isospin of p is equal to one and the isospin of IPomeron is zero, the production of
p® mesons in DIPE processes is forbidden by isospin and the p° mesons are produced
in vector meson photoproduction (process, when IPomeron interacts with photon).
The sharp drop is assigned to the interference of f,(980) with the continuum contri-
bution and the second peak corresponds to the f5(1270) resonance. The measured
differential cross sections is compared to the Dime Monte Carlo, a phenomenological
model based on Regge theory describing the direct, nonresonant production of pion
pairs via DIPE. Except the 77~ spectra, the CMS also measured total exclusive
7t~ production cross sections 19.6+0.4(stat.) +3.3(syst.) £0.01(lumi.) ub for 5.02
TeV and 19.0 £ 0.6(stat.) £3.2(syst.) £0.01(lumi.) pb for 13 TeV [13].

CMS Preliminary 522 ub™ (5.02 TeV) CMS Frefiminary 258 p_b71 (13 TeV)
— 25— 17— — 25— 1T T
o [ p,(x) > 0.2 GeVic ] ‘o L p,(m) > 0.2 GeVic ]
= L ()| < 2.4 S L mim)] < 2.4
<) F —e— Data () r —e— Data
= 2 B [] Systematic uncertainty i = 2? [ Systematic uncertainty i
% = —— Resonance + background fit | % = —— Resonance + background fit
~— I --- Dime MC scaled 1 ~ r --- Dime MC scaled 1
~ - ~ =
o 15—~ g o Resonant peaks _| o 15— a0 Resonant peaks _|
= + x2/ndf = 58/36 = + %2/ndf = 39/36
35 35
1= — 1 —
0.5 . 0.5 , -
07\ M PR, e R 07 T B Y , 8 et ay ]
0 500 500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m(r ) [MeV/c?] m(nn-) [MeV/c?]

Fig. 2.2: The measured differential cross sections as a function of invariant mass of
ntn~ for the 5.02 (left) and 13 TeV data sets. Taken from Ref. [13].

One of the most recent measurement of CEP with 777~, K+ K~ pairs was done
by the STAR experiment at the RHIC [14] in proton-proton collisions at /s = 200
GeV. Unlike the CMS Collaboration, the STAR experiment disposes with the Roman
Pot detectors allowing efficient measurement of diffractively scattered protons, which
enables full control over interaction kinematics and verification of the exclusivity of
the reaction by measuring the total transverse momenta of all final state particles.
The invariant mass spectra of exclusively produced 7t7~ and K™K~ with small
squared momentum transfers 0.03 < |t1], [ta] < 0.2 GeV? were measured and they
can be seen in Fig. 2.3. In general, we can see same features as in the spectra
measured by the AFS Collaboration, however with much higher resolution. The
7T~ spectra was compared to models of non-resonant CEP that can qualitatively
describe data only up to 0.7 GeV/c?, which indicates significant role of resonance
production. In the K™K~ spectra, there is a noticeable peak at about 1.5 GeV/c?
which can be interpreted as the f,(1500) state. There is also a bump at about 1.3
GeV /c? which can be the f»(1270) state, nevertheless the region is well describe by
the non-resonance model [14].
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Fig. 2.3: Preliminary results on differential fiducial cross section as a function of
invariant mass of 777~ (left) and K"K~ (right) compared to some models. Taken
from Ref. [14].
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Chapter 3

The STAR experiment at RHIC

3.1 Relativistic Heavy Ion Collider

In 1999, the Relativistic Heavy Ion Collider (RHIC) was built at Brookhaven Na-
tional Laboratory in one of the biggest scientific facilities in the U.S. RHIC is was
the first machine in the world capable of colliding heavy ions that allowed the studies
of the Quark-Gluon Plasma. Furthermore, it is the only major accelerator capable of
colliding polarized protons which allows measurements aimed at studying the spin
structure of the proton [15,16].

RHIC is consist of two rings with circumference of 3, 834 m where particles are
accelerated in opposite directions, clockwise (blue) or counterclockwise (yellow). The
rings intersect in 6 points called interaction points, where experiments are located. In
2000, there were 4 experiments: STAR, PHENIX, PHOBOS and BRAHMS. In 2002,
the pp2pp experiment was added. The pp2pp was designed to study proton-proton
elastic scattering from /s = 60 GeV to /s = 510 GeV via Roman Pot detectors.
In 2009, it was incorporated into the STAR experiment, which is only one active
experiment at present. Nevertheless, a new experiment sSPHENIX is being prepared
with planned launch in 2022 [15-17].

