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Abstract

This thesis reports on photoproduction of exclusive J/y mesons in ultra-peripheral
PbPb and pPb collisions at /syy = 2.76 TeV, and 5.02 TeV, respectively, from the
CMS experiment at the LHC. For PbPb collisions, there is a correlation between the
directions of the produced J /v and the neutron emitted by the struck nucleus. For J/y
mesons with py > 100 MeV/c, the ratio of the pr distributions for J/y is moving in
the opposite direction as the neutrons emitted from the target nucleus to those for J/y
is moving in the same direction as the neutrons, suggests significant shadowing in the

lead nucleus.

For pPb collisions, the distributions of the J/ys in transverse momentum have a sim-
ilar form to previous measurements at HERA. The average pr increases with the
photon-proton center of mass energy W. This implies that the spatial distribution of the
gluons within the proton depends upon the gluon momentum. The cross section also
increases as W increases from 57 to 439 GeV implying that the proton become more
and more opaque to photons as the photon energy increases. Parametrizing the growth
of the cross section by the form ¢(W) < W9 yields a value of § = 0.63640.063. This
result is consistent with the world average and has a precision comparable to other

experiments.
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Chapter 1

Introduction

About 14 billion years ago, the universe was created in an event called the Big Bang. It is currently
believed that after a period of rapid inflation and then reheating the gravitational, electro-weak and
strong forces that we know today were operating but the universe was too hot for nucleons to exist.
At first it is thought the universe would have been a electro-weak plasma and that quarks were
formed from the decays of the vector bosons. This was the status after about 10~! seconds. From
this time until &~ 3 - 10~ seconds the universe was in a hot and dense state, where the quarks and
gluons were free and left- and right-handed quarks behaved symmetrically. This state is called the
quark gluon plasma (QGP). As the universe expanded and cooled the quarks and gluons eventually
became confined into nucleons and the chiral symmetry between left- and right-handed quarks was
broken. Later the nucleons formed the hydrogen and helium from which our universe was built.

This sequence is shown in Figure 1.1.

Big - formation of formation of

Bang fo low-mass nuclei  neutral atoms formation
Toniverse >107 K K 10° K 4,000 K 50 }'\"—;: K 3 3 o
time - ! 3 min 400,000 yr 3 %10 yr =3 % 10"y 14310 yr

Figure 1.1: Development and expansion of the universe from the Big Bang to the present day [1].



1.1 Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the most powerful particle accelerator in the world. It is a
27 km ring of superconducting magnets and accelerating radio frequency cavities that sits in an
underground tunnel, at a mean depth of 100 meters below the surface near Geneva. There are four
main detectors in the LHC: A Large Ion Collider Experiment (ALICE), A Toroidal LHC Appa-
ratus (ATLAS), the Compact Muon Solenoid (CMS) and Large Hadron Collider beauty (LHCD).
ALICE, ATLAS, CMS, and LHCD are installed in four huge underground caverns, at the four col-
lision points of the beams as shown in Figure 1.2. The LHC has two beams of particles that travel
in opposite directions in separate circular beam pipes. The particles are boosted to be close to
the speed of light and focused by superconducting quadrupoles to increase the luminosity and the

probability of the collisions between the particles at the interaction points.

P P = —r -
e L~

LHC - B CERN
—ezaloint 8 e
31 - Point 1

Figure 1.2: layout of the LHC ring and the four main experiments [2].

The LHC is able to make a small version of the quark gluon plasma by accelerating and col-

liding two beams of nuclei at very high energies. The life time and volume of this state are very
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small, since it quickly decays into hadrons and other particles. The detector’s role is to observe
the production of these particles and so deduce the properties of the QGP. This process is shown in

Figure 1.3.

Big Bang Quark-Gluon-Plasma Nuclear Matter

<:

Experiment

Figure 1.3: The expansion of the universe and the experiment’s role to study the early era of the
universe [3].



1.2 Kinematic Variables

Galileo developed a set of transformations to describe the coordinates of a system K ' that is moving

with velocity v along the z axis of system K.

X =x (1.1)
Y=y (1.2)
¢ =(z—w) (1.3)
f =t (1.4)

These transformations work well at low speeds but was contradicted by the experiments of Michel-
son and Morley that found the speed of light to be constant in all reference frames. The Lorentz
transformations were designed to keep the speed of light constant in all frames of reference. They

are

X =X (1.5)
Y=y (1.6)
7 =y(z—v) (1.7)
ot = y(ct — Bx) (1.8)

where f = 7 and y = \/11? In order to present experimental results in a meaningful way it

is important to describe them in terms of Lorentz invariant quantities.
Velocity is not invariant under Lorentz transformations and so it is important to find a measure
of velocity that is. The rapidity is a logarithmic measure of direction and velocity. The rapidity in

terms of E and p, is written as:

1 E+p.c

y =5 1In(

5 ) (1.9)

E—p,.c



The rapidity is zero when a particle is close to transverse to the beam axis, but tends to £co when
a particle is moving close to the beam axis in either direction. It is related to the angle between the
XY plane and the direction of emission of a product of the collision. The rapidity of the particle
can be written in terms of its velocity, if we define its direction of motion to be along the z axis.

Then

11
y:tanhfl(x) == /e

c Z(I—V/C) (1.10)

Rapidity itself is not Lorentz invariant but differences in rapidity are Lorentz invariant.

For particles with pc >> mc? the rapidity can be approximated by the pseudorapidity 1

1 p+p:
n=-In(—= (1.11)
2 (p—PZ>
:1ln(p+p008(9)
2 ‘p—pcos(0)

= —ln(tan(g)). (1.13)

) (1.12)

where 0 is the scattering angle of a particle with respect to the beam line. Since 1 depends
only upon the polar angle of the particle it is easier to measure experimentally than the rapidity.
From Equation 1.13 itis clear that n =0 at 8 =90°,and n =0 at 6 = 0°.

The transverse momentum of a particle pr, is that component of the momentum perpendicular

pr =+/pPi+p3 (1.14)

Since p, and p, are Lorentz invariant under transformations along the z axis, pr is also Lorentz

to the beam axis. It is defined by

invariant. A related quantity is the transverse mass which is defined by

m%c4 = p%c2 +m?ct (1.15)



The total energy and longitudinal momentum along the beam line p; can then be written as:

E = mpc? coshy

pec = \/E? —m3c* = mpc?sinhy

(1.16)

(1.17)

For any 2 — 2 collision process where particle 1 collides with particle 2 producing particle 3

and particle 4 there are three Lorentz invariant Mandelstam variables defined by

where s, ¢, and u are Lorentz invariant, and related to each other by the equation
S+t+u= m%—i—m%—l—m%-i—mi
— | = _ . )
In the center of mass system pi + p3 = 0 and so s can be written as:

s = (El +E2)2.

Thus +/s is the center of mass energy for the collision between two particles.

1.3 Quantum Chromodynamics

(1.18)
(1.19)

(1.20)

(1.21)

(1.22)

Quantum chromodynamics, QCD, is a gauge theory of the strong interaction. It is similar to

quantum electrodynamics (QED) which describes the force between electrically charged particles

by the exchange of photons. The quarks inside protons carry both electric and “color" charge.

QCD describes the force between colored quarks and anti-quarks by the exchange of gluons which

are themselves colored. This makes QCD a much richer and more complex theory than QED [57].
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Quarks and anti-quarks are fundamental constituents of matter. Quarks have various intrinsic
properties such as electric charge, color charge, spin, and mass. The color charge for quarks
can have three different values known as red, green, and blue. The gluons are the mediators of the
strong interaction. Gluons in QCD do the same job as photons in QED, but the differences between
the photon and the gluon are that the gluon interacts with itself and that there are eight types of
gluons as opposed to only one kind of photon. Figure 1.4 shows the standard model of the quarks,
mediators (Gauge bosons), and leptons.

The strengths of the electric and strong forces are given by the coupling constants o, and o
respectively. Since o, ~ % << 1, perturbation theory can be used to make calculations in QED
for all ranges of energy. In QCD, at low energy perturbation theory can not be used, because
o ~ 1, so the QCD calculations are difficult. At high energy the force weakens and perturbation
theory can be used. This effect is known as the running of the QCD coupling constant and is shown
quantitatively in Figure 1.5. This running of the coupling constant implies that quarks are confined
within hadrons at low energies but become asymptotically free at high energy. The data shown in
Figure 1.5 are consistent with a coupling that is proportional to m. The parameter Agcp
sets the scale of confinement in QCD and has a value of about 217 MeV.

Asymptotic freedom means that at small distances (high energy) the interaction between quarks
is weak, so the quarks move almost freely inside the hadrons. On the other hand, color confinement
means that at large distances (low energy) the interaction between quarks is strong. This forces the
quarks to combine to form neutral color particles such as mesons and baryons and is the reason
that no free quarks have been observed despite many searches [58]. All hadrons are color neutral
combinations of quarks. Mesons (pion, J/y, etc) are combinations of quarks and antiquarks with
a given color/anti-color to make the neutral color charge. Baryons (protons, neutrons, etc) are
composed of three quarks, each of which has a different color (red, green, blue, ...) to form a color
neutral state. For example a red ¢ quark and anti-red ¢ quark could form a J/y while a green u
quark, blue u quark and red d quark could form a proton. Recently there has even been evidence

for pentaquarks states [59]. Experimentally no isolated quarks have been observed in nature [58].



Three Generations
of Matter (Fermions)

II 11

Gauge Bosons

Figure 1.4: Three generation of matter particles in the standard model, and the mediator particles
(Gauge bosons) [4]

If the distance between two quarks is increased, the interaction between them will be stronger and
stronger until the stored energy is sufficient to create a new gg pair. The aim of relativistic heavy
ion experiments is to produce a very hot and dense medium where quarks and gluons may move

freely over an extended volume.
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Figure 1.5: The coupling constant o (Q) versus energy scale Q. The curve that slopes downwards
is a prediction of QCD. The curve agrees with the measurements [5]

1.4 Relativistic heavy ion collisions

Figure 1.6 shows a timeline of a head-on collision of two relativistic heavy ions. The ions in the
LHC are moving at about 99.99998% of the speed of light and appear as flat disks in the laboratory
frame because of the very strong Lorentz contraction along the z axis. This initial state of the
system serves as a boundary condition for the subsequent evolution of the system and is actually
the main topic of this thesis. In this state, time dilation effects are very strong since y ~ 1700

and the quarks and gluons are essentially frozen in a particular configuration. Such an individual



configuration may be very different from the smooth average wave function of the nucleus. It
has been suggested that the soft gluons in such a nucleus may overlap to form a saturated glass-
like state known as the Color Glass Condensate (CGC). Right after impact the system is in a
prequilibrium state where many hard scatterings are occurring. The system quickly approaches a
thermal equilibrium and starts to behave like an almost perfect fluid of deconfined quark matter.
The system then rapidly expands and cools until the quark matter finally freezes out into hadrons,

photons and leptons that can be detected by experiments.

Hadronization
(Freeze-out)
+

Expansion

Pre-equilibrium Thermalization QGP phase? Mixed phase

Figure 1.6: Stages of a Relativistic Heavy Ion Collision [6]

1.5 Quark Gluon Plasma stage

There are many experimental signatures of the Quark Gluon Plasma (QGP), such as the quarkonia
suppression (a color screening of deconfined quarks and gluons in short range around the quark
and around the anti-quark making the binding between them weak), jets quenching (high trans-
verse momentum p7 partons that propagate through the medium (QGP) and lose energy), and the

azimuthal asymmetries.
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1.5.1 Quarkonia suppression (dissociation)

In 1986 Matsui and Satz predicted that the yield of ¢¢ mesons would be suppressed in relativis-
tic heavy ion collisions due to the Debye screening of the attractive force between the charmed
quarks by deconfined light quarks [60]. Such a suppression of the J/y was reported by the NA38
collaboration. Since then several experiments have measured the suppression of both charm and
beauty mesons. Although other effects can also reduce the yield of such mesons there is very
strong evidence of Debye screening at both RHIC and LHC energies [61].

One way to quantify this suppression is to take the ratio of the yield of a given particle (jets,
hadrons, quarkonia) in heavy ion collisions with that expected by scaling up the yield from proton
proton collisions at the same beam energy per nucleon. The nuclear modification factor Ryy is

defined as

1 Naa(y,pr)

) (1.23)
< Ncoll > NPP(y7pT)

Raa(y, pr) =

where N4 (y, pr) and Ny, (y, pr) are the Lorentz invariant yields in AA and pp collisions respec-
tively in a given rapidity y and transverse momentum pr interval and < N,; > is the average
number at binary nucleon-nucleon collisions in heavy ion collisions. R44 measures the modifica-
tion of particle yields in the nuclear medium. R, is used for the same purpose but is the ratio of
particle production in central collisions compared to scaled peripheral heavy ion collisions.
Figure 1.7 shows Ryx for J/y versus Npare (left), where Npq, is interaction volume that the
nucleons are participating in the collision, and pr (right) at two different beam energies. The J/y
yield is suppressed at both /syy = 0.2 TeV and /syy = 2.76 TeV. The suppression is stronger
for more central collisions, higher N4, and at higher pr. Figure 1.8 shows Ry, for the Upsilon
family at \/syy = 2.76 TeV. As Ny, increases the suppression becomes more pronounced. As
expected from models of Debye screening RL(&]S) > RL(ES) > RXESS) since the binding energy of the

Y(1S) is greater than that of Y(2S) which in turn is more strongly bound than the Y(3S).
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Figure 1.7: Rpx for inclusive J/y measured in PbPb collisions /syy = 2.76 TeV and forward

rapidity by ALICE [7] and in AuAu collisions at /syy =

0.2 TeV and central rapidity by PHENIX.

The left panel shows the N, dependence and the right panel the p7-dependence of Rya.
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Figure 1.8: Ryq for Y(1S) and Y(2S) measured by CMS at y < 2.4 versus Ny (Left) increasing
with centrality, pr (Center) and rapidity (Right) [8] . The R4 for Y(3S) is consistent with zero.

1.5.2 Azimuthal asymmetries

In non-central heavy-ion collisions, the initial shape of the created fireball has a geometrical

anisotropy which induces different pressure gradients in the medium and a collective flow of the

matter. As a consequence, an anisotropy of the azimuthal distributions of the produced particles

arises. The coefficients of a Fourier expansion of such distributions [62] can be used to character-

ize the observed asymmetry. The azimuthal distribution of produced particles can be represented
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as a Fourier series

d®*N

ch (1+2vjcos(¢’) +2vpcos(2¢°)...) (1.24)

where ¢° = ¢ — W is the particle’s azimuthal angle, where W is the reaction plane angle that
points along the direction of impact parameter. In this equation v; is known as direct flow, v,
elliptic flow, and v3 triangular flow, etc. The coefficients of this expansion in Equation 1.24, i.e.
the v,, are strongly related to the pressure gradients, equation of state of the medium and on the
geometric fluctuations of the initial state.

The observation of large v, values at low pr is in good agreement with ideal hydrodynamic
calculations (i.e. zero viscosity) in semi-central and central heavy ion collisions and strongly
suggests that the matter produced in heavy ion collisions behaves as an ideal liquid [61]. Figure 1.9
shows v, versus pr and centrality for PbPb collisions at /syy = 2.76 TeV. The fast rise of v, with
pr at low pr is understood in terms of ideal hydrodynamics. The slow fall of v, at high pr is
thought to be due to jet quenching, see Section 1.5.3 below.

The integral of v,(pr) over pr depends upon the “stiffness" of the fluid produced. This is ex-
pected to depend upon the temperature of the matter produced in heavy ion collisions. Figure 1.10
shows the energy dependence of integrated v,. Positive values mean that the matter feels a repul-
sion while negative values indicate an attraction. At very low energies the matter is repelled by the
Coulomb force. At intermediate energies the matter experiences an attraction. It is thought that
this is due to the attraction between baryons. At high energies the matter is hot enough to become

a quark liquid and so the matter feels a repulsion due to the pressure in the liquid.

1.5.3 High pr suppression and jet quenching

One of the most important measurements at RHIC was the suppression of high p7 particles and the
disappearance of back-to-back correlations [63]. These results showed that the medium produced

in nucleus-nucleus collisions was very dense and made up of colored partons. In such a medium
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Figure 1.9: The elliptic flow parameter v, versus pr and centrality in PbPb collisions at /syy =
2.76 TeV, measured by CMS [9]. Error bars denote the statistical uncertainties, while the grey
bands correspond to the small systematic uncertainties. The centrality is shown in the top right of
each panel. Results from ATLAS are also shown.

high momentum quarks may lose energy by gluon exchange with the many lower momentum
quarks and gluons in the medium. At the LHC, analogous results to RHIC have been found for the
nuclear modification factor and for the suppression of back-to-back correlations [61]. Figure 1.11
shows the nuclear modification factor Ry for charged particles versus pr and N . For pr < 2.5
GeV the suppression is dominated by flow but at higher pr values quark energy loss becomes
important.

Jets are sprays of hadrons and the closest objects to partons that can be properly defined in

QCD. The study of jet modification inside a colored medium is a sensitive proof of the mechanisms
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Figure 1.11: The nuclear modification factor R44 for charged particles measured by ATLAS [12]
and compared to CMS [13] and ALICE results [14]. The left panel shows the pr dependence and
the right panel the dependence on N ;.

of energy loss, of the interaction strength with the medium and of its density [61]. Figure 1.12

shows the nuclear modification factor of central collisions compared to peripheral ones R, for

charged jets, fully reconstructed jets and charged hadrons for PbPb collisions at /syy = 2.76 TeV.
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High pr particles or jets from central collisions are significantly suppressed relative to peripheral
ones over a very wide range of momentum. This is consistent with central collisions producing a
hotter and denser medium than peripheral ones which causes high momentum quarks from central

collisions to lose more energy than in peripheral ones.
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Figure 1.12: Nuclear modification factor of central collisions compared to peripheral ones R, for
charged jets, fully reconstructed jets and charged hadrons, versus the pr of the jet or hadron [15].

1.5.4 Heavy flavor suppression

Heavy quarks are an important probe of the medium created in nuclear collisions. Because their
mass is much larger than the temperature of the system, they are not created or destroyed in the
medium, but rather produced by hard scattering in the early stage of the collision process. There-

fore, they are particularly sensitive to the QGP phase. For pr smaller than their mass the heavy
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quarks are expected to have a significantly different pattern of energy loss than the light quarks.
This means that the study of R44 and v, can give new information on the degree of thermalization
of the medium and the mechanism of energy loss [61]. Figure 1.13 shows Rq4 of D-mesons and
charged pions versus N,,; measured by ALICE in PbPb collisions at \/syy = 2.76 TeV [16]. For
both particles the suppression increases with Nj,;. Within the current statistics the suppression
the charmed D mesons is consistent with that of pions. Further studies using mesons containing
b quarks are in progress. Figure 1.14 shows v, and Ra4 versus pr for D-mesons from PbPb col-
lisions at /syy = 2.76 TeV [8]. The data are compared to a variety of models that handle quark
energy loss in different ways. The combined v, and R4 data are a very strong constraint for the

models.