Before particles can be accelerated at RHIC they have to be pre-accelerated in
pre-accelerator complex. The entire accelerator complex can be seen in Fig. 3.1. The
protons are supplied by the Brookhaven Linear Accelerator (Linac). They continue
to the Booster Synchrotron where they are accelerated to 2 GeV. Then, they are
send to the Alternating Gradient Synchrotron (AGS) where they are accelerated
further to 23 GeV. Finally, they are injected into RHIC where they are accelerated
up to 255 GeV.

The ions start at the Laser Ion Source (LION) where they are transfered
to the Electron Beam Ion Source (EBIS). Then, the ions are accelerated to 95
MeV /nucleon in the Booster Synchrotron. In the AGS they are further accelerated
to 9 GeV/nucleon. Finally, they are injected into RHIC where they are accelerated
up to 100 GeV /nucleon [15,17,18].
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Fig. 3.1: The BNL accelerator complex consisting of multiple pre-accelerators and
the main accelerator RHIC. Taken from Ref. [16].

3.2 Solenoidal Tracker at RHIC

The Solenoidal Tracker at RHIC (STAR) is large-acceptance multi-purpose particle
detector designed to study the strongly interacting matter at high temperature and
high energy density. It is massive detector weighting 1,200 tuns consisting of many
sub-detectors, such as the Time Projection Chamber (TPC), the Time of Flight de-
tector (TOF), the Beam-Beam Counter (BBC), the Vertex Position Detector (VPD),
the Barrel Electromagnetic Calorimeter (BEMC). Another important part of the ex-
periment is a large solenoidal magnet covering full azimuthal angle and |n| < 1 in
longitudinal direction and generating 0.5 T solenodial magnetic field parallel to the
beam axis. The STAR experiment with its main sub-detectors is shown in Fig. 3.2
[17,19].

The STAR experiment is very suitable for measuring CEP processes, because
of its unique capabilities such as:

e high-resolution tracking of centrally produced charged particles in TPC,

e precise particle identification through the measurement of dE/dx and Time-
of-Flight,

e forward rapidity 2.1 < |n| < 5.0 covered by BBC detectors to ensure rapidity
gap,

e Silicon Strip Detectors in Roman Pots for measurement of forward protons.
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Fig. 3.2: The STAR experiment schematic view. Main sub-detectors, including TPC,
TOF, BBC, VPD, BEMC are highlighted. Taken from Ref. [20].
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3.2.1 Time Projection Chamber

The TPC is the heart of the STAR experiment. Its main purpose is precise particle
identification and particle tracking. The schematic view of the TPC can be seen in
Fig. 3.3. It is a large gas-filled cylindrical detector with inner diameter 1.0 m, outer
diameter 4.0 m and 4.2 m long. It covers full azimuthal angle and pseudorapidity
In| < 1.0. The fill gas is P10 gas consisting of 90% argon and 10% methane. The
P10 gas is kept at 2 mbar above the atmospheric pressure [21].
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Fig. 3.3: The schematic view of the TPC. A person is shown for comparison. Taken
from Ref. [21].

TPC is divided into two parts by high voltage conductive membrane, which
is typically set to value of —28 kV. The membrane creates uniform electric field
E =135 V/cm. At both ends of the TPC, there are 48 Multi-Wire-Proportional-
Chamber (MWPC) read-out sectors. A charged particle passing through the TPC
creates electron-ion pairs and loose its energy. Then, the ions are moved towards the
membrane and the electrons towards the MWPC sectors. Inside the MWPC sectors,
the electrons are amplified by a factor of 1,000 — 3,000. The detectable signal is
collected and their drift time is measured. The typical electrons drift velocity is
about 5.45 cm/pus and the drift time is approximately 40 us [17,21].

The STAR magnet provides magnetic field which curves the tracks of charged
particles. Since the radius of track’s curvature is proportional to the momentum of
the particle, particle momentum can be measured over a range of 100 MeV /¢ to 30
GeV /¢ with the resolution about 2%.

Another important measurement obtained from TPC is ionization energy loss
(dE/dx), which is used for particle identification (PID). The variable used in practice
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where dE//dz is an energy loss per unit length measured by the TPC, (dE/dx) is
a mean energy loss per unit length for different particle species calculated using
the Bichsel functions (22| and Rypj4, is the TPC resolution. The typical dE/dx
resolution of TPC of the STAR is 7%. The value of n, corresponds to the number
of standard deviations between the measured and the theoretical energy loss for a
given particle. In general, the TPC is able to identify particle with momenta from
100 MeV/c to — 1 GeV/c. An example of measurement and calculated energy loss
of charged particles as a function of their momentum is shown in Fig. 3.4 [18,23,24].
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Fig. 3.4: The energy loss of charged particles as a function of their momentum.
Expected values for electrons e, pions 7, kaons K and protons p obtained from
Bichsel functions [22]| are shown as colored curves. Taken from Ref. [23].

3.2.2 Time of Flight detector

The main purpose of the TOF is to extend the PID capabilities of the TPC for
particles with higher pr. Furthermore, the TOF system is used in the trigger of the
STAR experiment to select charged particle multiplicity in the central rapidity for
various physics processes. For the CEP events it helps triggering on low multiplicity
events in the TPC [25].

The TOF is a cylindrical shell around the TPC consisting of 120 trays and
covering full azimuthal angle and the psuedorapidity |n| < 1.0. One tray is consisted
of 32 Multi-gap Resistive Plate Chamber (MRPC) modules, which can be seen in
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Fig. 3.5. The MRPC measures time, when particle passes through, with a resolution
about 100 ps [26].
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Fig. 3.5: A STAR Time Of Flight detector model with the dimensions shown. Taken
from Ref. [25].

3.2.3 Beam-Beam Counter

The BBC is designed to detected particles with high pseudorapidity produced in
p + p collisions. The BBC is primarily used to monitor beam conditions and in the
p+p collisions used as the main trigger. The BBC detector at the STAR experiment
is divided into two identical detectors located on the east and west sides of the
interaction point at the distance about 374 cm. A schematic view of the BBC is
shown in Fig. 3.6. Each detector consists of two inner annuli of 18 smaller scintillators
and of two outer annuli of 18 larger scintillators. In the following chapter BBC stands
for detectors consist of smaller scintillators and BBC Large denotes the detector
consist of larger scintillators. Together it covers a pseudorapidity range of 2.1 <
In| < 5.0 [18,27].

Yellow
"~ Beam

Interaction
Vertex

Top

Right §§§§§
o8 BBC East
Bottom ., 3.3<|n|< 5.0 (small tiles only)

BBC West

Fig. 3.6: The STAR BBC detector schematic view. The BBC is divided into two
identical detectors on the east and west sides of the interaction point. Taken from

Ref. [27].
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3.3 Roman Pots

The Roman Pots (RPs) at the STAR experiment is system of forward detectors.
They are used to detect and measure forward protons from elastic or inelastic scat-
tering. The current layout of the RP system, called Phanse I1*, is shown in Fig. 3.7.
On each site of the interaction point, there are two RP stations at a distance of
15.8 m and 17.6 m. Each station consists of two RP vessels containing Silicon Strip
Detector (SSD) package and a scintillation counter for trigger. The RP vessel and
SSD package is shown in Fig. 3.8. The RP detectors are located between DX and
DO dipole magnets and they enable the reconstruction of the particle momentum by
measuring the track angle and its position. Since the constant and uniform magnetic
field of the DX magnet works as a spectrometer [28,29].

Top view

) E2 £1 wi W2
DX DX -
DO | | | DO
-15.8 m 0 15.8 m
Side view
E2U E1U W1U w2U

st W P L7 G
L LI

E2D E1D W1D W2D
Yellow, 5 o'clock Blue, 6 o'clock

WEST

Fig. 3.7: The Roman Pot Phase IT* layout. Top view with highlighted Roman Pot
stations E1, E2, W1, W1 and dipole magnets DX, D0. Side view with depicted
Roman Pots. Taken from Ref. [4].

Fig. 3.8: The Roman pot vessels and the SSD package. Left: a photo of the two
Roman Pots vessels. Main parts are indicated. Right: a photo of the Silicon Strip
Detector package. Taken from Ref. [30].

The RP technology was first used at CERN’s Intersecting Storage Rings in
the early 1970s. Since, it has been successfully used in other colliders like the SPS,
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TEVATRON, RHIC, DESY and the LHC. Its main advantage is capability to mea-
sure scattered particles close to the beam in a distance of few millimeters from the
beam with precision about 20 pm [29, 30].