1.6 Initial state: Parton Distribution Function

The first evidence for quarks as real objects inside the proton came from electron-proton experi-
ments at SLAC in the early 1970s [64]. In 1979 the gluon was discovered by the production of 3 jet
events at the ete™ collider PETRA [65]. The term parton is used to mean either a quark, antiquark
or a gluon. The quarks which give particles their quantum numbers are known as valance quarks
while the quark-antiquark pairs that do not contribute to the quantum numbers are known as sea
quarks.

Parton distribution function (PDF) is the parton distribution or density inside the proton or the

nucleus. Partons are characterized by their transverse size and their momentum. The transverse

BZ
02

scattered electron. Bjorken-x is the fraction of the proton’s longitudinal momentum carried by a

size is proportional to % where % is Planck’s constant and Q? is the momentum transferred to the

single parton. It is defined as

P;
Phadron

(1.25)

X =

where pé is the longitudinal momentum carried by parton i. If g(x) is the number of partons with
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Rya of D-mesons and charged pions measured by ALICE in PbPb collisions at

\/SNN = 2.76 TeV[16]

momentum fraction between x and x + dx the Parton Distribution Function or PDF is defined as

PDF (x,Q) = x-g(x,0%) (1.26)
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Figure 1.14: Left: the average D-meson v; in the 30- 50% centrality class, measured by ALICEJ[8].
Right: the average D-meson Rq4 on the 0-20% centrality class, measured by ALICE [8]. Both
results refer to PbPb collisions at /syy = 2.76 TeV, and are compared to theoretical models

1.6.1 Proton parton distribution function

The best data on the distribution of partons inside the proton come from deep inelastic scattering
experiments (DIS) at the HERA collider. By measuring the momenta of the scattered electron and
the other particles produced in the event it is possible to calculate the momentum of the object that
the electron hit. These experiments have shown that at very high energy the proton contains many
quarks, anti-quarks and gluons.

Figure 1.15 shows the distribution of the gluon, sea quark, and valence quark distributions
versus x for Q> = 10 GeV?, as measured at HERA (combined H1 and ZEUS analysis [17]). The
gluons dominate below x = 0.01. As Bjorken-x decreases there is a rapid increase in the density of
sea quarks and gluons. This means that at very high energies the proton wave-function is dominated
by gluons.

Figure 1.16 shows the parton density for three different resolution scales Q* = 5 GeV?, Q> =
20 GeV?, and Q> = 200 GeV? [18]. At high x the distributions are independent of Q%. As x
decreases the parton density increases rapidly and this increase is stronger at higher Q. Figure
1.17 shows a schematic description of the parton distribution data at various x and Q? values

shown in Figure 1.16. If the parton distribution at a given x and Q? is known, the Balitsky-Fadin-
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Figure 1.15: Proton parton density versus x. By decreasing x, there is evolution of the gluon, sea
quark, and valence quark distributions for Q> = 10GeV?, as measured at HERA (combined H1 and
ZEUS analysis [17]).

Kuraev-Lipatov (BFKL) theory can be used to calculate (or evolve) the parton density at the same
resolution scale Q2 but different x (x, becomes smaller, the number of partons increases, but their
size stays the same) [66].

On the other hand the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) theory describes
the evolution of the parton numbers with Q? at a specific x (the number of partons rises but their

size decreases) [66]. Both of these models have been inspired by HERA data. For a given 0? the
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Figure 1.16: Parton density versus x at three different resolution scales [18].

density of partons increases as x decreases. For a given x the size of the partons decreases and their
number increases as Q2 increases.

Physically, the rapid increase in parton density as x decreases, shown in Figure 1.16, cannot
go on forever since the probability for a particle to scatter off a proton is finite. This is known as

the unitary limit and can be understood in terms of the packing of partons into a disk. At some
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density of partons with a given Q? saturates [19]

2. :
% into the proton without

it overlapping and merging with another parton. This transverse momentum Q; is known as the

point it is not possible to fit another parton of transverse area ~ 7 -

saturation scale and is a function of x. When two partons merge they form a new parton whose
transverse momentum Q is the sum of the other two partons. Since higher momentum partons are
smaller it is possible to pack them more tightly into a disk and so Qg increases as x decreases.

Analysis of HERA data suggests that instead of being a function of two variables, x and Q?, the

Q2

I2IE) where Qy(x) increases as the logarithm of )_1( The

parton density depends only upon the ratio
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line on the QCD diagram in figure 1.17 represents the x value for which gluon saturation starts to

occur at a particular Q.

1.6.2 Nuclear Parton Distribution Function

For a nucleus, the saturation effects described above are expected to be stronger. Because of
Lorentz contraction all the nucleons are very close to each other. This means that partons from
one nucleon at the back face of the nucleus can overlap with partons at the front. This overlapping
of partons means that at very high energy (low x) heavy ions can be treated as a condensed wall
of colored gluons. Due to the very strong time dilation the gluons in the moving nucleus are
essentially frozen compared to an incoming probe. Because of the combination of a high density
of gluons and strong time dilation, it has been proposed that the system may behave like a glass
[18]. This proposed new state of matter is called the Color Glass Condensate. Figure 1.18 shows
a map of the saturation domain as a function of x and A. The saturation scale rises as the atomic
mass increases and x decreases. Note that for x ~ 1073 the saturation momentum Q; can be 4 GeV
for lead nuclei.

Because of the effects described above the nuclear parton distribution function (nPDF) of a nu-
cleus with A nucleons is not the superposition of A independent PDF s of individual nucleons. This
modification of the nuclear gluon density ga(x,0?,A) is expressed by the nuclear ratio R(x, 0% A),
which is the ratio of the nuclear parton distribution function g4 (x, Q2,A) and the nucleon parton

distribution function gV (x, 9?). The nuclear ratio R(x, 9%, A) is defined as:

2
R(x,0%A) = gax, 0% A) (1.27)

gN(xa QZ)

Figure 1.19 shows a calculation of R versus x for a lead nucleus at a given value of Q [21]. For
x > 0.8, the parton density of the nucleus is greater than the parton density of the nucleon g4 > gn.
This effect is due to the Fermi motion of the individual nucleons within a nucleus. In the range

0.3 < x < 0.8, the parton density of nucleus is less than the parton density of the nucleon g4 < gn.
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Figure 1.18: Saturation domain as a function of x and A [20].

This effect, known as shadowing, was first measured by the European Muon Collaboration which
measured the scattering of muons off nuclear targets [67]. In the range 3 x 1072 <X <3x1071,
the parton density of the nucleus is greater than the parton density of the nucleon g4 > g, this
effect is called anti-shadowing. As x decreases below 3 x 1072, the parton density in the nucleus

is more and more suppressed compared to that of the proton. In this model the suppression is due

to the recombination of low x partons within the nucleus.

Figure 1.20 shows a comparison of the average valence and sea quark, and gluon modifications

at Q2 = 1.69 GeV? for a Pb nucleus from a LO global DGLAP analyses EKS98 [22] [23], EPS08
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Figure 1.19: A sample calculation of the ratio of the parton distribution function for a lead nucleus
to that of a proton as a function of x [21]

[24], nDS [25], HKNO7 [26], and EPSO9LO [21]. At x less than 3 x 102, the HKNO7 and nDS
calculations indicate little shadowing, the EKS98 and EPS09 calculations suggest moderate shad-
owing, while the EPSO8 calculation gives strong shadowing. In the shadowing range, where x is
less than 3 x 1072, the uncertainties in R for valence and sea quarks is small with relative to the

gluons, because DIS is the tool used to probe the nucleus.
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Figure 1.20: Average valence and sea quark, and gluon modifications at Q> = 1.69GeV? for Pb
nucleus from LO global DGLAP analyses EKS98 [22] [23], EPS08 [24], nDS [25], HKNO7 [26],
and EPSO09LO[21]

1.7 Ultra-peripheral collisions (UPCs)

One of the best probes of the initial state of a nucleus is the photon. A lead nucleus with a charge
of +82 times the electron charge and a velocity of 99.99998% of the speed a light produces a huge
flux of photons. If the two nuclei in a heavy ion collision are further than twice the nuclear radius
apart they can interact only via the exchange of photons. Such events are called ultra-peripheral
collisions. In such collisions it can be shown that the cross section for the production of the vector
mesons (p, J/y, T, ...) with no other accompanying particles depends upon the square of the gluon
density. This thesis will concentrate on the production of J/y mesons in PbPb and pPb collisions.

The J/y is a bound state of a pair of ¢¢ quarks with mass 3096.916 +0.011MeV and full
width I’ = 92.9 + 2.8 KeV. The charge and the spin of the J/y are 0 and 1 respectively. The
J/y has a lifetime of 7.2 x 10725 and so it cannot be detected directly. The J/y can decay to
a muon pair J/y — pu~u™ which can be detected. This process has a branching ratio (5.961 +
0.033%). Figure 1.21 shows an event display of a J/y decaying into two muons within CMS.
Using information from the muon chambers and tracker it is possible to identify both tracks as

muons and then calculate their momentum and charge from the curvature of the tracks in the

26



magnetic field.

Once the momenta of the tracks are measured the invariant mass of the dimuon pair is given by

mi# :Efz/llf_pg/llf: (E#1+E#1)2_<?ﬂ1+?ﬂ1>27 (1.28)
2 2 2 2 2

my, =Ej +Ep —2EyEp, — pi —Phy — 2T P i (1.29)

My = \/mﬁ +m — 2B Egy — 2P - P (1.30)

If the dimuon mass is consistent with that of a J/y we can infer that we have observed a J/y

decaying into two muons.

Figure 1.21: An event display of mother particle J/y decaying to daughters (two muons) in ultra-
peripheral pPb collision in CMS detector.

Figure 1.22 shows the nuclear ratio versus x for a lead nucleus at a resolution scale Q = My,
and the cross section versus rapidity for J/y production in ultra-peripheral PbPb collisions for
several theoretical nPDF's. The stronger the suppression of the nuclear density the lower the cross
section for J/y production. Thus the cross section for exclusive p, J/y, and Y production in ultra-
peripheral collisions offers a unique possibility for determining the gluon density.

Figure 1.23 shows the cross section of exclusive photoproduction J/y(left) and p (right) from

PbPb collisions at /syy = 2.76 TeV as measured by ALICE. Both results are consistent with
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Figure 1.22: Left: Modification of the nuclear parton density for a lead nucleus with a resolution
scale of Q = M, ,, for different theoretical models Right: the cross section for J /w production in
ultra-peripheral PbPb collisions versus rapidity for the same models.[27]

significant gluon shadowing in the lead nucleus. Figure 10.2 shows the combined CMS and AL-
ICE data for exclusive photoproduction J/y. Again the experimental results are consistent with

models, which assume shadowing in the nPDF at low x.
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Figure 1.23: Left: measured cross section for coherent exclusive J/y production versus rapidity
in ultraperipheral PbPb collisions at /syy = 2.76 TeV by the ALICE collaboration, compared to
theoretical calculations [28]. Right: measured cross section for coherent exclusive p® production
versus rapidity in ultraperipheral PbPb collisions at \/syy = 2.76 TeV by the ALICE collaboration,
compared to theoretical calculations [29]

In this thesis, we present a search for saturation in the proton and the shadowing in lead nuclei
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Figure 1.24: Cross section for coherent exclusive J/y production versus rapidity in ultraperiph-
eral PbPb collisions at \/syy = 2.76 TeV from the CMS and ALICE collaboration compared to
theoretical calculations [30].

using exclusive J/y photoproduction in very high energy ultra-peripheral pPb and PbPb colli-
sions. This will be done over a range of x and Q? by measuring the pr spectra of exclusive J/y
at different rapidities. Chapter 2 describes the physics of ultra-peripheral PbPb and pPb collisions,
theoretical models, and summarizes previous experimental results on J/y photoproduction. Chap-

ter 3 and 4 describe the CMS detector and its trigger system respectively. Chapter 5 contains the
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analysis of J/y photoproduction for PbPb collisions at /syy = 2.76 TeV. Chapter 6, 7, and 8 con-
tain the analysis of J/y photoproduction for pPb collisions at \/syy = 5.02 TeV, the comparison
with Monte Carlo simulation of UPCs (STARLIGHT), and the corrections (acceptance and trigger
efficiency) respectively. Chapter 9 describes studies of systematic uncertainties and cross checks
of J/y photoproduction for pPb collisions. Finally, chapter 10 provides the results, discussions,

and a summary of J/y photoproduction for PbPb and pPb collisions.
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Chapter 2

The Physics of Ultra-Peripheral Collisions

2.1 Introduction

Ultra-peripheral collisions are defined as interactions between two accelerated charged ions (the
projectile and the target) which are separated by an impact parameter b larger than the sum of their
radii. Because of this large separation they miss each other and do not interact hadronically. They
can however interact through the exchange of photons.

For ions moving close to the speed of light the strong Lorentz contraction compresses the
electric field lines into a very thin sheet. The electric field points radially away from the ion and
the magnetic field is perpendicular to it. The idea of treating the electromagnetic field of a moving
charged particle as a flux of virtual photons was first introduced by Enrico Fermi in 1924 [68].
A decade later Weizsacker and Williams extended this treatment to relativistic charged particles
as the Weizsacker-Williams method [69]. The relativistic charged particle (nucleus, proton .. )
generates a flux of virtual photons n(®) where %@ is the energy of an individual photon. The
photon spectrum n(®) is the Fourier transform of the time-dependent electromagnetic field.

In ultra-peripheral collisions, there are two kinds of interactions. The first case is a photon-
photon interaction, Y7, in which the radiated photon of the projectile interacts with a photon from
the target. The second case, photo-nuclear interaction, YA, occurs when a photon from the projec-
tile particle hits the target ion itself.

The photo-nuclear interaction is a two-stage process. First the photon fluctuates into a g4 pair,
then these quarks interact with the target. The lifetime of the gg fluctuation is large compared with

the interaction time scale. For interactions that are energetic enough to produce a heavy vector
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meson such as a J/y or Y, the process is hard and perturbative QCD (pQCD) can be applied.
In leading order pQCD, the interaction of the g pair by exchange of two gluons from the target
is shown in Figure 2.1. The photon emitted by the Pb nucleus fluctuates to a c¢ pair. The c¢
pair is then scattered by two gluons producing a J/y vector meson. The cross section for the
photoproduction of vector mesons depends upon the square of the gluon distribution [xg4]? [70].

This makes UPC J/y production a very sensitive probe of the low x behavior of the gluons inside

the nucleus.
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Figure 2.1: The photoproduction of J/y in leading order pQCD. In ultra-peripheral pPb collisions,
the photon emitted by the lead nucleus can fluctuate into a low pr c¢ pair. The c¢ pair is scattered

by two gluons producing J/y vector meson.

2.2 The photon flux

The expression for the electromagnetic field of a relativistic charged particle can be obtained from

a Lorentz transformation of the 4-vector potential A*. The relativistic effect leads to an increase of
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the transverse E-field by the Lorentz factor 7y, which is (y = %) and to a contraction of the E-
1 Vv

2
field in the longitudinal direction by the same factor. The shape of the field is similar to a pancake

moving along with the particle. The moving charge also induces a magnetic field perpendicular to
the E-field and with the same strength since the velocity is very close to the speed of light. The
components of the time-dependent electromagnetic field for a relativistic charged point particle are

given by:

B —Zeyvt
EZ(t7b) - [bz + (Wt)2]3/27 (21)
Bz(t,b) =0, (2.2)
B —Zeyb
ET(t?b) - [bz + (Wt)2]3/27 (23)
Br(t,b) = |vx Er|. (2.4)

Here b is the impact parameter, Ez is the longitudinal electric field, E7 is the transverse elec-
tric field, Bz is the longitudinal magnetic field, and Br is the transverse magnetic field. The
Weizsacker-Williams method starts by taking the Fourier transformation of the time varying fields

E(t,b) and B(z,b). This gives

2 eZ b wb wb
EZ(w7b) - \/;47580[?2 %WKO(W% (25)

|2 veZ b wb, b

Er(w,b) = \/;W%WIQ(W); (2.6)

Bz(®,b) =0, 2.7
E

Br(®.b) =, (2.8)

where Ky, K; are modified Bessel functions.
The longitudinal components of the field strengths are small in the limit v — ¢, i.e., when ¥

becomes large. To extract the equivalent photon spectrum n(®), which depends upon the photon
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frequency @, we have to consider the energy flux of the electromagnetic field through a plane
perpendicular to the direction of the moving charge. This is provided by the Poynting vector. The
amount of energy projected to the target per unit area in terms of the frequency spectrum of the

field is given by:

|E(w) x B(o)|
I(w,b) = ——————. 29
Using this and considering that each photon has an energy %®, the photon flux N(w,b) is given
by Equation 2.10:

_dN*  Z’al 1
dwdb w2 B? wb?

N(w,b) x? (K% (x) + %Kg(x)) : (2.10)
where x = %. The first term, K]2 (x), gives the flux of photons in the direction transverse to the
motion of the ion or proton and the second term, Kg (x), is the flux of photons in the longitudinal
direction. For ultra-relativistic particles the photon flux in the transverse direction is dominant,
ie., K¥(x) >> %Kg(x). Figure 2.2 shows the electric field E(b) of the nucleus at v =0, and at
v & ¢, and the photon spectrum n(@®,b) of the nucleus at v ~ c. Since the width of the relativistic
electric field gets wider as b increases there are fewer high energy photons at large b, i.e. far from
the nucleus.

The maximum photon energy will be of order

hoOh o mh
hwmaxwzt:z:%. @.11)
Yv

In ultra-peripheral collisions, because the minimum impact parameter is by, = (R| + R;), the

maximum photon energy will be @y, ~ %. For lead-lead collisions with R4 ~ 7 fm the max-
imum photon energy is about 1.5% of the beam energy per nucleon. For proton-proton collisions
with radius R, ~ 0.7 fm the maximum photon energy is about 15% of the proton energy.

In ultra-peripheral ion-ion collisions the total photon flux is obtained by integrating Equa-
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Figure 2.2: Left: the electric field of a nucleus at v=0. Middle:the transverse electric field of a
nucleus at v & ¢. Right: photon spectrum n(®) of a nucleus at v = c.

tion 2.10 over b > by = 2R4:

2
2 (koK - KW -Kw) ) @)
Y

_ 2y _
n(w) = /b>2RaN(w,b)d b=

2RE
where x = ==X,
By

2.3 Photon-Photon Interactions

Figure 2.3 shows a schematic of an ultra-peripheral Yy collision. Each ion emits a photon each of
which can have a different energy and momentum. The two photons then collide and form new
particles. No hadronic interaction occurs. The total cross section for the gamma gamma, i.e. Yy,

interaction can be written as [71]

Ototal = / dwld@%a?)Laa;)GW*X : (2.13)
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Figure 2.3: An ultra-peripheral gamma gamma Y7y collision producing two muons.

where n(®;) and n(®;) are the photon densities of the first and second ion respectively, and o,

is the cross section for the two photons to interact. Note that the final state X can be lepton pairs
such as utu=, ete™,.... or mesonic states such as f5(980), f>(1270), ... or p°.
The cross section to produce a pair of leptons with lepton mass m and pair invariant mass W is

given by the Breit—Wheeler formula [72]
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- 4rna? 8m?>  16m*, W +VW2—4m? 4m? | 4m?
o1t _ 2RO (2+i__m) n( + n ) — 1_£(1+£) (2.14)
w2 w2 w4 2m W2 w2
The cross-section to produce a single vector meson from two photons is [73]
|
oV =8r(2/+1)— 2.15

where I'yy is the two-photon width, W and My are the pair invariant mass and vector meson

mass, respectively, I and J are the total width and spin, respectively.

2.4 Photon-nuclear interactions

Figure 2.4 shows a schematic picture of an ultra-peripheral photonuclear collision. The electro-
magnetic field around each nucleus can be thought of a beam of virtual photons, each of which has
a very low transverse momentum. One of these photons interacts with the nucleus to produce new
particles. In general, the cross section for vector meson production in photon-nuclear interactions

is given by:
@
Ootal = / dw%o“w(w), (2.16)

where 7@ is the photon energy, 6"~V () is the cross section for a photon with energy im to
collide with an ion A (proton or nucleus) and to produce vector mesons V, and n(®) is the number
of photons with a given frequency @. The photon spectrum n(®) depends only upon the electro-
magnetic force and can be calculated using methods similar to those described in Section 2.2. The
discussion in this section focusses on the calculation of 6"~V ().

In a photon-nucleus collision, the incident photon may first fluctuate into a quark-antiquark
pair (or even more complicated partonic configuration) which then interacts hadronically with the

target producing a vector meson. Another possibility is that the photon may fluctuate into a virtual
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Figure 2.4: Ultra-peripheral photonuclear collision between two heavy ions. The electromagnetic
field around each nucleus can be thought of a beam of virtual photons, each of which has a very low
transverse momentum. One of these photons interacts with the nucleus to produce new particles.

vector meson (because the V and the photon have same quantum numbers), then the V exchanges
momentum with the target nucleus producing a real vector meson after the collision.

In general, the cross section for exclusive elastic photoproduction of a vector meson V on a
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target H (nucleus or proton) can be written as:

deH—>VH _ do

=2 |Fy(0))? 2.17
7 i [:O| u(t)|", (2.17)

H—VH . . . .
where % is the forward scattering amplitude and Fp () is the form factor. The forward

=0
scattering amplitude contains the dynamical information, while the form factor determines the
momentum transfer of the elastic scattering. The form factor depends upon the spatial features

of the target nucleus, so it equals the Fourier transform of the charge density of the target. For a

proton target, the form factor is written as an exponential function,
2 —
|Fp(0)? = 1, (2.18)

where b is the slope of the distribution. For J/y production b ~ 4 GeV~2¢?. For the target nucleus,

the form factor Fj4(¢) is the Fourier transform of the nuclear density, written as
Fu(t) = / d>rpa(r)e?”, (2.19)

where ¢ is the momentum transferred. p4 is a Woods-Saxon nuclear distribution. The Woods-

Saxon nuclear distribution is written as

Pa (r) = P(JFRA )

= (2.20)
l1+e 4

where p, is the central nuclear density, R4 and d are the radius and skin depth, respectively. For
208pp, p, = 0.16 fm3, R4 = 1.2A5 fm
The forward scattering amplitude for leading order QCD via two-gluon exchange is written as

follows:
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do(yH — VH)

o 2\12
dt 0 [XgH(X7Q )] ’ (221)

where x = My is the longitudinal fractional momentum carried by the gluons, g4 (x, Q%) is the
gluon nuclear distribution, g,(x, Q?) is the gluon proton distribution, which are calculated at a
momentum transfer Q> = (@)2 for exclusive photoproduction of J/y. From equation 2.21, it is
clear the exclusive vector meson production is a very sensitive tool to probe the gluon distribution

in protons and nuclei.

2.4.1 Exclusive photo-production of J/y in PbPb collisions

The total cross section for the photo-production of vector mesons in ultra-peripheral heavy ion

collisions is given by,
0]
o=V =2 / da)&w)GV’HV(a)) (2.22)

In this equation the factor of 2 accounts for the symmetry in the cross section with respect to the

target and projectile. The differential cross section with respect to rapidity is given by

d o (PbPb—J /)

a0 = npp(0)a"" 7V ()

+ npp ()Y (@) (2.23)
D=0y D=0y

where w; and @, refer to the left-and right-going nuclei separately. The relation between @ and y

is 0] = @eﬂ. w = MJZ/"’e*y, My, is the mass of the J/y vector meson.

Exclusive photo-nucleus production can be either coherent or incoherent. Figure 2.5 shows a
schematic view of the coherent process. The photon is emitted coherently by all the charges within
the projectile and couples coherently with the whole target nucleus. The transverse momentum,
pr, of the J/y is small, it is about < pr >~ % =30 MeV/c. About 80% of both nuclei (projectile

and the target) remain intact after this type of interaction. Figure 2.6 shows a schematic view of the

40



incoherent process. Here a photon from one nucleus interacts with a single nucleon in the target
nucleus. In this case, the target nucleus is excited and generally breaks up, emitting neutrons to a
Giant- Dipole Resonance (GDR) with energy O(10MeV) in the forward direction.

The average transverse momentum p7 for the J/y in this process is about < pr >~ 500

MeV/c.

ng(w)

S ——

Figure 2.5: Coherent production of J/y in ultra-peripheral heavy ion collisions. The photon
emitted coherently by the projectile interacts coherently with the whole nucleus. The J/y rapidly
decays to two muons.
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Figure 2.6: Incoherent production of J/y mesons in ultra-peripheral heavy ion collisions. The
photon emitted by the projectile interacts incoherently with one nucleon in the target. The J/y
rapidly decays to two muons.

2.4.2 Exclusive photo-production of J/y in pPb collisions

In ultra-peripheral p+Pb collisions, the differential cross section for the photoproduction of J/y

can be written as

do(PPb—=1]y)

y = npp(0)c?P ¥ () +n,(0) PV (@) . (2.24)
y

W=y, W=0R
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The first term considers the interaction of photons emitted by the lead nucleus with the proton
while the second term is due to photons emitted by the proton hitting the nucleus. Because the

photon flux is proportional to Z? the first term dominates.

2.5 Theoretical models and event generators

Figure 2.1 shows a schematic view of the exclusive production of J/y in ultra-peripheral heavy

ion collisions. In order to model this cross section it is necessary to understand:

1. The flux of photons; models generally follow the derivations in Section 2.2 and integrate

Equation 2.10 over impact parameters greater than the sum of the two nuclear radii.

2. The flux of partons, i.e., the nuclear PDFs. These can either be taken as input as in the AB
model, or derived from proton PDFs with some gluon recombination mechanism, i.e., the

RSZ model, or simply taken as Ax the proton PDF.
3. The photon’s interaction with partons.

The total photoproduction cross section is then obtained by the convolution of the cross section
with the photon and parton fluxes.

In ultra-peripheral collisions, the incident photon can interact either as a point-like photon %,
a point-like particle as vector meson V, or a fluctuation of a quark-antiquark pair gg. The photon

wave function can be written as [74]:

M=Clw)+ Y C|V)+ Y Clad), (2.25)
V=p,0,¢ q=u,d,s.c,b

where |1),

V>, and ‘qq> are wave functions of the point-like photon, a vector meson, and
a quark-antiquark pair respectively. The “bare" photon Y does not interact hadronically, and its
contribution to the interaction is small at high energies. Cy is used to normalized the photon wave

function. Cy and C, represent the hadronic interaction. ‘CV{ is the probability of a photon to
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. 2. e . _ .
fluctuate into a vector meson, and !Cq| is the probability of a photon to fluctuate into a g4 pair.

The fluctuation into gg works at high-virtuality, and C; is written as [72]:

2
a v
Co~ —220; 1n(%), (2.26)

o

where kg = 0.5 GeV [75]. The ¢4 fluctuation can be described by models such as Color Dipole
Model, which will be discussed later.

The fluctuation into vector mesons works at low-virtuality, where kg < 0.5 [72], and can be de-
scribed by models such as the phenomenological Vector Meson Dominance model (VMD), which

will be discussed later. In the VMD model, Cy is given as:

47T Ay
2= 7;; , 2.27)
\%4

where the decay constants f are determined from experimental data on V — [[~. The value

2
of j;—;’r =2.20,23.6,18.4, and 11.5 for p°, @, ¢, and J /v respectively [72].

2.5.1 Vector Meson Dominance model (VMD)

The KN Model used the VMD model [76] [77] [78]. The photon turns into a virtual vector meson
before the interaction. Figure 2.7 [79] shows the schematic representation of elastic V production.
The photon fluctuates into a vector meson which scatters from the proton via the exchange of the
Pomeron. The parameters of the Pomeron were determined by Donnachie and Landshoff (DL)
from a global fit to photoproduction data [80].

For small values of Q?, the production of light vector mesons p°,,¢ are governed by the
exchange of the "soft" Pomeron [81]. For high values of Q?, the production of heavy vector mesons

J/w,y(2s),Y are governed by the exchange of two Pomerons [82]. The scattering amplitude for
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Figure 2.7: Vector meson V production.The photon fluctuates into a vector meson which scatters
from the proton via the exchange of a Pomeron /P.

the process YH — VH, where H is a proton p or nucleus A), can then be written
ly)H =Cy|V)H. (2.28)

In this interaction the scattered vector meson V gets a sufficient momentum transfer to make it
real. This means that the photo-production cross section is related to the elastic vector meson cross

section by

do(yH —+VH) _,do(VH —VH
ol dt_)V ) _gdolv dt_”/ ), (2.29)

The cross section for exclusive elastic photoproduction of a vector meson V on a target H can

be written as:
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deH—WH deH—WH

= F(1)|? 2.30
I o t:o| (t)] (2.30)

H—VH . . . .
where % is the forward scattering amplitude and Fp () is the form factor. The forward

=0
scattering amplitude contains the dynamical information, while the form factor determines the
momentum transfer of the elastic scattering and depends upon the spatial features of the target.

One can consider the form factor to be the Fourier transform of the charge density of the target.

For a proton target, the form factor is well described by the exponential function,
F(0)? =M, (2.31)

where b is the slope of the distribution. For J/y production b ~ 4 GeV~2¢?. For nuclear targets,

the momentum transfer is much smaller and it is expected that the ¢ dependence of the form factor

. . A—VA .
should be much stronger. For the target nucleus, the forward scattering amplitude % is
=0

related to total cross section from the optical theorem as follows

A—VA 2

do"=V oo, (VA) -~
dt 4 (@32)
1=0 Iy

The classical Glauber model relates the total cross section for protons to that for nuclei. The

relation is written as
ol V= / db? (1 —exp[—oiy " PTy(D)]). (2.33)

Treating the proton as a target, and depending on the optical theorem, the forward scattering

doP=vVp
dt

is related to the total cross section as follows
t=0

amplitude

a0 (yp = Vp) _ do?>V? 2.34)
167 ar |y '
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and the VMD for a yp collision leads to:

doVpr—=Vp 1 dovP=Vp 2 doYP—Vp
o) ST AP TR (2.35)
dt — Cy dt o A4mo dt =0
where the forward cross section dGV;: i . for yp — V p equals an empirical formula, which is
t=
written as
o (vp) = by (XWy, +YWy,"). (2.36)

The function o (yp) is fitted to experimental data to obtain the values for the by, X, Y, € , and 1
parameters. Table 2.1 lists the values of the constants for yp — V p production. In equation 2.36,
the first term is responsible for the growth of the cross section at high energies, the second term
for the drop in the cross section at low energies. This formula was developed by Donnachie and

Landshoff (DL) [80] [83].

Meson | by X € Y n 47{(?‘%
p? | 11| 50 [022[260]1.23] 2.02
® |10] 055 022180192 23.1
0 71 034 022 0 0 | 137

Iy 4 10.00151080| O 0 10.4

Table 2.1: Constants for yp — V p production. The slopes by are in GeV~2, while X and Y are in
ub, for Wy, in GeV [56].

2.5.2 Dipole Approach Models

The CSS [84], LM [85] [86], and GM—GDGM [87] [88] models depend on a dipole model. The
virtual photon fluctuates into a quark-antiquark pair (dipole) before the interaction. Figure 2.8 [79]
shows the process of a dipole approach to the production of vector mesons. The photon fluctuates
into a gg pair, forming a color dipole, the color dipole scatters from the proton, and forms a bound

state, the vector meson, after scattering on the proton. The life time 7 of the fluctuation can be long
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relative to the interaction time, depending on the energy uncertainty of the ¢ pair. The fluctuation

1
Mpx’

life time is written as T ~ where M), is the proton rest mass. This time is large with respect
to proton radius, so the size of the dipole is constant throughout the interaction with the proton.
The interaction of the dipole with the color field of the proton depends on the size of the dipole
r , which is proportional to Q~!. If the separation of the quark and antiquark pair is very small
(high Q), the proton will be transparent to the dipole and the probability of interaction will be low.
At large dipole sizes (low Q), the color dipole interacts strongly with the target. The total cross

section of vector meson production, according to the Color Dipole Model, is written as:

2
(V)< A5, 020 .3
where A(x, 9%, A) is the scattering amplitude. This is written as:
1
Alx, QZ,A) = /drz/ dz®y (z,1)0h5—p(x,1,A) Py (2, T, QZ), (2.38)
0

where 6,5, (x,r,A) is the cross section for the scattering of a dipole of size r from the proton,
@7, (z,r) and Py(z,r, Q%) are the wave functions of the vector meson and the photon respectively, z
is the fraction of the photon momentum carried by the quark, A denotes the transverse momentum
lost by the outgoing proton (r = —A?), and x is the Bjorken variable.

The color dipole interacts with the proton through the exchange of two gluons, so the dipole

cross section is sensitive to the gluon density distribution in the proton [89].

2.5.3 Models based on PDF of the target

The Adeluyi and Bertulani, or AB, model is designed to take different nuclear PDFs as input and
so allow them to be compared to data [27, 31, 90]. In The MSTWO08 model [91], the nPDF has no
nuclear effect (no shadowing), the proton and the nucleus have the same density. In the HKNO7

model [92] the nPDF has little nuclear effect (little shadowing ), in EPS09 model [21] the nPDF
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Figure 2.8: A dipole approach to vector meson V production. The photon fluctuates into a gg
pair, forming a color dipole, the color dipole scatters from the proton, and forms a bound state, the
vector meson, after scattering

has a moderate nuclear effect (moderate shadowing), and in the EPS08 model [24], the nPDF has a
high nuclear effect (high shadowing). The photon-nucleus cross section is given by the LO pQCD
formula of the two-gluon exchange with the phenomenological correction for next-to-leading-order
effects {y written as

dorA=VA 1673 2T,

i ==Y e [ga(x, Q1) (2.39)

at zero momentum transfer in the interaction vertex (¢=0), also called as the forward cross section.
This is identical to Equation 2.21 when gg (x, Q%) is the nuclear-gluon distribution g4 (x,Q?). This
gluon distribution is evaluated at the scale Q2 = My, where My is the mass of the vector meson.

The cross section in Equation 2.39 can be extended to other values of ¢ using Equation 2.30.
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Figure 2.9: Vector meson production in perturbative QCD. The photon fluctuates into a gg pair,
which scatters from the proton via the exchange of two gluons. The vector meson is created after
the interaction.

The total cross section can then be found by integrating over all possible ¢ values.

(At | F(r) 2. (2.40)

VASVA deA—WA
o =——|i=0
dt

The AB model uses a simple Wood-Saxon parametrization of the nuclear density which is given

by:

Po

F—RA

= (2.41)
1 +exp—;4,

p(r)

where p, is the central density and d is the skin depth. The rapidity y of the produced vector
meson is given by the photon wavenumber using the relation k = A% expy. Figures 2.10, and 2.11
show calculations of exclusive photoproduction of both J/y and Y in PbPb and pPb collisions at

V/snvy =5 TeV using the AB model with several different nuclear PDFs as input [31]. The PDF
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with the strongest shadowing, EPS08, produces the smallest cross section for J/y and Y. On the
other hand the MSTW 08 PDF is simply scaled up from the proton PDF with no shadowing and
so gives the largest cross section. For pPb collisions the distribution is asymmetric in rapidity. On
the proton side, i.e., positive rapidity the yield depends little upon the nuclear PDF while on the

lead-going side, i.e., negative rapidity, there is a noticeable dependence of the final yield on the

PDFs.
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Figure 2.10: Calculation for exclusive photoproduction of J/y (top) and Y (bottom) in PbPb colli-
sions at \/syy =5 TeV using AB model, [31]. Dashed, solid, dash-dotted, and dash-double-dotted
lines are results from MSTWO0S8, EPS09, EPS08, and HKNO7 parton distributions, respectively.

2.54 STARLIGHT

STARLIGHT is a program used to calculate the cross section for a variety of UPC final states

via Monte Carlo simulation of two-photon and photon-Pomeron interactions between relativistic
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Figure 2.11: Calculation for exclusive photoproduction of J/y (top) and Y (bottom) in pPb colli-
sions at \/syy =5 TeV using AB model, [31]. Dashed, solid, dash-dotted, and dash-double-dotted
lines are results from MSTWO0S8, EPS09, EPS08, and HKNO7 parton distributions, respectively.

nuclei and protons [93]. The cross sections are mostly based on parameterized HERA data for
yp — Vp. The J/y, ', and Y cross sections, o(yp — V p), are parameterized as a function of the

W, center-of-mass energy using the equation

2

£
Wyp»

m,-+m 2
o(y+p—V+p)=op. 1—(”W—2V) (2.42)
Yp

where op is the cross section of Pomeron exchange. The value of the parameters were obtained
from fitting experimental data. For the J/y, op = 4.06 nb and € = 0.65. The vector mesons are

decayed assuming that the photon polarization is parallel to the beam axis.
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The cross sections for coherent production from nuclear targets are determined using:

0(AA — AAV) = 2/dwd]\g—viw)c(yA — VA) (2.43)
_ dNy(w) do(yA — VA) )

where F(t) is the nuclear form factor and Ny(w) is the photon flux obtained by integrating Equa-

tion 2.10 over impact parameter space, subject to the condition that there is no hadronic interaction.
The incoherent photonuclear cross section is calculated by assuming vector meson dominance

and using the classical Glauber expression for the total inelastic cross section. This gives

4o

f2

o(y+A—V+A) = (1—exp(—oynT (b))db>. (2.45)

Here the term inside the bracket corresponds to the probability of having at least one vector meson-

nucleon interaction at impact parameter b.
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2.6 Experimental Results on Exclusive J/y Production

2.6.1 Photon-Proton Results
2.6.1.1 pp results from CDF experiment of the Tevatron.

The CDF collaboration has measured exclusive photoproduction of J/y in pp collisions at /syy =
1.96 TeV. The cross section fl—‘y’ 4=0183.92£0.25 (stat) £0.52(syst)nb [94]. The data are consistent

with a power law in W, with 6 = 0.72 [95].