At the STAR experiment, the detector is mounted inside RP steel vessel, which
separates vacuum of the beampipe from the RP interior, which is mostly at atmo-
spheric pressure. The RP vessel has pot, window and support frame, see Fig. 3.8.
The window is made of 300 pm thick steel, which preventing damage from the beam
vacuum or from the proton beam. A profile is designed to enable the closest approach
of the pot to the beam [30,31].

The detector package is a set of four silicon planes with the trigger scintillation
counter. The set is called SSD package and it can be seen in Fig. 3.8. The silicon
plane contains 6 SVXIIE readout chips with vertically oriented strips or 4 SVXIIE
readout chips with horizontally oriented strips. The vertical plane is shown in Fig.
3.9. In the SSD package, the first and the third plane are horizontal ones and the
second and the fourth plane are vertical ones. This ordering enables measuring of
both coordinates of particle in the plane perpendicular to the beam direction. The
strips cover active area of roughly 79 mm x 49 mm. Each SVXIIE readout chip reads
126 strips, which have ~ 100 pym pitch allowing resolution of 30 pym. A scintillator
covers whole active area of the detector and it is installed at the back of SSD package.
It is used as the trigger and it also provides the timing information [28,30].

Fig. 3.9: A photo of the plane. Detector and SVXIIE readout chips are highlighted.
Taken from Ref. [30].

Each RP has own name denoting precisely its position. The first letter indicate
the site of the STAR detector where RP is mounted, E for "east", the "yellow" RHIC
ring and W for "west", the "blue" RHIC ring. The second letter describes detector
orientation, U means "up", RP is located above the beamline and D stands for
"down", the RP is located below the beamline. Finally, there is a number 1 or 2
which denotes if it is the first one located in a distance of 15.8 m from interaction
point or the second one located in a distance of 17.6 m from interaction point. For
example the first RP located at the east site above the beamline is called E1U and
it can be seen in Fig. 3.7.
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Chapter 4

Analysis of central exclusive
production in proton-proton
collisions

In 2017, proton-proton collisions at /s = 510 GeV were collected by the STAR ex-
periment. Since this data set contains triggers from DIPE in CEP, they are promising
for glueball search. The goal of this analysis is to validate this data set. For this rea-
son, data from run 17 RHIC period were used and a subset of 5% of data from the
main data taking period. The rest of data is being produced so far. The RHICf data
set contains data collected between June 25 and June 27. This data set is subset
of whole data collected during year 2017 and it was priorly produced for testing
reasons.

The data were stored in MuDst files which are produced from the raw data col-
lected during the process of data taking. MuDst files contains all information about
trajectories of centrally produced particles, outgoing protons. The MuDst files for
all run 17 are bigger than 622 TB which make them very unpractical. For this reason
we produced picoDST files containing only the most important information about
the events and individual tracks reducing the size by factor of 100. I implemented
all parts related to Roman Pots. Furthermore, I validated the new picoDST pro-
duction by comparing with another version of picoDST files which was made by our
colleagues from the AGH University of Science and Technology, Cracow, Poland.

In total, I analyzed 197,314, 700 events stored in muDst files from RHICf pe-
riod and the first part of run 17 which was already produced. The part is containing
about 5 % of all data from run 17. These first results of CEP at /s = 510 GeV are
described in this chapter. The analysis was done using the ROOT framework and it
was calculated on the STAR farm. The results marked as "this thesis" have not yet
been approved by the STAR collaboration for public presentation.
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4.1 Event selection

The goal was looking for the DIPE in CEP in p+p — p+7" 7~ +p collisions. The CEP
is characterized by rapidity gap separating the outgoing protons from the central
produced state. We required at least one of central productions triggers. There are
3 central productions triggers and they are described in Tab. 4.1. Generally, there is
a requirement of only elastic or inelastic combination of outgoing protons in Roman
Pots which they are shown in Fig. 4.1. Then, there is a requirement of hits in TOF
ensuring centrally produced state. Finally, there is a requirement of no hits in ZDC,
BBC or BBC Large ensuring rapidity gap between outgoing protons and centrally
produced state.