2.6.1.2 ep results from H1 and Zeus at HERA

The H1 detector measured J/y photoproduction using electron-proton collisions in the range 40 <
Wyp <305 GeV and 40 < W, < 160 GeV. The data are consistent with a power law in W,,, with
8 = 0.75440.033(stat) =0.032(syst), and the results show no Q° dependence [96]. Also, the H1
detector measured the cross sections for elastic and proton-dissociative photoproduction of J/y
mesons in the range 25 < Wy, < 110 GeV, The data are consistent with a power law in W, with
0 = 0.67 £0.03 [52]. The ZEUS detector measured J/y photoproduction using electron-proton
collisions in the range 20 < W,,, <290 GeV, the data are consistent with a power law in Wy, with

0 = 0.69 £+0.02(star) +0.03(syst) [97].

2.6.1.3 pp results from the LHCb experiment

The LHCb collaboration has measured exclusive photoproduction of the J/y in proton-proton
collisions at /s = 7 TeV. The cross section times the branching fraction to two muons with pseu-
dorapidities between 2.0 and 4.5 are measured to be 307 + 21 + 36 pb for exclusive J/y. The data
are consistent with a power law dependence and with the previous results from H1 and ZEUS.
Figure 2.12 shows the cross section 6(y+ p — J/y + p) versus the photon-proton center of mass

energy Wy, for LHCb, H1 and ZEUS [32].

54



103 EI_ TTT T T T T 1TTTT I T T T T TTTT I ..'F T T TTT I_E

) - ]
5 - -
o = i
102 = ‘*"} 3

0 ) 'y a HI ’

i ZEUS 1

------- Power law fit to HERA data |

" e LHCb (W _solutions) i

m LHCb (W solutions)
Power law fit to LHCb data

1 1 IIIII 1 ) I Y T | 1 'l 11 1 111

102 10° 10*

— 1 1 1111

W [GeV]

Figure 2.12: J/y photoproduction cross section versus the center-of-mass energy of the photon-
proton system . The blue (red) triangles represent the data from H1 (ZEUS). The black dots and
squares represent the data from LHCb. The dashed and full lines are the power law dependences
determined from the HERA and LHCb data, respectively. The uncertainty on the LHCb power law
determination is shown by the shaded band [32].

2.6.1.4 pPb results from the ALICE experiment

The ALICE collaboration has measured exclusive photoproduction of J/y using ultra-peripheral
proton-lead collisions at \/syy = 5.02 TeV. The dimuon invariant mass spectra in two rapidity
ranges are shown in Figure 2.13. The J/y peak is clearly visible in both data sets, and is well
described by a Crystal Ball parameterization [55]. The dimuon continuum is well described by an
exponential as expected from two-photon production of continuum yy — pu~. The dimuon pr
spectra for J/y candidates are shown in Figure 2.14 together with estimates for the non-exclusive
(red), yy (green), and yPb (pink) contributions.

Figure 2.15 shows the cross section 6(y+ p — J/y + p) versus the photon-proton center of
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Figure 2.13: Dimuon invariant mass distribution for ultra-peripheral pPb collisions at /syy =
5.02 TeV for two ranges of rapidity. The peak is fitted by a Crystal Ball function (blue) and the
background by an exponential (dashed red) [33]

mass energy Wy, for both the ALICE data and the H1 and ZEUS measurements from the HERA e-
p collider. The predictions of several theoretical models are also shown. The data cover the energy
range 20 to 700 GeV, corresponding to values of Bjorken-x between x ~ 1072 and x ~ 107>, The

three experiments have also fit their data to a power law of the form, & o< W9. A fit to the ALICE

56



100: ALICE p-Pb \'s,, =5.02 TeV
80— 2.5<y<4.0
: 2.8<M,. <3.3 GeV/c’
60

40

Dimuon candidates / (100 MeV/c)

20

25 ALICE Pb-p \/s,, = 5.02 TeV
* - -
20 3.6<y<-2.6
2.8<M,, <3.3 GeV/c’
15
~ — Sum
----- Exclusive J/y
10 KR 4 Non-exclusive background
- YY = W
[ v y+Pb
51

l ]“Iiuwl l 1 d J Il | — ’l‘l L L 1 41 1 L 1 | 1 1 L | 1 1 1 1 I 1 1 1 1

0.5 1T 15 2 55 3 35 2
Dimuon P, (GeVic)

¥

Figure 2.14: The dimuon py spectra for J/y candidates from ultra-peripheral pPb collisions at
Sy = 5.02 TeV in two different rapidity ranges. Also shown are template fits to various pro-
cesses; exclusive J/y (dashed blue), non-exclusive J/y (red ), yy (green), and yPb (pink) [33]

data gives 6 = 0.68 +0.06 (stat+syst). Thus, for protons there is no significant change in the

evolution of the gluon density between HERA and LHC energies.
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Figure 2.15: The measured cross sections o(y+ p — J/y + p) versus center-of mass energy Wy,
for ALICE, H1 and ZEUS together with several model predictions [33]
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2.6.2 Heavy Ion Results

The PHENIX collaboration has measured the cross section for the photoproduction of J/y in
ultra-peripheral AuAu collisions at /sy = 200 GeV at mid-rapidity in coincidence with forward
neutrons [34]. Their measurement was done using the J/y — eTe™ decay channel. Figure 2.16
shows the invariant mass distribution of the e e~ pairs. The data show a clear J/y peak above an

exponential background. Figure 2.17 shows the pr spectrum of the data. There is an enhancement

o 120 E 8;
T T e e*e (unlike-sign pairs) c 7
§ 10: D . § 6; o e'e (yy subtracted)
st 8:"" {7 e*e’ coherent continuum vg 5E
2 ol E
E “FL | e max/min e*e” continuum € 4F
3 [ L
pd Z 3-
s ° 52
2- .
‘ .
GE | | L I L -
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0',, e s B | I 3 it Bl el Il el i (e Il N i
2 4 45 5 55 6 % 25 3 35 4 45 5
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Figure 2.16: e¢Te™ invariant mass distribution a) fitted to the combination of a di-electron con-
tinuum (exponential) and a J/y (Gaussian) signal. b) distribution after subtraction of the fitted
di-electron continuum background [34]

of events with very low transverse momentum, consistent with coherent production, but also a
significant number of higher pr events. These are believed to be due to incoherent production, i.e.,
the interaction of a photon with a single nucleon. Figure 2.18 compares the PHENIX J/y + X,
cross section to several theoretical models. Unfortunately, the number of events are too small to
allow the data to distinguish between the models.

The ALICE collaboration has measured J/y production in ultra-peripheral PbPb collisions at
V/Sny = 2.76 TeV using both the di-muon and di-electron channels at central [28] and forward
rapidity [35]. Figure 2.19 shows the invariant mass (left) and pr spectra (right) for di-muon pairs
at forward rapidity from ultra-peripheral PbPb events at ,/syy = 2.76 TeV. The number of J/y

events was extracted by fitting the invariant mass distribution in Fig. 2.19 to the sum of a Crys-
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Figure 2.17: Transverse momentum spectrum of e e~ pairs produced in ultra-peripheral Au-Au
collisions at /syy = 200 GeV [34].

tal Ball function for the signal, and an exponential for the two-photon background. This gave
an extracted number of J/y events Ny = 96+ 12(stat) £ 6(syst). The systematic error on the
yield was obtained by varying the Crystal Ball tail parameters. The right-hand panel of Figure
2.19 shows the pr distribution of the J/y. The histograms show the expected contribution from
coherent J/y production, incoherent J/y production, J/y from the decay ¥ — J/y + X, and
two-photon production of di-muon pairs. The contribution from hadronic J/y production was
estimated from the measured yield above pr > 1 GeV/c, where the contribution from photopro-
duction is insignificant. These estimates showed that the hadronic contribution is negligible for
pr < 0.3 GeV/e.

At mid-rapidity ALICE has measured the yield of both coherent and incoherent J/y mesons

[28]. Figure 2.20 shows the mass distribution for dimuon pairs at central rapidity for coherent,
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Figure 2.18: Comparison of theoretical calculations with the PHENIX measurement of ultra-
peripheral J/y production in Au-Au collisions at \/syy = 200 GeV. In the left panel, the theo-
retical coherent and incoherent components are shown separately while in the right panel they are
added together [34].
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Figure 2.19: Invariant mass distribution (left) and pr spectrum (right) for di-muons at forward
rapidity from ultra-peripheral PbPb collisions at /syy = 2.76 TeV recorded by the ALICE collab-
oration. The curve in the left panel shows the sum of a Crystal Ball function and an exponential fit-
ted to the data. The right panel shows the pr distribution for J/y candidates with 2.8 < M;,, < 3.4
GeV/c? [35]

P! <200 MeV/c, and incoherent p}*' > 200 MeV /c samples. Clear J/y mass peaks are ob-

served. As above, yields were extracted using Crystal Ball fits and cross sections are determined.
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Figure 2.21 shows do /dy for both coherent and incoherent events together with several model
comparisons. The data are below the predictions of the STARLIGHT event generator, which has
no nuclear effects, and tend to be closer to models such as AB-EPS09 which has moderate gluon
shadowing at low x.

CMS has measured the cross section of coherent J/y photoproduction accompanied by for-
ward neutrons in ultra-peripheral PbPb collisions at \/syy = 2.76 TeV for 1.8 <y < 2.3. Figure
2.22 shows the dimuon invariant mass and p7 distribution for dimuon pairs produced in ultra-
peripheral PbPb collisions at \/syny = 2.76 TeV. A clear J/y peak is seen in the mass distribution.
The pr spectrum shows a very pronounced coherent peak followed by a tail from incoherent in-
teractions. Since the CMS results were taken with a neutron trigger, in order to compare them to
those of ALICE it is necessary to scale them up by the ratio of the cross section with and without
neutron production. This was done using the STARLIGHT event generator. STARLIGHT gives
a good description of the ratio of the various neutron breakup modes measured by CMS and also
of the fraction of coherent J/y events with no neutron emitted with respect to the total number of
coherent J/y events, as measured by ALICE [28]. Figure 2.23 shows the do /dy distribution for
coherent J/y production in ultra-peripheral PbPb collisions at /syy = 2.76 TeV from both the
ALICE and CMS collaborations.

The impulse approximation calculation uses HERA data for exclusive J/y photoproduction in
Yp interactions to estimate coherent J/y production in y-nucleus collisions [36]. It neglects all
nuclear effects and significantly overestimates the data. The leading twist calculation includes a
mechanism for the merging of low x gluons within a nucleus [37]. It is consistent with the data at

all rapidities. This suggests that gluon shadowing is present in heavy nuclei.
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Figure 2.20: Invariant mass spectrum of muon pairs at mid-rapidity for events with less than 6
forward neutrons for ultra-peripheral PbPb collisions at /syy = 2.76 TeV as measured by ALICE
[28].
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Figure 2.21: Measured differential cross section of J/y photoproduction at 0.9 < y < 0.9 in ultra-
peripheral PbPb collisions at /syy = 2.76 TeV as measured by ALICE for coherent (top) and
incoherent (bottom) events [28]. The error bar is the quadratic sum of the statistical and systematic
errors.
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Figure 2.22: Invariant mass (left) and pr (right) distributions from 'y~ pairs from ultra-
peripheral PbPb collisions at \/syy = 2.76 TeV for the X,,0, break-up mode. Template fits to
the yy (green), incoherent J/y (blue) and coherent J/y (red) are also shown. The data are not
corrected by acceptance and efficiencies, and the MC templates are folded with a simulation of the
detector response [30]
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Figure 2.23: Differential cross section versus rapidity for coherent J/y production in ultra-
peripheral PbPb collisions at /syy = 2.76 TeV, measured by ALICE at mid rapidity [28] and
forward rapidity [35] and CMS at forward rapidity [30]. The vertical error bars include the statisti-
cal and systematic uncertainties added in quadrature, and the horizontal bars represent the range of
the measurements in y. Calculations based upon the impulse [36] and leading twist approximations
[37] are also shown.
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Chapter 3

The Compact Muon Solenoid

3.1 Introduction

CMS is a general-purpose detector, which is designed to cover the widest possible range of physics,
from the Higgs boson to supersymmetry (SUSY) and extra dimensions. CMS is a technologically
advanced detector comprised of many layers. The length is 21m, the diameter is 15m and the
weight is 14000 tons. It is one of the four LHC experiments, sitting at a depth of 100m underground
near the French village of Cessy as shown in Figure 3.1.

Figure 3.2 shows a perspective view of CMS. The magnet is the core of CMS. This magnet
is a huge superconducting solenoid. Inside the solenoid, working outward from the beam, are a
silicon tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass/scintillator
hadron calorimeter (HCAL). Each calorimeter has a barrel and two endcaps. Outside the solenoid,
there are muon detectors with a barrel and two endcaps. They are imbedded in the steel flux-return
yoke. On either side of the main detector, there is an attached Hadronic Forward calorimeter (HF)
at distance 11m, and a Zero Degree Calorimeter (ZDC) at a distance of 140 m from the interaction
point IP [41] [98].

A transverse slice of the CMS detector is shown in Figure 3.3. Figure 3.3 also shows the
response of the subdetectors to different particles emerging from proton-proton and heavy ion
collisions. The silicon tracker measures the positions of the charged particles to record their paths.
The ECAL measures the energies of photons and electrons. The HCAL measures the energies of
the hadrons (for example, neutrons, protons, and charged pions). The muon detectors track the

positions of the muons to measure their momentum.
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Figure 3.1: The map shows the location of LHC experiments: ALICE, ATLAS, CMS, and LHCb
[38]

In general, the responses of subdetectors are continuously translated to electric signals, the
signals are amplified, integrated every 25 ns, digitalized, and then synchronized to the same event.
Because there are billions of events per second, it is impossible to read and store all of them, so
CMS uses a trigger system to store only events of potential interest.

The origin of CMS is centered at the nominal collision point inside the experiment, the y-axis
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Figure 3.2: A perspective view of the CMS detector [39]

points vertically upward, the x-axis points radially inward toward the center of the LHC, and the
z-axis points along the beam direction toward the Jura mountains in France from LHC Point 5, as
shown in the map 3.1. The azimuthal angle ¢ is measured counter-clockwise from the x-axis. The

polar angle 6 is measured from the z-axis, and the pseudorapidity is defined as n = —In[tan(6/2)].

3.2 The Magnet

The magnet consist of three parts: a superconducting cylindrical coil, a vacuum tank, and a mag-
netic steel yoke. The cylindrical solenoid generates a magnetic field of 4T. It has a length of 12.5m
and a 6m diameter. The magnet consists of 5 modules, each with length 2.5m. Each module
has 4 layers and each layer has 109 turns to make a total of 2180 turns. Figure 3.4 shows the

super-conducting solenoid of CMS and Table 3.1 lists the parameters of the magnet. The yoke is
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Figure 3.3: A slice of the CMS detector [40]

constructed from the iron of the muon system. The iron works as both the flux return yoke of the
magnetic field and as an absorber to shield the muon detectors. The yoke weighs 10,000 tons. It
consists of a barrel and two endcaps. The barrel consists of 5 wheels (YB-2, YB-1, YBO, YB+1,
YB+2), each wheel has three dodecagon steel layers, with rectangular muon chambers embedded
between these layers. Each endcap consists of three disks (YE £1,YE +£2,YE =+ 3), with trape-
zoidal muon chambers interleaved between them [98]. Figure 3.5 shows magnetic flux density on
a longitudinal section of the CMS detector. Approximately two thirds of the magnetic flux return

through the barrel yoke [42].

Parameter Value
Field 4T
Field in the yoke 2T
Inner Bore 5.9m
Length 12.9m
Number of Turns | 2168
Current 19.5 kA
Stored energy 2.7GJ
Hoop stress 64 atm

Table 3.1: Parameters of the CMS super-conducting solenoid [43].
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Figure 3.5: Magnetic flux density, values (left) and lines (right) on a longitudinal section of the
CMS detector. The horizontal axis represents the z direction while the vertical axis represents the
radial distance from the beam line [42].
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3.3 Inner Tracking System

The pixel and strip trackers measure the tracks of charged particles very precisely. In order to be
efficient they are built from multiple layers. As particles travel through the tracker the pixels and
strips produce tiny electric signals that are amplified and digitalized. Figure 3.6 shows a schematic
cross section through the CMS tracker in the r-z plane [43]. The tracker is a cylinder that surrounds
the interaction points and is orientated along the axis of the beams. The tracker has a length of 5.8
m and a diameter of 2.5 m. The tracker covers the pseudorapidity range —2.4 < 1 < 2.4. The
total area is 200 m?, so it is the largest silicon tracker ever built. The tracker employs sensors with
75 million separate electronic read-out channels. The CMS tracker is composed of a silicon pixel
detector with three barrel layers at radii between 4.4 cm and 10.2 cm and a silicon strip tracker
with 4 (TIB) plus 6 (TOB) barrel layers extending outward to a radius of 110 cm. Each detector
is completed by two endcaps, 2 disks in the pixel detector and 3 (TID) plus 9 (TEC) disks in the

strip detector as shown in Figure 3.6. The principal characteristics of the tracker are summarized

in Table 3.2.
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Figure 3.6: Schematic cross section through the CMS tracker. In this view, the tracker is symmetric
about the horizontal line r = 0, so only the top half is shown here. The pixel tracker is shown in red
while the tracker is shown in blue and black [43].



Tracker subsystem Layers resolution Location

Pixel tracker barrel 3 cylindrical 100 x 150um® 4.4 <r < 10.2cm
Strip tracker inner barrel (TIB) 4 cylindrical ~ 80—120 um 20 <r < 55cm
Strip tracker outer barrel (TOB) 6 cylindrical  122—183um 55 <r<1l6ecm

Pixel tracker endcap 2 disks 100 x 150um? 34.5 < |z| < 46.5cm
Strip tracker inner disks (TID) 3 disks 100—141pm 58 < |z| < 124cm
Strip tracker endcap (TEC) 9 disks 97—-184um 58 < |z| < 124cm

Table 3.2: A summary of the principal characteristics of the various tracker subsystems. The
number of disks corresponds to that in a single endcap. The location specifies the region in r (z)
occupied by each barrel (endcap) subsystem [43].

3.3.0.1 Silicon pixel detector

The pixel detector is a cylinder with three barrel layers at 4cm, 7cm and 11cm, and two endcap
disks on each side of the interaction point. The total area of the pixel detector is ~ 1 m?. The pixel
detector contains 66 million pixels and is the closest detector to the beam pipe. It tracks the paths
of particles from the collision with extreme accuracy and is vital in reconstructing the tracks of
very short-lived particles. The silicon pixel detector covers the pseudorapidity range 1| < 2.5.
Each layer is spilt into many silicon sensors. When a charged particle passes through a sensor it
deposits energy that creates electron-hole pairs. Each pixel uses an electric voltage to collect these
charges as a small electric signal. This signal is then amplified and digitized. This information is
known as a hit. The tracking algorithm connects the hits in the tracker to form tracks. Figure 3.7
shows the geometrical layout of the pixel detector and its coverage as a function of pseudorapidity

[44].

3.3.0.2 Silicon strip detector

The silicon strip detector surrounds the pixel detector and works in a similar way. Figure 3.8 shows
a cross section of one quarter of the tracker in the longitudinal view. The total area of the silicon
strip detectors is 200m? , and it comprises 9.6 million silicon strips. The strip detector has coverage
up to |n| < 2.4.