Condition CPT2 | CPT2noBBCL | CPTnoBBCL

Elastic combination in RP | — + | — + — +
Inelastic combination in RP | + +
Number of TOF hits > 0 + +
Number of TOF hits > 10 | — — | — —
Number of TOF hits > 1 o o] o o
Hit in BBC east - — | = —
Hit in BBC west - - | = — - —
Hit in ZDC east - — | = — — —
Hit in ZDC west - — | = - — -
Hit in BBC Large east o o | — — — —
Hit in BBC Large west o o | — — — —

+ o o +
+ o o

Tab. 4.1: Descriptions of central productions triggers. The 4+ means requirement
while — stands for veto and the o denotes no condition.
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Fig. 4.1: The side view of the Roman Pot Phase II* setup with an illustration of
Roman Pot track (in)elastic combinations. Taken from Ref. [4] and edited.

The following list describes each cut which is shown in the left Fig. 4.3 showing
number of remaining events after application of each event cut. The exact number
of events remaining after each cuts is shown in Tab. 4.2.

1. All - no cut or condition is applied at these stage.

2. CPT trigger - at least one of central production trigger, discussed above,
was applied.

3. El+InEl - requirement of exactly 2 good quality tracks in Roman Pots and
only elastic or inelastic combinations are accepted. The elastic and inelastic
combinations are illustrated in Fig. 4.1. The track is reconstructed from two
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track points. Each track point is reconstructed from up to four silicon planes.
Only tracks with all 8 silicon planes used in their reconstruction are marked as
good quality track. The illustration of track reconstruction is shown in Fig. 4.2.

4. 2 TPC-TOF tracks - need for 2 TPC tracks matched with TOF as we are
looking for 717~ pair.

5. Same vertex - the tracks should be coming from the same vertex as they are
produce by CEP.
6. TotCharge 0 - the total charge of 7t7~ pair should be zero.

7. piss < 0.1 GeV/c - is the requirement of exclusivity. For this reason, we
defined missing transverse momentum as follows

PSS = (p} + Py + Ty + 7T, (4.1)

where pi,p; are momenta of outgoing protons and 7,,7_ are momenta of
produced 77 ~. From the conservation of momentum the p**¢ should be equal
to zero. Since there is a track resolution of detector, we required p7*** < 100
MeV, which is less than the mass of pion, the lightest meson. All pairs satisfying

this cut are called exclusive pairs.

8. PID - particle identification is the last cut and it is discussed in next section.

E2U E1U W1U wW2u

I IP track

] Il H@
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track
points

beamline |HH H

Fig. 4.2: The illustration of Roman Pot track reconstruction. Taken from Ref. [4]
and edited.

Number of events remaining after the application of each event cut can be
seen in Fig. 4.3. At the beginning, there were 24,261, 132 events at the trigger level.
After application the event cuts, there are 1,477 exclusive events with 7F7~ pair
remaining. The distribution of missing pt of 777~ pair event after three different
event cuts is shown in Fig. 4.3. The peak from exclusive event is clearly visible.

4.2 Particle identification

At RHIC specific energies DIPE with 777~ is expected to be dominant. The energy
loss of charged particles measured in the TPC as a function of their transverse
momentum and charge is shown in Fig. 4.5. Based on this measurement, most of the
particles are pions, especially after the pi**s cut. For this reason, we defined nol®"
as follows

noP*r = \/(nafgf)Q + (nafr’"f“)Q, (4.2)
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Cut Number of remaining events

All 93,845,137

CPT trigger 24,261,132

El + InEl 3,600,390
2 TPC-TOF tracks 32,500
Same vertex 31,307
TotCharge 0 19,641
press < 0.1 GeV/e 1,554
PID 1,477

Tab. 4.2: Number of events remaining after the application of event cuts.
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Fig. 4.3: Left: number of events remaining after the application of event cuts. Right:

the distribution of missing pt of pion candidates. The dotdash line indicates p7*** <
100 MeV cut.
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where nafff, nafff are variable obtained from TPC, which were introduced in Sec-

tion 3.2.1. All pairs satisfying noP®" < 3 are assumed to be pions in this work. More
complex PID is the subject of further work.
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Fig. 4.4: The energy loss of charged particles as a function of their momentum
and charge with Bichsel functions. Left: candidates with 2 TPC-TOF tracks. Right:
candidates before PID cut is applied.

ﬂ250'||||""IIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII
27 L THIS THESIS P+pop +m 4T +p T
3 Vs=510 GeV ]
‘5 1554 Exclusive © candidates
D
o]
E
3
P

150

100

50

ro b by by e L e by g e 1
4 5 6 7 8 9 10

pair
no;

Ol — —— — — — — — —

R RN N
00 1 2

Fig. 4.5: The distribution of no?*" of exclusive pairs. The dotdash line indicated the
cut noP¥ < 3.