The silicon strip detector is composed of four basic subdetectors. The barrel tracker region is
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Figure 3.8: A sketch of the detector layout. The red and blue lines indicate the position and
orientation of the detector modules in the r-z plane where r is the distance to the beam axes and z
is the distance to the IP along the beam axes [41].

divided into 2 parts: a Tracker Inner Barrel (TIB) and a Tracker Outer Barrel (TOB). The TIB is
made of 4 layers and covers up to |z| < 65 cm. The TOB comprises 6 layers and covers to |z| < 110
cm. The endcaps are divided into the Tracker End Cap (TEC) and Tracker Inner Disks (TID). Each
TEC comprises 9 disks that cover the region 120 cm < |z| < 280 cm, and each TID comprises 3
small disks that fill the gap between the TIB and the TEC. The TEC and TID modules are arranged

in rings, centered on the beam line.

3.4 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) is designed to reconstruct the energy and position of
photons and electrons, and in combination to the hadronic calorimeter, to perform a precise mea-
surement of jets. It is the second innermost subdetector, just outside the tracker system. Figure 3.9
shows a 1/4 slice through the ECAL. The ECAL also supplies information to the Level 1 trigger.

Electrons and photons create electromagnetic showers. For example, the effects of pair produc-

75



_ Enar:ap
ECAL (EE)

---T Tl __:_3_.{_}-,

Figure 3.9: A quarter slice of the CMS ECAL detectors [45].

tion and bremsstrahlung lead to a cascade of photons and electrons. The PbWOy crystals absorb
the energies of particles via Compton scattering and the photoelectric effect and scintillates (re-
emits) that energy in the form of light (photons). The photons are captured by photodiodes and
converted to digital signals. The number of scintillating photons is proportional to the energy de-
posited by the particle. The geometric acceptance of the ECAL extends to |n| < 3, where the
barrel part (EB) covers the pseudorapidity range |n| < 1.479, while the endcap part (EE) covers
1.553 < |n| < 3.00, as shown in Figure 3.9.

The ECAL is made up of crystals of lead tungstate, PbWQO,4 which is a high density and trans-
parent material. Pb WOy has a short scintillation time, meaning that about 80% of the photons are
remitted in less than 25ns. It has a short radiation length Xy = 0.89¢m, which is needed to fit the
calorimeter inside the magnetic coil. The barrel (EB) has 61200 crystals, and each endcap (EE)
has 7324 crystals. to make a total of 75848 crystals. In the EB, the front face of the crystal is
(22 x 22) mm? and the length is 23 cm equivalent to ~ 26X,. In the EE, the front face of the
crystal is (28.6 x 28.6) mm? and the length is 22 cm corresponding to ~ 25X,. The granularity of
the crystals is AN X A¢ = 0.0174 %< 0.0175 in the barrel and An x A¢ ~ 0.05 x 0.05 in the endcaps.

A barrel and endcap crystal are shown in Figure 3.10. As can be seen in Figure 3.9 the geometry
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Figure 3.10: Lead tungstate crystals in the ECAL, left: Barrel crystal, right: Endcap crystal [41]

of the crystals is projective towards the center of CMS.

There is a pre-shower detector at the front of the endcaps. It is made of two layers of lead,
followed by silicon strip detectors. The purpose of the pre-shower is to distinguish the isolated
photons from neutral pions. The pre-shower covers the pseudorapidity range 1.65 < |n| < 2.6.

The ECAL energy resolution was measured using an electron test beam. The resolution as
a function of the electron energy is shown in Figure 3.11. The relative energy resolution of the
ECAL improves with increasing energy and is parametrized by the following expression [41]:

§2

)2+E+C2, (3.1)

F

~—
[\
Il

where N, S and C are terms for noise, stochastic fluctuations, and the constant term, respectively.
The values of the three parameters were determined by a fit to the test beam results to be S =

0.028GeV%,N = 0.12GeV and C = 0.003 [41].

3.5 Hadron Calorimeter

The Hadronic Calorimeter (HCAL) measures the energies of hadrons (protons, neutrons, pions,
etc), and makes indirect measurements of invisible particles such as neutrinos. Additionally, it

provides information to the level 1 trigger. HCAL is massive and thick. It is a sampling calorime-
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Figure 3.11: ECAL energy resolution as a function of the energy measured in electron test beam.
The measured values of the stochastic (S), noise (N) and constant (C) parameters, from Equa-
tion 3.1 are displayed in the legend [41].
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Figure 3.12: A quarter slice of the CMS HCAL detectors [41].

ter consisting of plastic scintillators, which serve as the active material, inserted between dense
absorber plates. Figure 3.12 shows a quarter slice of the HCAL. The interaction of hadrons within
HCAL produces a shower of secondary particles with gradually lower energy. A fraction of these
particles deposit energy in the active medium which then scintillates. The total detected light signal
1s proportional to the energy of the incident particle [99].

HCAL has four major subdetectors: Hadronic Barrel (HB) (|| < 1.4), two Hadronic Endcaps
(HE) (1.3 < |n| < 3.0) and Hadronic Outer (HO) (|n| < 1.26). HB and HE sit between the ECAL
and the magnet and use non-magnetic brass and copper as absorbers. HO catches the tail of the
hadronic shower. It sits just outside the magnet and uses the steel return yoke of CMS as its

absorber.

3.5.1 Hadron Barrel

Hadron Barrel (HB) covers the pseudorapidity range || < 1.4 and is divided into 36 identical

wedges in ¢. Each wedge is divided into 40 sectors along the z axis. The granularity of HB is
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An x A¢ = 0.087 x 0.087. The active material is plastic scintillator which is sandwiched between
copper absorber plates that are 5 cm thick. The inner and outer plates are made of stainless steel
7 cm thick for more strength. Light collected from the scintillators is read out by the Hybrid
Photodiodes (HPD). The energy resolution of HB is & = O'—\/%? ©0.05 [100]. At n =0, the depth
of HB is 79 ¢cm, which is equivalent to 5.15 interaction lengths A;. The HB is not deep enough

to fully contain a hadronic shower. Thus, the outer calorimeter HO is used to catch the tails of a

hadronic showers, as discussed below.

3.5.2 Hadronic Outer

Hadronic Outer (HO) is designed to catch the tails of hadronic showers that form in the HB. It is
located inside the barrel muon system. It covers the region || < 1.26 and is divided into 5 rings
along 1. HO uses the solenoid and the iron of the return yoke as absorber material and contains

scintillators with a thickness of 10 mm. At 7 = 0, HO increases the length of the HCAL to 11.84;.

3.5.3 Hadron Endcap

Hadron Endcap (HE) covers 1.3 < |n| < 3.0 and lies within the influence of the 4T magnetic field.
The absorber plates are made of nonmagnetic brass. The light from the scintillators is collected
by wavelength shifting fibers. The signals are transferred to the photodetectors by optical cables.
The granularity of HE is the same as HB for |n| < 1.6 but for |n| > 1.6 the granularity becomes
AN x A¢ = 0.17 x 0.17. The length of HE is 10; and the energy resolution is & = % ®0.05
[100].

3.5.4 Hadron Forward

The Hadron Forward (HF) calorimeters are placed 11m away from the interaction point, as seen
in Figure 3.12. The two calorimeters cover the pseudorapidity range 3.0 < |n| < 5.0. They are

Cherenkov calorimeters that use steel as the absorber and quartz fiber as the active material.
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Each HF forms a cylinder around the beam with an inner radius of 25 cm and an outer radius of
1.4 m. HF extends 1.65 m along the z-direction. This depth corresponds to 10 A;. The transverse
granularity of HF is A X A¢ = 0.17 x 0.17. The fibers are embedded in the steel, run parallel to
the beam direction, and are read out by phototubes on the back of HF. The are two kinds of fibers
in HF. The long fibers, 1.65 m length, are sensitive to both the electromagnetic and hadronic parts
of the showers while the short fibers, 1.43 m in length, are sensitive to only the hadronic parts of
the showers. In HF, the energy resolution for electrons is E f ® 0.06, for pions the energy

resolution is > E; f ©0.13, and for jets the energy resolution is E f 9 ©0.06 [100].

3.6 Muon System

CMS has an excellent muon detection system. The muon detector has three main purposes, to
identify the muons, to measure their momenta, and to provide information to the level 1 trigger.
Because the muons are very penetrating the muon detector sits outside the calorimeters and mag-
netic coil and interleaves the iron plates of the magnet return yoke, see Figures 3.2 and 3.3. The
muon detector consists of three types of gaseous chambers; Drift Tube (DT) chambers are used in
the barrel, Cathode Strip Chambers (CSC) are used in the endcaps, and Resistive Plate Chambers
(RPC) are used in both the barrel and endcaps. The muon detector covers a pseudorapidity range
In| < 2.4. The relative locations of the DT, CSC, and RPC of the muon detector are shown in
Figure 3.13. The muon system contains of order 25000 m? of active detection planes, and nearly 1
million electronic channels.

The Muon Barrel (MB) consists of five wheels centered along the beam direction. Each section
is 2.5m long and is divided into 12 sections that each cover 30° in ¢. Each section has 4 stations at
radii of approximately 4.0 m, 4.9 m, 5.9 m and 7.0 m from the beam axis. The innermost station is
inside the yoke, the stations at 4.9 and 5.9m are within the yoke, and the station at 7.0m is outside
the yoke. Figure 3.14 shows a transverse view of CMS at z=0. Muon stations are denoted as
MBZ/N/S, where Z = —2, ... + 2 is the barrel wheel number, N = 1 — 4 is the station number and

S = 1—12is the sector number. Similarly, the steel return yokes are denoted YBZ/N/S. Each of the
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Figure 3.13: A schematic quarter-view of the CMS detector, ME stands for Muon Endcap, MB
stands for Muon Barrel. The drift tubes (green), resistive plate chambers (red), and cathodes trip
chambers (blue) are labelled [46].
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stations MBZ/1/S and MBZ/2/S consists of one DT chamber between two RPC chambers. Stations
MBZ/3/S and MBZ/4/S, each consists of one DT chamber and 1 RPC, as shown in Figure 3.13.
The muon endcap consists of 4 disk shaped stations, as shown in Figure 3.13. Each station
consists of muon chambers (CSCs and RPCs) and iron disks of the flux return yoke. The first disk
is divided into three rings, the remaining disks are divided to two rings. The chambers are labeled
by ME£S/R, where ME is Muon Endcap, the £ sign indicates which endcap, S indicates the disk

(station), and R is the ring number [50].

3.6.1 Drift Tubes

Figure 3.15 shows a cross-sectional view of a drift tube. When a muon traverses the tube it ionizes
a gas. Electrons then drift under the influence of a shaped electric field to an anode wire where
they produce a signal. The time of arrival of the pulse gives position information. The muon Drift
Tubes detect muons in the pseudorapidity range || < 1.2, as shown in Figure 3.13. The drift tubes
do not contribute to the level 1 trigger.

A total of 250 rectangular chambers are distributed in five wheels. Each wheel has four cylin-
ders of chambers, that are interleaved in the iron yoke. There are 12 chambers in each one of three
inner cylinders, and 14 chambers in the outer cylinder. Figure 3.16 shows a schematic view of one
chamber. Each chamber is, on average 2.0 m x 2.5 m in size and consists of 12 aluminum layers
grouped into three superlayers, two superlayers SL1, SL2 measure the (r-¢) coordinate, and the
third, SL2 measures (r-0) coordinate. A honeycomb structure separates the SL1 superlayer from
the SL2 and SL3 superlayers. The chambers in the outer cylinder do not have the SL2 superlayer.

Each superlayer has up to 60 drift tubes [47].

3.6.2 Cathode Strip Chambers

Cathode Strip Chambers, CSCs are gas detectors that operate in avalanche mode. Each CSC
is trapezoidal in shape and consists of 6 gas gaps, each gap having a plane of radial cathode

strips and a plane of azimuthal anode wires as shown in Figure 3.17. When a muon traverses the
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Figure 3.14: Transverse view at z=0.The barrel muon detector elements are denoted as MBZ/N/S,
where z=-2,...+2 is the barrel wheel number, N=1-4 the station number and S=1-12 the sector
number. Similarly, the steel return yokes are denoted YBZ/N/S [41].
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Figure 3.15: Cross sectional view of a drift tube [41].

CSC it ionizes the gas. The electric field in the gap is so strong that an avalanche of electrons is
created. This avalanche produces a signal on anode wires and induces a charge on the cathode
strips as shown in Figure 3.18. The signals from the wires and strips are then used to determine the
position of the muon hit [101]. The strips and wires are almost perpendicular to each other with
strips running along ¢ and the wires running along the radial coordinate r—. Therefore, when a
muon passes through a chamber, the chamber provides six measurements of the ¢ (strips) and six
measurements of r (wires).

The cathode strip chambers sit on the two endcaps of CMS and cover the pseudorapidity range
(0.9 < |n| < 2.4), as seen in Figure 3.13. The CSCs do not contribute to the level-1 trigger. There
are 234 CSCs in each of the two endcaps. There are 36 chambers in each ring of each muon
station, except for the innermost rings of the second through fourth disks (ME2/1, ME3/1, and
MEA4/1) which have 18 chambers. Figure 3.19 shows a photograph of the CSCs in the second disk
in ME+-2. All CSCs, except those in the third ring of the first endcap disk (ME1/3), are overlapped

in ¢ to avoid gaps in the muon acceptance.
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[47].
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3.6.3 Resistive Plate Chambers

Figure 3.20 shows a schematic view of the Resistive Plate Chambers, or RPCs. Each RPC consists
of two plates made of very highly resistive material separated by a few millimeters of gas. One
plate serves as an anode and the other serves as the cathode. When a muon passes through the
chamber and ionizes the gas, the strong electric field causes an avalanche of electrons, which
induces a charge on metallic strips. This charge is the output signal of the RPC [48]. The RPCs
cover the pseudorapidity region (|| < 2.1), as shown in Figure 3.13. There are 480 RPCs in the
barrel and 378 chambers in each endcap. In the barrel, the RPCs are distributed in 5 wheels, with
6 stations in each wheel, see Figure 3.13. Moving outward from the beam there are two RPCs in
front and behind each of the first two sets of DT chambers and one RPC on the inner sides of the
third and forth DT chambers. For each endcap, the RPCs are distributed in four disks as shown in
Figure 3.13. The first disk has three rings and each ring has 36 chambers. In each of disks 2, 3,

and 4, there are two rings. The outer ring has 36 chambers and the inner ring has 18 chambers.

3.7 Muon Reconstruction

Muon reconstruction is performed in two stages, the first is stand-alone reconstruction, which is
based on information from the muon system only. The second is global reconstruction, which uses
information from the muon system and hit information from the silicon tracker. Stand-alone recon-
struction is begun by finding track segments in the muon chambers. These segments are combined
into muon trajectories using a Kalman Filter technique. In the global muon reconstruction the
muon trajectories are extended to add hits that are measured by the tracker. The track parameters
of a stand-alone reconstructed muon are compared to the track parameters of the tracker tracks.

If the tracker track is consistent with the stand-alone muon track in momentum, position and di-
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rection, the hit information of the tracker and the muon system are combined and refitted to form
a global muon track. Then the resulting global tracks are checked for ambiguity and quality to
choose the one global track that is the best fit for each stand-alone muon.

The precision of the momentum measurement in the muon system is determined by the mea-
surement of the bending angle in the transverse plane at the exit point from the magnetic coil. For
low momentum, the momentum resolution is improved by including the measurements from the
silicon tracker, so the use of global muons is most valuable at low momentum. Figure 3.21 shows
a comparison of the momentum resolution of the muon system stand-alone track, the tracker sys-
tem and combined measurement (global muon track) for the barrel and the forward region. The

combined tracks always have the best resolution [41].

3.8 CASTOR

The CASTOR detector measures the electromagnetic and hadronic energies of the particles in
heavy ion and proton-proton collisions at CMS. CASTOR sits at 14.4m from the interaction point
as shown in Figure 3.22 [102] and covers the pseudorapidity range (5.2 < n < 6.6). CASTOR
consists of several sandwiches of two layers, a tungsten layer (W) as the absorber medium (pro-
viding the smallest shower size) and a quartz layer (Q) as the active medium. Incoming particles
interact in the tungsten to produce showers of secondary particles. When these secondary particles
pass the quartz plates, Cherenkov light is produced, and this light is collected by an air core light
guide and transmitted to the photo-multiplier tubes (PMTs). To maximize the Cherenkov light the
plates incline by 45 relative to the beam axis.

Figure 3.23 [103] shows a sketch of CASTOR. CASTOR consists of two parts, an electromag-
netic (EM) part a hadronic (HAD) part. The EM part has two longitudinal modules, where each
module has 16 azimuthal sectors. The thicknesses of the W and Q plates in the EM part are 5.0
mm and 2.0 mm, respectively. The HAD part has 14 longitudinal modules, where each module
has 16 azimuthal sectors. The thicknesses of the W and Q plates in the HAD part are 10.0 mm

and 4.0 mm, respectively. CASTOR has 224 readout channels and a total depth of 10.3 interaction
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lengths.[103]

3.9 Zero Degree Calorimeters

The Zero Degree Calorimeters (ZDC) measures the energy of neutrons and photons in the forward
rapidity region, 1.e. 7 > 8.3. There are two ZDCs of the same design. Each ZDC is located in the
TAN absorber between the beam pipes at about 140m on each side of the interaction point. ZDCs
cover the pseudorapidity range (|| > 8.3). Figure 3.24 shows the locations of the ZDCs in CMS.
Each ZDC consists of two parts: the electromagnetic (EM) and hadronic (HAD) sections. The EM
section is positioned in front of the HAD section with respect to the interaction point. Figure 3.25
shows a side view of the ZDC with the EM section in front and the HAD section behind [50].

The EM section consists of 33 layers of 2-mm-thick tungsten plates and 33 layers of 0.7-mm-
diameter quartz fibers. The plates are oriented vertically and arranged in five horizontal readout
towers. The fibers from each tower are grouped in one readout bundle and coupled directly to a
phototube. The HAD section consists of 24 layers of 15.5 mm thick tungsten plates and 24 layers
of 0.7 mm diameter quartz fibers. The plates are inclined by 45 relative to the beam axis and
grouped in four longitudinal read-out bundles to four phototubes via light guides, as shown in
Figure 3.25. The interaction length for HAD is 5.6A; and for EM is 19Xj.

The ZDC detects neutrons and photons, the photons interact with the dense tungsten plates in
the EM part and the neutrons interact with the dense tungsten plates in both the EM and HAD
parts. This produces a shower of particles with velocities that, exceed the speed of light in quartz
fibers, which causes the particles to generate Cherenkov light. The generated Cherenkov light is
brought by the light guides to the phototubes, and the phototubes convert the light to an electrical
signal. The signals from the 10 EM channels and the 8 HAD channels in the two ZDCs travel
about 210 m through coaxial cable to the counting room [50]. For different positron energies, the

energy resolution can be parametrized as [50]

70%
VE
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For different pion energies, the energy resolution can be parametrized as [50]

G 138%

E VE

+13%, (3.3)

where E is in GeV.
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Figure 3.17: A schematic view of a CMS Cathode Strip Chamber [41].
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Figure 3.18: A schematic view of a single gap illustrating the principle of CSC operation. An
electron avalanche resulting from a muon traversing a gas gap produces a signal on anode wires
and induces a distributed charge on cathode strips [41].
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Figure 3.19: A photo of the second disk in positive side ME+2 [41].
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Figure 3.21: Muon transverse momentum resolution as a function of the transverse momentum for
muons detected in the barrel (left) and the endcap (right) regions. The resolution is given for the
measurement using the muon system only, the tracking system only, and for a combined method
[41].
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Figure 3.22: Sketch of the relative locations of the ZDC, CASTOR, and other parts of the CMS
detector [41].

Figure 3.23: Sketch of the CASTOR calorimeter: front view (left) and longitudinal cross sec-
tion(right) [41].
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Figure 3.25: The side view of the ZDC showing the EM and HAD sections [50].
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Chapter 4

The Trigger System

4.1 Introduction

The LHC was designed to reach an instantaneous proton-proton luminosity of about 103*cm =251

Different bunches of protons or ions in the machine are separated by a minimum of 25 ns to give a
maximum bunch-crossing rate of 40 MHz. CMS does not have sufficient offline storage to record
the data from every bunch crossing. Therefore the trigger system is designed to select the most
important events and so reduce the bunch crossing rate to an acceptable output rate of less than 1
kHz. To reach the design luminosity there must be multiple interactions per bunch crossing. In
2015 CMS recorded up to 70 pp interactions in one bunch crossing with an average closer to 20.
Selecting the most interesting events under such conditions requires a very sophisticated and fast
trigger.

The rejection power of 0(105) is split into two steps. The first step, Level-1, or L1, reduces the
rate of accepted events to less then 100 kHz. The second step, known as the High Level Trigger, or
HLT, reduces the L1 trigger rate to a final rate of a few hundred Hz. Figure 4.1 shows a schematic
view of the CMS trigger and Data Acquisition system.

The L1 Trigger consists of specialized hardware and processors that use the data from the
calorimetry and muon systems to select the most interesting events. The data from the detector are
digitized and put into front-end pipelines. These pipelines have a latency of 3 us. At the same
time the data from the muon and calorimeter systems are sent to the L1 Trigger. After 1 us the L1
accept flag for that event is set to be either true or false. If the L1 accept is true, the data from that

event are sent to the readout buffers (RU) otherwise the data from the event are discarded forever.
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Figure 4.1: Schematic view of the data flow in the CMS trigger and DAQ system. Left: the
successive stages. Right: the modularity (slices) of the system [51]
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For events that are accepted at L1, the compete data for the event are collected in the event
builder network. The builder network then sends completed events to the filter unit of the High
Level Trigger (HLT). The HLT consists of a large number of processors, and performs a variety of
physics selection algorithms on information from the whole detector, including the trackers. The
results of these physics algorithms are then used to make the final decision on the data and store
the accepted data permanently. These algorithms are as sophisticated as the offline analysis. The
mean time for the HLT decision is on the order of O(10)ms for pp events but is much larger for
central heavy ion events. The results from the L1 trigger and HLT are sent to the Tier O center for

storage on tape. A more detailed description can be found in Ref [104].

4.2 The Level-1 Trigger

Figure 4.2 shows the Level-1 trigger structure. The L1 trigger has local, regional and global com-
ponents. The Local Trigger LT, also called Trigger Primitive Generator (TPG), is based on energy
deposits in the calorimeters and hit patterns in muon chambers. Regional Triggers (RT) combine
the trigger primitive information and use a logical process to rank and sort trigger objects such as
electrons, muons, or jet candidates in limited spatial regions. A rank is determined as a function of
energy, momentum and quality. The Global Calorimeter Trigger (GCT) and Global Muon Trigger
(GMT) determine the highest rank calorimeter and muon objects across the entire experiment and
transfer them to the global Trigger (GT). The GT takes the decision to reject or accept the event

for more evaluation by the HLT [105].

4.2.1 Calorimeter trigger

In the Level-1 Trigger, the ECAL and HCAL calorimeters calculate energy deposits in trigger tow-
ers (0.087m x 0.087¢) in the barrel. These energy deposits, known as trigger primitives, are sent
to the Regional Calorimeter Trigger (RCT). The RCT identifies the total energy and the energies

from electrons and photons in wider regions (0.351 x 0.35¢) in the barrel. The e/y and regional
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sums are sent to the GCT. The GCT finds jets, total energy, energies of electrons and photons
candidates, and calculates whether the electron and photon candidates are isolated. The GCT then
sorts all of these objects by energy or momentum. After this is done, the GCT sends four isolated
e, v candidates, four non-isolated e/y candidates, four central jets, four forward jets, four 7 jets,

and the total and missing energy to the Global Trigger GT.

4.2.2 Muon trigger

All three muon systems, the DT, CSC and RPC, participate in the trigger. The barrel DT chambers
provide local trigger information in the form of track segments in the ¢-projection and hit patterns
in the n-projection. The endcap CSCs submit 3-dimensional track segments. All three chamber
types identify the bunch crossing of the event. The Regional Muon Trigger consists of the DT
Track Finder DTTF and the CSC Track Finder CSCTF. These join segments together to form
complete tracks and determine the physical parameters of the tracks. The RPC Trigger chambers
have an excellent time resolution. They submit the regional hit pattern of track candidates to the
Global Muon Trigger. The GMT combines the information from the DT and CSC track finders

and the RMT of the RPC to provide an improved momentum resolution and efficiency.

4.2.2.1 The Drift Tube Trigger

The read-out electronics of each DT performs a straight segment fit within superlayers. This fit
requires hits in at least three of the four layers of drift cells. In r-z superlayers, only segments point-
ing to the interaction point are selected. In the two r — ¢ superlayers, the reconstructed segments
in each chamber are matched by the Track Corrector (TRACO), to improve the angular resolution.
Then the Trigger Server (TS) selects from the pairs of segments in each chamber the two corre-
sponding to the highest pr, and sends them to the DTTFE. The DTTF matches the reconstructed
segments in the four stations into a single muon track candidate and determines the quality and the
track parameters pr, 1 and ¢. The candidates are sorted and the four highest p7 muon candidates

are sent to the Global Muon Trigger GMT.
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4.2.2.2 The CSC trigger

The CSC local trigger reconstructs track segments in three dimensions by using the strips and
the wires in six layers of each chamber. The cathode strips reconstruct the ¢ coordinate and
determine the pr of the track. The anode wires reconstruct the 17 coordinate and assign a bunch
crossing to the track. The determination of the bunch crossing requires two hits in different layers,
whereas the reconstruction of segments requires four hits in the six CSC layers in each chamber.
A time coincidence of anode and cathode segments is required to reconstruct the segment in three
dimensions. The CSCTF receives and matches segments from different stations to reconstruct a

candidate muon track and determine the track quality and its p7, 1 and ¢.

4.2.2.3 The RPC Trigger

Hits in each resistive plate chamber are collected directly by the Pattern Comparator Trigger PACT.
PACT selects the hits that are correlated in space and time in the four RPC stations. The hits are
matched with pre-defined patterns to identify and estimate the p7 of the muons. The PACT requires
that muon tracks have hits in at least three of the four stations. A suppression algorithm is applied
to reduce the effects of coincidences due to background hits. The four highest p7 muon candidates

in the barrel and the four highest p7 of muon candidates in the endcap are sent directly to the GMT.

4.2.2.4 Global Muon Trigger

The GMT matches the muon candidates from the RMTs by comparing the spatial coordinates
(¢,m) of the segments. This matching balances high efficiency and background suppression. The
GMT sorts the muon candidates and passes the best four muon candidates with their parameters to

the L Global Trigger GT.

101



L1 Accept

I

Global Trigger Trigger Control System
4y with MIPASO blts/ Wﬁp Hr, 12 Ny, E/™
Global Muon Trigger Global Calorimeter Trigger
»
4 4 MIP/ISO bits
2x4)
DT_ CS(_: Regional Calorimeter Trigger
Track Finder|'|Track Finder <
T T RPC
Local Local | LIMgger
DT Trigger CSC Trigger ‘ Trigger Primitive Generators
DT CSC RPC ECAL HCAL HF
Muon Trigger Calorimeter Trigger

Figure 4.2: A schematic view of the CMS L1 Trigger [41]

4.2.3 Global trigger

The Global Trigger takes the final decision to accept or reject an event at Level-1. This decision

depends on the inputs from the GMT and GCT and the trigger paths defined for a particular run.

43 HLT

The HLT software runs on a large computer farm of fast commercial processors. The algorithms
have access to data from all CMS sub-detectors, including the tracker, with full granularity and
resolution. The HLT reconstruction software is similar to what will eventually be used offline for
CMS data analysis. Hence, the HLT algorithms, in contrast with the L1 trigger, calculate quantities
with a resolution comparable to the final detector resolution. For example, tracking information

from pixel and silicon strip detectors is combined with patterns of calorimeter energy deposition
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to define electron candidates. Tau-jet candidates found in the calorimeter are combined with high
pr stubs in the tracker to form a hadronic 7 trigger which has excellent efficiency and purity.
These techniques enable the HLT to define its output objects very precisely and significantly reduce
background. The HLT output quantities are similar to those of L1 but with far better resolution,
purity and efficiency. The maximum HLT input rate is 100 KHz and the output rate is about 100

Hz [106].

4.4 Ultra-peripheral collisions (UPC) trigger

For the LHC PbPb Run in 2011, the Level-1 trigger selects ultra-peripheral events by requiring at
least one hit in the muon chambers, energy deposits in the ZDC calorimeters (a hit due to a neutron
in at least one ZDC), and a veto on hadronic activity. The output rate of the Level-1 trigger was 5
kHz. The HLT required at least one reconstructed track in the pixel tracker. The output rate at the
HLT for this trigger was about 2 Hz [107].

For the LHC pPb Run in 2013, the Level-1 trigger selected ultra-peripheral events by requiring
that at most one of the HF calorimeters had a signal above the noise threshold and at least one hit
in the muon chambers. This trigger was designed to take muons with any transverse momentum.
The output rate of this Level-1 trigger was 5 kHz. The HLT required at least one and less than 10
reconstructed tracks in the pixel tracker, and at least one track and less than 7 reconstructed tracks

in the tracker (pixel and strips). The output rate of this trigger at the HLT was about 5 Hz[107].
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Chapter 5

Lead-Lead Analysis

5.1 Introduction

In PbPb collisions the photon may be emitted from either nucleus. At forward rapidity this leads
to a two-fold ambiguity in understanding the photon energy since, although the mass and rapidity
constrain the energy of the photon and the parton with which it interacts, the direction of the photon
is unknown. If the target nucleus breaks up when the J/y is created, there will be a correlation
between the direction of the J/y and the neutron. Such an interaction is shown in Figure 5.1. This
is expected to be the case when a photon interacts incoherently with a single proton in the nucleus
to form a high pr J/y. Although the neutron may be emitted in any direction in the rest frame of
the target the extreme boost at the LHC energies means the neutron will end up in the ZDC that is
being approached by the target nucleus.

Photons with wavelength on the order of the nuclear radius are emitted and absorbed coherently
by the nuclei. For such photons the cross section is proportional to Z2. The photon has pr ~
Ii/R = 30MeV. Since the transverse momentum of the photon is so low and is distributed to the
nucleus as a whole, it is likely that the nucleus will stay intact. For neutron emission to occur it
is then necessary that a second photon be exchanged between the nuclei. This photon produces
a Giant Dipole Resonance (GDR) in the nucleus, which results in neutron emission. Since this
second photon may strike either nucleus, the direction of the neutron is not correlated to that of the
J/y. This process is shown in Figure 5.2. In this chapter the correlation between photo-produced
J/w mesons and neutron emission is studied by analyzing the signal distribution in the ZDCs to

determine the neutron direction, the rapidity distribution to determine the J/y direction, and the
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Figure 5.1: Incoherent Interaction: A photon collides with a single nucleon in the target nucleus,
producing a J/y and a neutron simultaneously.

pr distribution to determine whether the interaction was coherent or incoherent.
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Figure 5.2: Coherent Interaction:A photon collides with the nucleus target as a whole, producing
a J/y. Another photon causes the emission of a neutron from the target.

5.2 Data set and trigger

The data were collected during the 2011 Pb+Pb LHC runs. The momentum of each of the lead
ions was 1.38 TeV per nucleon, which corresponds to a center of mass energy /syy = 2.76
TeV. The total luminosity collected in 2011 was Li,, = 159ub~!. The Level-1 trigger was (L1 —
MuOpen_ZdcCalo_NotBscMinBiasT hresh2_BptxAND)[107]. This trigger selects ultra-peripheral

events by requiring at least one hit in the muon chambers, MuOpen, energy deposits in the ZDC
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calorimeters (a neutron in at least one ZDC), ZdcCalo, a veto on hadronic activity, NotBscMinBiasT hresh2,
and two beams present in CMS, BptxAND. The output rate of the Level-1 trigger was 5 kHz. This

trigger was used as input to the high level Trigger named (HLT_HIU PCNeuMuPixel _SingleTrack_v1)
[107]. This trigger required at least one reconstructed track in the pixel tracker, SingleTrack_v1.

The output rate of this trigger at the HLT was about 2 Hz.

5.3 Event Selection

CMS has developed certain standard cuts to select clean physics events and to reject beam-gas
and cosmic ray events. The first step in selecting good events is to require that the interaction
vertex be within the fiducial region defined by the overlap of the two beams. Figure 6.2 shows the
distribution of the event vertex along the z axis for all of the events collected by the UPC trigger and
for the final event sample used in the analysis. The event vertex was required to have a transverse

distance Dy, <2 cm and a longitudinal distance D, < 20 cm from the center of the beam spot.
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Figure 5.3: Distribution of the event vertex along the z axis for all of the events collected by the
UPC trigger (left ) and for the final event sample used in the analysis (right).

In order to select exclusive J/y candidates, only events with exactly two tracks of opposite

sign were accepted. Each tracker track was required to be matched with at least one muon segment

107



and to have at least one hit in the silicon pixels. Figure 6.3 shows the distribution of pixel and

tracker layer for all events and for events that pass the selection cuts.
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Figure 5.4: Distribution of number of pixel and tracker layers per muon for PbPb for all events
(left) and for the events with selected muons (right).

For an ideal event there should only be two muons with opposite charge reconstructed in CMS
and the signals in all the calorimeters should be consistent with noise. Figure 5.5 shows the energy
distributions for HF*, HB®, HE* and EB*. The vertical red lines show the noise thresholds used

for the analysis cuts. These thresholds are listed in Table 5.1.

Threshold HF- | HF+ | HB- | HB+ | HE- | HE+ | EB- | EB+
Energy (GeV) | 25 | 25 [ 1.2 | 1.2 | 15| 05 | 05 | 05

Table 5.1: Noise thresholds for each of the calorimeters used to select exclusive events.

5.4 Selection of breakup modes with the ZDCs

The ZDCs are used to select the breakup modes. Figure 5.6 shows the spectra of charge collected
by the ZDCs for zero-bias events. For these events the only requirement was that two lead beams

were present in CMS. Clear noise and signal neutron peaks are visible in both ZDC™ and ZDC™.
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column represents energy distributions at backward rapidity (—2.4 <y < —1.8). The vertical red
lines show the noise thresholds.
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The red lines in Figure 5.6 show the thresholds used to select zero neutron or one or more neutron

events. These thresholds are listed in Table 5.2.

ZDC Minus | ZDC Plus
Charge (fC) 500 500

Table 5.2: Noise thresholds for ZDC~ and ZDC™ for the PbPb data.
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Figure 5.6: Spectrum of charge in femto-coulombs for ZDC™ (right) and ZDC ™ (left) for zero bias
PbPb collisions at \/syy = 2.76 TeV. The peaks around zero represent the electronic noise. In the
ZDC™, the peaks are corresponding to 1, 2 and 3 neutrons. In the ZDC™, the resolution is worse
because of a dead channel and only the 1 neutron peak is visible. The red vertical lines determine
the noise thresholds in ZDC~ and ZDC*

5.5 Signal Extraction

Figure 5.7 shows the mass distribution of all dimuon pairs from ultra-peripheral lead lead events.
There are very clear J/y and y/(2s) peaks, as well as a continuum from the process yy — puu~.
The distribution in Fig. 5.7 is fit to two Crystal Ball functions, one for the J/y and one for the
y(2s) . The Crystal Ball function is described in Appendix 10.3. The continuum background is
fit to a polynomial function of order two. Based on these fits a mass cut of 2.8 < M, < 3.3 was
chosen to select J/y events.

The pr dependence of the yy background in the J/y sample is estimated using a sideband
subtraction technique. The first step is to define the ratio of the continuum in a sideband region to

the continuum under the J/y peak

3.3 dNgi
R _ g ar M

sideband — ~ 0 AN~ . _°
5.0 dNyg;
4.0 dM am

S.D

110



aipha = 1.75 + 0.‘16 ‘L
— alpha_Psi= 1.00 £0.44 —
mean_jpsi = 3.0978 + 0.0022
mean_psi= 3.669 +0.013
n=50+3.0

nBkgd = 760 +32

nJpsi= 700 +49

nPsi= 60 £15

n_Psi= 2.1+1.4

poly_c1 =-0.2397 £0.025
poly_c2 = 0.0141 +0.0032
sigma_jpsi = 0.0521 £0.0019
%2ndf=0.83

sigma_psi = 0.0500 *0.0044

[
<
)

Events / ( 0.05)

10

Dimuon Invariant Mass for PbPb GeV/c?

Figure 5.7: Invariant mass distribution for all dimuon pairs that pass the event selection and exclu-
sivity cuts for PbPb collisions at /syy = 2.76 TeV. The solid blue line shows a fit to the distribu-
tion. This fit includes J/y (red line), y(2s) (green line) components and a continuum background
(dashed blue line).

Here dNy;,/dM is the fit to dimuon mass distribution, see for Example the dashed blue line in

Fig. 5.7. The contamination of the J/y sample by the ¥y continuum is then estimated to be

dN dNy_s
W?/ — Ryideband * de (52)
where % is the pr distribution of dimuon pairs with invariant masses between 4.0-5.0 GeV/c?.

Figure 5.8, shows the pr distributions for the mass ranges (2.8 - 3.3) GeV/c? (black) and contin-
uum background for same mass range (blue). The difference between these two spectra represents

the J/y signal (red). A clear narrow coherent peak is seen at pr ~ 50 MeV/c.

5.6 Correlation between J/y and neutron direction.

In order to help determine the direction of the photon that produced the J/y, events were selected

with zero neutrons in one ZDC and at least one neutron in the other ZDC. This is known as the
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Figure 5.8: Distribution of dimuon pr for the mass ranges (2.8 - 3.3) GeV/c? (black) corresponding
to the J/y peak, continuum background for same mass range (blue).The difference between the
total yield and the background represents the J/y signal (red).