4.3 Results

For all selected exclusive events with identified pion pair, the invariant mass of two
TPC tracks was calculated by the following equation.

EN? .
moc® = (?) —p? (4.3)

The first distribution of the invariant mass of 77~ pairs at /s = 510 GeV is
shown in Fig. 4.6. The like-sign pion pairs are shown for comparison. The expected
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features can be seen: the broad structure extending from the production threshold
to 1 GeV/c? followed with rapid drop and the significant resonant structure between
1.0 — 1.5 GeV /c?. This result is in good agreement with the previous measurement
by the STAR experiment [14] (see Fig. 2.3) that validates the data set.

% 120 THISTHESIS = p+pop+n'+m+p -
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Fig. 4.6: The distribution of the invariant mass of 77~ pairs. Distribution is not
corrected for detector acceptance and efficiency. Error bars represent statistical un-
certainty.

The picoDST production has been validated. The first distribution of the in-
variant mass of 777~ pairs at /s = 510 GeV from the 5 % of run 17 can be seen
in Fig. 4.7. For this result was used the same approach as discussed above. The
expected resonant structure between 1.0 — 1.5 GeV/c? is clearly visible together
with the broad structure extending from the production threshold to 1 GeV /c?. The
broad structure shows different features than the on in Fig. 4.6 since the results were
not corrected for acceptance, efficiencies etc.

In Fig. 4.8 the distribution of pseudorapidity of exclusive 7 candidates and the
z-coordinate of reconstructed vertex of exclusive events is shown. Both variables are
symmetrical around zero and show expected features. The data from run 17 were
validated and they look promising.

The next step is to produce picoDST files for whole run 17 with about one
billions events. We are expecting increase in statistic by factor of 4 compare to
the previous measurement discussed earlier [14]. Furthermore, I am going to apply
TPC/TOF track quality cuts, optimize the cuts and apply more complex PID meth-
ods, which allow to study processes with KT K~ and pp. In addition, the processes
with 77~ 77~ centrally produced state can be also analyzed.
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Fig. 4.7: The distribution of the invariant mass of 77~ pairs. Distribution is not
corrected for detector acceptance and efficiency. Error bars represent statistical un-
certainty.
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Summary

The goal of this work is to validate the picoDST production and data from proton-
proton collisions at /s = 510 GeV which were recorded by the STAR experiment
in 2017. Since this data set contains information from DIPE in CEP; it is promising
for glueball search. The experimental confirmation of the existence of the glueball
would be yet another strong support for the validity of the QCD theory. Therefore,
it is important to analyze these data.

The first chapter of this work was an introduction to the high-energy diffractive
physics. First, the kinematic variables were introduced, then, the hadronic diffraction
physics was discussed. Furthermore, the Regge theory was presented included the
introduction of IPomeron and glueball. The CEP as the potential source of glueballs
was also introduced.

The second chapter provides the summary of recent results in central exclusive
production, achieved by the experiments at CERN and by the STAR experiment.
The features in the distribution of invariant mass of 777~ and K*K~ pairs have
been discussed. The recent results indicate significant role of resonance production,
however the exact nature of the features remains elusive.

The third chapter presented RHIC, the only major accelerator capable of col-
liding polarized protons, and the STAR experiment with its sub-detectors. STAR
has unique capabilities such as: high-resolution tracking of charged particles in TPC,
precise PID through the measurement of dE/dz and Time-of-Flight, BBC covering
forward rapidity 2.1 < |n| < 5.0 to ensure rapidity gap and Roman Pots allowing
measurement, of forward protons. These features made STAR suitable detector for
studying CEP processes.

Finally, the fourth chapter is dedicated to the first measurement of CEP in
proton-proton collisions at /s = 510 GeV measured by the STAR experiment.
Specifically, the distribution of invariant mass of 7+t7~ pairs has been presented.
The distribution shows expected features and it is consistent with the previous
measurement by the STAR experiment.

The data set and the picoDST production have been validated and the data
look promising. The next step is to produce picoDST files for whole run 17 and
apply more complex PID methods that allow to study processes with K™K~ and
pp. Furthermore, I would like to also analyze the processes with 7t7~ 77~ centrally
produced state.
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