(On,Xn) breakup mode. Figure 5.9 shows the rapidity distribution of coherent (top) and incoherent
J/y mesons (bottom) for events where the neutrons hit ZDC™~ (left) and ZDC™ (right). At low pr
(pr < 0.15 GeV/c), coherent production of J/y is dominant, and the distribution of J/y rapidity
is not correlated with the neutron direction. At high p7, where incoherent production is dominant,
the J/y rapidity distribution depends strongly on the neutron direction.

Table 5.3 lists the numbers of events with neutrons in the ZDC~ and ZDC™ detectors and
J/w mesons at positive and negative rapidity for pr < 0.15 GeV/c (coherent production) and
0.15 < pr < 1.0 GeV/c (incoherent production). It is clear that the numbers of J/y events at low
pr are consistent for the cases where the neutron is on the same and opposite side, while at high
pr there is a clear difference between the opposite and same side cases. This can be explained by
considering Figures 5.1 and 5.2. At low pr, the photon collides with the target as a whole and the
target stays intact. Neutron emission is caused by the exchange of a second photon, as shown in

Figure 5.2. At higher pr, the photon collides with a single nucleon in the target, producing the
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Figure 5.9: J/y rapidity distribution at low pr (pr < 0.15 GeV/c) (top row) and at high pr
(0.15 < pr < 1) GeV/c (bottom row) for events with neutrons in ZDC~ (left column) and ZDC™
(right column).

J/y and causing the emission of a neutron as in Figure 5.1. Since both the neutron and the J/y

are produced by the same photon interaction there is a correlation between them.

ZDC™ ZDC*
J /vy direction Same Opposite | Opposite Same
Rapidity intervals (-2.4,-1.8) | (1.8,2.4) | (-2.4,-1.8) | (1.8,2.4)
Coherent: pr < 0.15 GeV/c 70.4+9.1 | 57.3+8.7 | 34.1+7.1 | 50.1£8.1
Incoherent: 0.15 < pr < 1.0 GeV/c | 105.2+8.1 | 25.0+5.0 | 11.44+3.5 | 90.2+9.9

Table 5.3: The number of J/y events with the neutron in the same and opposite side for different
pr and y regions

Figure 5.10 shows the pr distributions for events where the J/y and neutron are in the same
and opposite directions. There is a clear difference between the two spectra. For pr < 150 MeV/c,
the numbers of J/y events are roughly consistent between the two distributions. For higher pr,
there are more J/y in the same direction as the neutron than opposite it.

In order to quantify the strength of the correlation between the direction of the J/y and the
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J/w rapidity and neutron have opposite direction.

neutron the ratio R(%22%%¢)(p;) is defined by

same

opposite NOPPOsite ()
——)(pr) =

R _r - Wr
( same Nsame(pr)

(5.3)

where N°PPoSit¢( pr) and N*¥™(pr) represent the numbers of J/y with a given pr that are moving
in the opposite and same direction as the neutron, respectively. Figure 5.11 shows this ratio versus
pr. For pr <150 MeV/c the ratio is close to 1.0 while at higher p7 it is significantly lower. Thus
for incoherent events there seems to be a strong correlation between the J/y and neutron directions

while for incoherent events, i.e., pr < 150 MeV/c the correlation is much weaker.
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Chapter 6

Proton-Lead Analysis

This chapter focuses on the analysis the Pbp data. For ultra-peripheral Pbp collisions the dominant
interaction is when photons collide with protons. The analysis of exclusive yp — J/y is a very

clean probe of the gluon distribution in the proton.

6.1 Data sets

The data analyzed in this thesis were collected during the 2013 pPb runs at the LHC. In 2013 the
momentum of the proton beam was 4 TeV/c. Because of the design of the LHC the lead beam had
the same rigidity, i.e. momentum/charge ratio, as the proton beam. This meant that the momentum
of the lead beam was 4TeV * 82/208 = 1.58 TeV. The center of mass of the pPb system has an
energy /syv = 5.02 TeV and is moving with a velocity of 0.503c in the direction of the proton
beam. This corresponds to a offset of the center of mass rapidity with respect to the experiment of
0.465 towards the proton going direction.

For the first part of the 2013 data, donated pPb, the proton beam moved in the negative z
direction (clockwise) and the Pb beam in the positive z direction (anti-clockwise). The integrated
luminosity during this period was L;,; = 18.83 nb~! and the CMS run numbers ran from 210498 to
211256. During the second half of the run, which is donated Pbp, the LHC switched the direction
of the beams. This period had an integrated luminosity of L;,; = 13.92 nb~! recorded in CMS runs
211313 to 211631. Figure 6.1 shows (a) a diagram of LHC, (b) the direction of proton-beam and
Pb-beam in pPb collisions, and (c) the directions of the proton and Pb beams in Pbp collisions.

The CMS convention is to consider that the proton beam has positive rapidity, so the results in this
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Figure 6.1: (a) A diagram of the LHC, (b) the directions of proton and Pb beams in pPb collisions,
(¢) the direction of proton and Pb beams in Pbp collisions

thesis are presented with the pPb data flipped in rapidity.

6.2 Trigger

The loosest possible trigger was developed to select very low pr J/y mesons from ultra peripheral
events.

The triggers used to collect this data selected events containing only low pr J/y s and nothing
else. The cross section for such events is about 10> times smaller than for ordinary nucleus-nucleus
collisions. The Level-1 trigger used was (L1_SingleMuonOpen). This trigger selected ultra-
peripheral events by requiring that at most one of the HF calorimeters had a signal above the noise
threshold. The trigger also required at least one hit in the muon chambers. It was designed to take
muons with any transverse momentum. The output rate of this Level-1 trigger was SkHz. This trig-
ger was used as input to the high level trigger (HLT_PAUpcSingleMuOpenFull_TrackVeto7_v1).

The HLT required at least one and less than 10 reconstructed tracks in the pixel tracker, and at least
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one track and less than 7 reconstructed tracks in the tracker (pixel and strips). The output rate of

this HLT path was about SHz.

6.3 Standard Event Selection Cuts

CMS has developed certain standard cuts to select clean physics events and to reject beam gas and
cosmic ray events.

The first step in selecting good events is to require that the interaction vertex be within the
fiducial region defined by the overlap of the two beams. Figure 6.2 shows the distribution of the
event vertex along the z axis for all of the events collected by the UPC trigger, described in Section
6.2 of pPb and for the final event sample used in the analysis. The event vertex was required to
have a transverse distance Dy, < 2 cm and a longitudinal distance D, < 15cm from the center of
the beam spot. Because of the exclusivity requirement of only two tracks, see Section 6.4 there
was at most one reconstructed vertex in the event. From the fits the efficiency of the vertex cut is
estimated to be 98.7 +.2X%. The systematic error on this efficiency was estimated by redoing the
fits with a different fit range.

In order to select exclusive J/y events exactly two tracks of opposite sign were required. Each
tracker track was required to be matched with at least one muon segment. Each tracker track was
required to have more than 5 hits in the tracker with at least one hit in the silicon pixels. Figure 6.3
shows the distribution of pixel and tracker layers for all events and for events that pass the selection
cuts.

To eliminate cosmic muons and beam gas events a cut was made on the distance of closest
approach between the muon tracks and the event vertex. Figure 6.4 shows the longitudinal and
transverse distances of closest approach for pPb and Pbp events. For this analysis the closest
longitudinal distance between the event vertex and the muon track is |D;| < 15 cm and the closest

transverse distance is Dy, <3 mm.
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Figure 6.2: Distribution of the event vertex along the z axis for all of the events collected by the
UPC trigger (left column) and for the final event sample used in the analysis (right column). The
distributions for pPb data are shown in the top row and those for Pbp data in the bottom row.

6.4 Exclusivity Cuts.

For an ideal event there should only be two muons with opposite charge reconstructed in the CMS
detector and the signals in all the calorimeters should be consistent with noise.

Figure 6.5 shows an event display for a typical J/y candidate. The two muons are very
forward and have low p7. Both muons punch through the CMS endcap and deposit a small amount
of energy in EE+. The track of the top muon shows some jitter in the muon chambers. Muons
that punch through the CMS material lose about 3 GeV of momentum in the endcap. For low
momentum muons the multiple scattering in the steel of the muon chambers can be significant.
There are no other reconstructed tracks but there is some noise in the calorimeters.

To select events such as the one shown in Figure 6.5 it is necessary to first determine the
noise thresholds from the energy distribution in very quiet events. For both the pPb and Pbp data,
Figures 6.6, 6.7, 6.8, and 6.9 show the distributions for HB*, HE*, HF* and EB* respectively.

The noise distributions in (HB*, HE*, HF*) were fitted to Gaussian functions and the (EB*) noise
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(bottom) for all events (left) and for the events with selected muons (right).

3

distributions were fitted to an exponential function to determine the noise thresholds used for the

exclusivity cuts. The deduced energy thresholds are listed in Table 6.1.

HB~ |HBT |HE- |HE® |HF | HF" | EB~ | EB"
Threshold Energy | 1.2 1.1 1.75 | 1.8 2 2 0.8 0.8
(GeV)

Table 6.1: Noise thresholds for each calorimeter used to select exclusive events.

For exclusive yp — J/y + p events both the lead nucleus that emitted the photon and the
proton should remain intact. For such events the signals in both of the ZDC™ and ZDC~ should be
consistent with noise. The energy distributions of neutrons in the ZDC™ (proton side) and in the
ZDC™" (Pb side) are shown in Figure 6.10 and Figure 6.11, respectively. The means of the noise
peaks for both the p-side and Pb-side are around zero. The peaks in the ZDC™ correspond to 1, 2
and 3 neutrons respectively. Since the ZDC™ is facing the proton beam we do not expect to see a

single neutron peak.
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Figure 6.5: Event display for an exclusive J/y candidate
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Figure 6.6: Hadronic energy distributions in Hadronic Barrel calorimeters, HB, for quiet events.
The upper panels are for pPb collisions and the lower panels for Pbp collisions. The left col-
umn shows HB ™ and the right column shows HB™. The low end of the distributions are fitted to
Gaussian functions in order to give an estimate of the noise thresholds.
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Figure 6.7: Hadronic energy distributions in Hadronic Endcap calorimeters, HE, for quiet events.
The upper panels are for pPb collisions and the lower panels for Pbp collisions. The left col-
umn shows HE™ and the right column shows HE'. The low end of the distributions are fitted to
Gaussian functions in order to give an estimate of the noise thresholds.
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Figure 6.8: Hadronic energy distributions in the Hadronic Forward calorimeters, HF, for quiet
events. The upper panels are for pPb collisions and the lower panels for Pbp collisions. The left
column shows HF~ and the right column shows HF . The low end of the distributions are fitted
to Gaussian functions in order to give an estimate of the noise thresholds.
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Figure 6.9: Electromagnetic energy distributions in the Electromagnetic Barrel calorimeters, EB,
for quiet events. The upper panels are for pPb collisions and the lower panels for Pbp collisions.
The left column shows EB ™ and the right column shows EB*. The low end of the distributions are
fitted to exponential functions in order to give an estimate of the noise thresholds.
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Figure 6.10: Total energy distribution in ZDC™ p-side for Pbp collision at /syy = 5.02 TeV. Since
ZDC" is facing the proton beam we do not expect to see a single neutron peak. The low end of the
distribution is fitted to a Gaussian function, which corresponds to the noise distribution.

The noise in the proton side and lead side are fitted with Gaussian functions to determine the
thresholds, which are used to reject events where there is energy in the ZDC detector. They are
listed in Table 6.2. The numbers of events selected after each cut are shown in Table 6.3 for both

the pPb and Pbp data. The total efficiency of all efficiency cuts is grater than 99%.

ZDC Minus ZDC Plus
Threshold Energy (fC) 900 2000

Table 6.2: Thresholds for exclusive selection in ZDC detector in Pbp.

6.5 Raw distributions in invariant mass, rapidity and pr

After all the offline cuts have been applied the invariant mass, rapidity, and transverse momentum
are determined for the each exclusive dimuon pair. Figure 6.12 left shows the distribution of events
in invariant mass and p7. Most events have low transverse momentum (p7 around 0.4 GeV/c) and
are concentrated near the J/y mass region, (2.8 < M+, <3.3 GeV/c?). Events with invariant

mass in the continuum, i.e. 4 <M - < 8 GeV/c?, have low transverse momentum. Figure 6.12
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Figure 6.11: Total energy distribution in ZDC* Pb-side for Pbp collision at /syy = 5.02TeV.
The peak around zero is noise, which is consistent with selected events. The other peaks in ZDC™
correspond to 1, 2 and 3 neutrons respectively. The distribution is fitted to four Gaussian functions,
the first for the noise signal (On) which is consistent with selected events, the second for the first
neutron signal (1n), the third for the second neutron signal (2n), and the forth for the third neutron
signal (3n)
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Pbp pPb

Integrated luminosity 13.92nb! 18.83nb!
Rapidity range (-2.3,-1.8)  (1.8,2.3) | (-2.3,-1.8)  (1.8,2.3)
Total events 1,357,534 1,901,851 | 2,606,989 1,847,838
Applied cuts

Vertex 4710 7915 9804 6928
Track purity 1966 3572 4209 2885
Two Tracks 607 1314 1570 873
Opposite Sign (OS) 403 797 898 564
No hadronic Activity in HF, HE,HB 383 715 889 530
No hadronic Activity ZDC 332 623 771 463
Mass Range (2.8, 3.3) GeV/c? 271 490 594 399

Table 6.3: Number of events that pass the sequential analysis cuts.

right show the distribution of events with (2.8 < M;+,- < 3.3 GeV/c?) in rapidity and pr. The
events are concentrated around rapidities (y ~ —2) and (y ~ +2). There are also significantly more
events on the proton going side 1281 (y ~ 42) 1281, than on the lead side at (y ~ —2) 811. This is
expected from theoretical models since the momentum of the photon emitted by the lead nucleus
is usually less than that of the parton that it hits. The analysis was done in 4 independent samples:
pPb at forward rapidity, pPb at backward rapidity, Pbp at forward rapidity, Pbp at backward rapidity
as shown in Table 6.3. For the final physics results, the Pbp results are merged with the pPb results
that have been flipped in rapidity.

Figure 6.13 shows the mass distribution of all exclusive dimuon pairs. There are very clear
J/y and y(2s) peaks as well as a continuum from the process yy — u*u~. The distribution in
Fig. 6.13 is fit to two Crystal Ball functions, one for the J /v and one for y(2s) and a second order
polynomial for the background. The fit was done using the Roofit extended likelihood package
for a binned histogram. The Crystal Ball function is described in the Appendix A. Based on these
fits a mass cut of (2.8 < M+~ < 3.3 GeV/c?) was chosen to select J/y events. From the fit in
Fig. 6.13 the efficiency of this cut is estimated to by 99.75 + 0.05% and the contamination from

y(2s) was estimated to be zero events.
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Figure 6.12: Left: distribution of pr versus invariant mass for dimuon pairs. Right: distribution
of pr versus laboratory rapidity for dimuon pairs in the J/y mass range (2.8 < My+y- <33

GeV/c?). All events pass the event selections. The rapidity of the pPb events has been flipped to
be consistent with the CMS convention.

6.6 Contamination in the J/y sample

The purpose of the selection and mass cuts is to select the cleanest possible sample exclusive J/y
events. However, these events are still mixed with events from other physical processes, such
as yy — utu~, yp — y(2s) + p, non-exclusive events such as yp — J/y + X, and photo-Pb
interactions yPb — J/y + X. All these processes have different distributions in dimuon pr with
vy and yPb peaking at low pr and non-exclusive J/y dominant at high p7.Using information on
the dimuon mass and the ZDCs and by looking at events that fail the exclusivity cuts described in
Section 6.4, the fraction of each of these processes that are present in the final dataset is estimated.

One can see from the fit in Fig. 6.13 that about 6% of the events selected by the J/y mass
cut are from the continuum background. The process yy — pu~ is a pure QED process and is
expected to produce dimuons with a smooth distribution in mass with the events concentrated at

very low pr. Figure 6.14, shows the py distributions for the mass ranges 2.8 - 3.3 GeV/c? (blue)
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Figure 6.13: Mass distribution for all dimuon pairs that pass the event selection and exclusivity
cuts. The red and green curves represent the J/y and y/(2s) signals and the dashed blue line the
continuum background. The solid blue line is the sum of the three contributions.

and 4.0-8.0 GeV/c? (red) on Pb-side (left) and p-side (right). As expected the continuum events
have a much lower mean pr than those with invariant mass in the J/y region.
To estimate the fraction of ¥y background in the J/y sample I defined the ratio of the contin-

uum in a sideband region to the continuum under the J/y peak

3.3 dNyi
Jo.g —anr IM

5.0 del[
f40 am dM

Rsldeband (6 1)

where M is the dimuon invariant mass and dNy;; /dM is the polynomial fit to the continuum, shown
as the dashed blue line in Fig. 6.13. The contamination of the J/y sample by the yy continuum is

then estimated to be
dN'y'}/ dN475
dp Rszdeband de

(6.2)

where fiv is the pr distribution of dimuon pairs with invariant masses between 4.0-5.0 GeV/c?.

The pr distribution for yPb — J/y is estimated by studying events where the lead nucleus
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Figure 6.14: Distribution of dimuon p7 for the mass ranges 2.8 - 3.3 GeV/c? (blue) corresponding
to the J/y peak, and 4.0-8.0 GeV/c? (red) corresponding to the continuum. Pb-side data are on
the left and p-side data are on the right.

break ups and emits neutrons. Figure 6.15 shows the distribution of dimuon p7 for events where
both a J/y and a neutron are emitted. As expected, the distribution peaks at very low pr since J/y
mesons produced in YPb events are generally produced by coherent collisions. The selection cuts
described in Section 6.4 remove any events that contain neutrons. The distribution of yPb — J/y
events in this sample is estimated using the equation

dN. YPb

dNj/yin
—R RRCVA S\l
dpr on(pr)

dpr

(6.3)

where Ro y(pr) represents the fraction of yPb — J/y events with no neutrons compared to those
with neutrons. This factor is estimated from STARLIGHT and checked with data.

To understand the contamination of the exclusive J/y sample by non-exclusive events, the
exclusivity cuts on HF and the number of tracks were inverted to produce a non-exclusive sample.
Figure 6.16 compares the pr distributions of exclusive and non-exclusive J/y events for Pbp

collisions at both backward (left) and forward rapidity (right). The non-exclusive events have
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Figure 6.15: Distribution of dimuon pr for events where both a J/y and a neutron are emitted.
The left panel is for the negative rapidity, and the right panel for positive rapidity.

much broader pr spectra than the exclusive events. The contamination of the exclusive sample
by non-exclusive events is estimated by assuming that above a certain p7 the sample is dominated
by non-exclusive events. Based on Figure 6.16 a threshold of pr = 2.5 GeV/c was chosen. The
non-exclusive sample was then scaled to the physics sample using the ratio

fzoi’s dNnog—exclusive de

Rnonfexclu = T . (64)

° dNexclusive
Jrs dpr dpr

The statistical error on R, oxc1, Was estimated from the number of events in both samples. The

spectrum of non-exclusive events within the sample was then estimated to be

dNNoX dN, non-exclusive
= Rnon-exclu * — (6.5)
dpr dpr
.. N, vl .
The statistical errors on R, exci, and d""”d}'% were propagated to d[dv%. The systematic error

on % was estimated by varying the p7 limit used in Equation 6.4.

The final source of possible contamination in the sample is from misidentified muons. These
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Figure 6.16: Distribution in pr for exclusive (black) and non-exclusive (green) J/y events from
Pbp collisions at both backward (left) and forward rapidity (right).

particles should be equally likely to be reconstructed as positive or negative particles and so the
contamination can be estimated from the number of muons with the same sign, i.e., ++ and ——.
No same sign pairs were found that passed the selection cuts and so this effect was ignored.

The left hand panel of Figure 6.17 shows the distribution in invariant mass for dimuons pro-
duced at forward rapidity in pPb events. The solid lines show fits to the J/y, I//, and Yy con-
tinuum. The right hand panel of Figure 6.17 shows the pr spectrum of dimuons with invariant
mass between 2.8 and 3.3 GeV/c? together with estimates of the contamination from yy — J/ v,
YPb — J/y and non-exclusive yp — J/y + X derived using Equations 6.2,6.3 and 6.5, respec-
tively. For pr between 0.1 and 1.3 GeV/c the sample is very pure. Figures 6.18, 6.19 and 6.20
show the data for pPb collisions at backward rapidity and Pbp at forward and backward rapidity,
respectively.

The purity of the exclusive J/y sample is defined by

dN dNyy _ dNbe _ dNNoX

purlty(pT) de dpr dePT dpr (66)

dpr
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Figure 6.17: (Left) Dimuon invariant mass distribution for pPb at forward rapidity, the black points
are the raw data, the blue curve is the fit for the total distribution, the red curve is the fit for the
J / Y resonance, the dashed curve is the fit for total background, the green curve is the fit for the
l[/ resonance. (Right) The pr distribution for dimuons with invariant masses between 2.8 and 3.3
GeV/c?. The black data points are for the raw dimuon data, blue represents the ¥y background,
green represents the non-exclusive J/y production, and magenta represents the YPb production.
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Figure 6.18: (Left) Dimuon invariant mass distribution for pPb at backward rapidity, the black
points are the raw data, the blue curve is the fit for the total distribution, the red curve is the fit for
the J/y resonance, the dashed curve is the fit for total background, the green curve is the fit for
the l[// resonance. (Right) The pr distribution for dimuons with invariant masses between 2.8 and
3.3 GeV/c? for pPb at backward rapidity. The black data points are for the raw dimuon data, blue
represents the ¥y background, green represents the non-exclusive J/y production, and magenta
represents the yPb production.
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Figure 6.19: (Left) Dimuon invariant mass distribution for Pbp at forward rapidity, the black points
are the raw data, the blue curve is the fit for total distribution, the red curve is the fit for the J/y
resonance, the dashed curve is the fit for total background, the green curve is the fit for the l//,
resonance. (Right) The pr distribution for dimuons with invariant masses between 2.8 and 3.3
GeV/c? for Pbp at forward rapidity. The black data points are for the raw dimuon data, blue
represents the yy background, green represents the non-exclusive J/y production, and magenta
represents the YPb production.
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Figure 6.20: (Left) dimuon invariant mass distribution for Pbp at backward rapidity, the black
points are the raw data, the blue curve is the fit for the total distribution, the red curve is the fit for
the J/y resonance, the dashed curve is the fit for total background, the green curve is the fit for
the l[// resonance. (Right) The pr distribution for dimuons with invariant masses between 2.8 and
3.3 GeV/c? for Pbp at backward rapidity. The black data points are for the raw dimuon data, blue
represents the ¥y background, green represents the non-exclusive J/y production, and magenta
represents the YPb production.
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Figure 6.21 shows that all samples have a high purity up to pr ~ 1.5 GeV/c. The dip in the purity
at low pr is due to contamination from Yy and yPb events while the slow drop off above pr = 0.5

GeV/c is caused by contamination from non-exclusive events.
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Figure 6.21: Purity of the J/y sample as a function of dimuon pr for pPb (top) and Pbp (bottom).
The left hand column shows the purity of the samples at negative rapidity and the right hand column

the purity of the sample at positive rapidity.
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Chapter 7

Comparison of Data and Monte Carlo Simulation for

ultra-peripheral pPb collisions

7.1 Purpose of Monte Carlo Simulation

The purpose of the Monte Carlo is to correct the experimental results for the effects of acceptance
and momentum resolution. The STARLIGHT package is used to generate J/y — utu~ and
vy — utu~ events [93]. These events are then passed through a full GEANT4 [108] simulation
of the CMS experiment. This simulation models how various particles pass through the detector,
using random number generators to control whether or not a particle will interact with a given
piece of matter. This simulated raw data is then reconstructed using the CMS software framework,
CMSSW, exactly as if it was real data. In this way, the theoretical distribution and a realistic
model of the detector’s response are united. The goal of the MC simulation is to produce a set of
corrections for the imperfections of the CMS detector that distort the data.

STARLIGHT is a MC simulation of ultra-peripheral heavy ion collisions, that calculates the
cross sections for a variety of UPC final states and also generates events for use in determining de-
tector efficiency. STARLIGHT simulates ultra-peripheral pPb collisions in three different physical

Processes:

e photo-production from yp processes where the nucleus acts as the source of photons and the

proton as a target,

e YPb processes, where the proton acts as a source of photons and the Pb nucleus as a target,

and
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e the QED 7yy processes, where a photon from the projectile (proton, Pb) interact with a photon

from the target (proton,Pb).

The contribution of the yPb process is small relative to the yp process, but it is not negligible.
The STARLIGHT MC events were reconstructed in CMSSW. The reconstructed J/ y states for yp
and yPb collisions and the reconstructed dimuons for yy collisions were passed through the same
selection cuts as the data.

Figure 7.1 shows the J/y pr distributions for the MC simulations of the yp, yPb, and yy
physics processes at both forward and backward rapidity. It is clear from the plots that the concen-
tration of the yPb, and yy physics processes occurs at pr < 0.2 GeV/c, but for yp, the distribution
peaks at around pr ~ 0.4 GeV/c. Figure 7.2 shows the J/y rapidity distributions for the MC
simulations of the yp, yPb, and Yy physics processes, where each process is normalized to have a
maximum value of one. It is clear that there is an asymmetry in the distributions in forward and
backward rapidity for each process, and that acceptance for each process is concentrated around

y~2andy~ —2.

7.2 Data MC-Comparison

For the analysis used in this thesis the trigger efficiency is estimated using the data-driven Tag &
Probe technique and the Monte Carlo is only used to correct for the acceptance of the detector.
In order to make a fair comparison between Monte Carlo and data for the plots in this chapter
the Monte Carlo events are weighted by the trigger efficiency. All cuts used on the data are also
imposed on the Monte Carlo events. In the figures below the data from Pbp and flipped pPb are
combined together and forward rapidity is defined to be in the proton-going direction.

Figure 7.3 shows the A¢ distribution, in A¢, the ¢ difference between the two muons, for
uncorrected data (blue) and simulated yp events from STARLIGHT (red). Distributions from both
data and STARLIGHT are peaked at ¢ = £x. Figure 7.4 shows the two dimensional distributions

of J/w pr versus A¢ for data and yp MC. At low pr, the muons are exactly back to back for both
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Figure 7.1: Dimuon pr distributions for the MC simulation of yp, yPb, and yy physics processes.
The blue line is for yp, red is for yPb and green is for yy. The left hand plot shows the spectra at
rapidity —2.3 < y < —1.8, while the right hand plot shows the spectra at rapidity 1.8 <y < 2.3.
All of the spectra are normalized to have a maximum value of one.
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Figure 7.2: Rapidity distributions for MC simulation of yp, yPb, and Yy physics processes. The
blue is for yp, red is for yPb and green is for yy. All of the spectra are normalized to have a

maximum value of one.
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data and MC. As the pr of the J/y becomes comparable to its mass, the opening angle between
the muons decreases. It is clear that the data and the MC are similar but that the data extends to

higher pr than the STARLIGHT simulation.

}2350__|‘|||||||| T T T 1 T T T 1 T T T 1 T T T 1 ||||||||1__
o |+ |+ ]
S L N
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Figure 7.3: Distribution A¢ = ¢, — ¢, for data (blue points) and yp events from STARLIGHT
(red curve)

Figure 7.5 compares the pr spectra for data and MC for Yy, yPb and exclusive yp samples at
forward (top) and backward (bottom) rapidity. The techniques for producing these spectra in the
data are described in the previous chapter. The yy and yPb MC distributions are consistent with
the data within statistical errors. For the exclusive yp spectra the MC is also generally consistent
with the data except at forward rapidity and high pr where the distribution falls more rapidly than
the data.

Figure 7.6 shows the J/y rapidity distributions for data and yp MC. It is clear that the data and
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Figure 7.4: J/y pr versus A¢ distribution for data (left) and yp MC (right).

the MC are similar, each distribution is asymmetric, and the concentrations are around y ~ 2 and
y ~ —2 . However, the data distributions are somewhat narrower than those from the MC. This
may be because the Yy, YPb and non-exclusive backgrounds have not been subtracted from the raw
data.

Two-dimensional distributions of p7 versus rapidity for data and yp MC are shown in Figure
7.77. The MC plot has much higher statistics and so tends to be smoother than the data. Both the
data and MC are asymmetric in rapidity and both distributions peak at similar values of pr It is
clear that the MC is significantly wider in rapidity than the data while the data goes to higher pr
than the MC.

Figure 7.8 shows the muon pr versus 1 distribution for data and the yp MC. Both the data and
MC are asymmetric in 7 but the data extend to higher pr than the simulation. This may be due to

the non-exclusive background that has not been subtracted from the data distribution.
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Figure 7.5: pr spectra for data (black points) and MC (red curve) for yy (left), YPb (middle) and
exclusive yp collisions (right) for forward rapidity (top) and backward rapidity (bottom).
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Chapter 8

Trigger Efficiency and Acceptance

8.1 Introduction

This chapter discusses the corrections for the dimuon trigger efficiency and acceptance of the
CMS detector. The trigger efficiency is estimated from data while the acceptance corrections are

estimated from Monte Carlo simulations.

8.2 Single muon trigger efficiency

The tag and probe method uses a sample of high quality muons that were not triggered on to
investigate the efficiency of the muon trigger. For this study dimuon pairs in the J/y mass region,
i.e., between 2.8 and 3.3 GeV/c?, are used. In this region the signal-to-background ratio is greater
than 15/1, as seen in Figure 6.13 . These events were selected with a trigger that required at least
one hit in the muon chambers. For each dimuon event the trigger record is examined. Muons that
produce triggers are known as “tags" and their partner muons are known as “probes." Probes that
satisfy the trigger are then known as “passing probes" while those that fail the trigger are known as
“failing probes." If both muons satisfy the trigger then they are both counted as tags and as passing

probes. The single muon trigger efficiency is then given by

Npassing probe (pT N )

(8.1)
Nprobe(pTa n)

S,U(pTarl) =

The statistical errors on €, are calculated using binomial statistics.

Figure 8.1 shows the single muon efficiency €, for pPb and Pbp data as a function of p7 and
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pseudorapidity 7. As expected, the efficiency increases with pr and 7 since very low momentum

muons are either bent into circles by the magnetic field or fail to punch through the iron of the

muon absorbers.

1
Single muon trigger efficiency,pPb

(GeV/c)

0.771 0.795 0.541 0.645
+0.061 +0.065 +0.082 +0.086

n
pT

L E e e
Single muon trigger efficiency, Pbp

(GeVlc)

0.836 0.725 0.770 0.786
+0.033 +0.039 +0.038 +0.035

n
pT

Figure 8.1: Single muon trigger efficiency versus n* and p’; for pPb (top) and Pbp (bottom) data.

It is expected that the CMS muon system should be symmetric in 1) and that the efficiency
should not change in the few weeks between pPb and Pbp running. Figure 8.2 shows the average
single muon efficiency as a function of pr at forward and backward n for both pPb and Pbp
runs. The efficiency is symmetric in 1 and so to increase the statistical precision the efficiency is
calculated as a function of |n|. Figure 8.3 shows &, as a function of pr for pPb and flipped Pbp.
The distributions are symmetric and so the pPb and flipped pPb samples are merged.

Finally, Figure 8.4 shows &, versus pr for 0.9 < |n| < 2.4 pPb and Pbp data. The distributions
are statistically consistent and the binomial errors seem reasonable given the scatter of the points.
Because g, is consistent at positive and negative 1 and for the pPb and Pbp data it is reasonable to
combine all the data to maximize the statistical precision of the efficiency. Figure 8.5 shows g, as a

function of pr and |n| for all data (pPb and flipped Pbp). For a J/y to be accepted in this analysis
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Figure 8.3: Single muon trigger efficiency €, average over a large n# region versus p‘TL. Left: pPb
at +n (red) and Pbp at —n (blue). Right: pPb at —n (blue) and Pb- at +n (green).

it was required that each muon have a trigger efficiency of greater than 10%. This cut was used for
both data and Monte Carlo events. This cut eliminates J/y which have one muon at the edge of
the acceptance where the efficiency may not be estimated accurately. The muon trigger efficiency,

€u(|n|, pr) shown in Figure 8.5 for all data (pPb and flipped Pbp) is summarized in Table 8.1.

pr (GeV/c)
0—-1.0]| 1.0-1.3 1.3—1.6 1.6—1.9 1.9-2.2 22-25 2.5-3.5 3.5-5.0
In| < 1.0 0 0 0 0 0 0 0.36+0.05 | 0.8540.02
1.0<|n|<1.8 0 0 0 0.01+0.01 | 0.1240.02 | 0.35+0.03 | 0.70+0.02 | 0.94+0.01
1.8<|n|<24 0 0.03+0.00 | 0.214+0.01 | 0.424+0.01 | 0.65+0.02 | 0.75+0.02 | 0.87+0.01 | 0.93+0.01

Table 8.1: Single muon trigger efficiency €, as a function of the muon p7 and |n| for the combined
pPb and flipped Pbp data.

8.3 Dimuon Trigger efficiency

For ultra-peripheral J/y events the occupancy of the muon chambers is very low and the two
muons are always in different ¢ regions of the muon chambers. This can be seen clearly in the

event display shown in Figure 6.5. In such conditions, trigger efficiencies for each muon are
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independent and the chance for a J/y not to fire the trigger is just the product of the probabilities
that muon 1 and muon 2 both fail the trigger. The trigger efficiency of dimuons &, is thus given
by:

ey, =1 — (1 —€u, (pr1i,m))(1 — €y, (pr2,M2)), (8.2)

where g, is the efficiency of muon 1 at p# = plT and n* = n! and €y, 1s the second muon trig-
ger efficiency. The individual muon efficiencies are calculated on a grid as shown in Figure 8.5.

Correcting for this trigger efficiency for each event gives

N, events l

NTrigCorr: Z ’ (8.3)
T S

where Ngyenss 1 the number of events in the sample. Figure 8.6 shows corrected and uncorrected
J/w pr distributions for pPb and Pbp data at both forward and backward rapidity.
Although the correction for trigger efficiency is different for each event, it is possible to calcu-

late an average trigger efficiency

1 N, events 1

J/lll Nevents 1 8,[1] o

The statistical error on &y, depends upon the individual statistical errors in the grid of indi-
vidual muon efficiencies at different pr and 1. If the muon efficiency grid has N, elements
then there are N;rl. 4/2 different values of &/, that are averaged. As an alternative to calculating
the full error matrix it was decided to evaluate the trigger efficiency in four independent samples.
Figure 8.7 shows the J/y trigger efficiency €, &, versus pr for pPb and Pbp data at forward and
backward rapidity. The central values are the averages of the four individual efficiencies. The error
for each bin is determined by scaling the root mean square of individual efficiencies to the 67%
confidence limit for a sample size of 4. The statistical error on the efficiency is reasonable up until

a transverse momentum of 1.5 GeV/c.
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Figure 8.7: J/y trigger efficiency € versus pr. The central values are the average of four individual
efficiencies in the data for pPb and Pbp at forward and backward rapidity. The error for each bin
is determined by scaling the root mean square of the individual efficiencies to the 67% confidence
limit for a sample size of 4.

8.4 Geometrical Acceptance

Figure 8.5 shows that CMS only detects muons in certain regions of pr and 1. Low momentum
muons are bent into circles by the strong magnetic field and so never reach the muon chambers. In
the forward region muons may not have enough momentum to punch through the iron in front of
the muon chambers. Because of this not all the J/w — u* u~ events produced in ultra-peripheral
collisions are detected by CMS. To compensate for the missed J/y events it is necessary to use a

simulation of the CMS detector to estimate the acceptance, A, defined by:

_ Naet(pr1,Y)

Alpr,y) = Neen (r7.) (8.5)

where N, is the number of J/y mesons generated by the Monte Carlo in a certain region of
pr and y and N, is the number of reconstructed J/y in the same region. For this analysis, the

UPC Monte Carlo STARLIGHT was used to estimate the acceptance A. The generated Monte
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Figure 8.8: The acceptance versus pr for forward rapidity (blue) (1.8 < y < 2.4) and backward
rapidity (red) (—2.4 <y < —1.8)

Carlo events are put through a full GEANT4 simulation of CMS. These simulated events are then
analyzed using the same cuts as the real data.

Figure 8.8 shows the acceptance versus pr for two ranges of rapidity, backward rapidity at
—2.4 <y < —1.8, and forward rapidity at 1.8 <y < 2.4. The statistical error on A is estimated
using the binomial formula. The acceptance does not depend strongly on pr. There is a difference
of about 9% in the relative acceptances on the two sides of CMS. To test this difference against
data we compared the corrected yield of J/y events normalized by luminosity in pPb with those
of Pbp in the flipped rapidity. This comparison will be discussed in the Results chapter. Figure 8.9
shows the dimuon acceptance versus rapidity for 0 < pr < 1.5 GeV/c. The dimuon acceptance is
asymmetric; it is 0.1 in the rapidity range —2.4 < y < —1.8, while it is 0.11 in the rapidity range

1.8<y<24.
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Chapter 9

Systematic Uncertainties and Cross Checks

9.1 Introduction

The double differential cross section in pr and rapidity is calculated as

Niry(pr,y) 11
SJ/W XA X B.R X Ly ApT Ay,

(yp = J/yp) = 9.1)

c
dprdy

where Nf/‘j’,( pr) is the number of J/y events with a given pr and y range, €;/y, is product of the
J /v trigger efficiency and the efficiency of all the event selection cuts, A is the acceptance, B.R is
the branching ratio of J/y — pu™ ™, and Ly, is the integrated luminosity. Once the pr spectrum

is calculated one can take the mean to find (pr). The integral gives

do / * do
— = dpr. 9.2)
dy Jo dprdy

The systematic uncertainties on l‘ff & were estimated by changing each element of the analysis

and quantifying how the change effected the final result. If the statistical difference between the
two ways of doing the analysis is consistent with zero then no systematic error is added and the
procedure is listed as a cross check. The systematic errors can be divided into two kinds, those
that depend upon pr such as the background subtraction, and global systematic errors such as the
luminosity that are independent of pr and only affect the overall normalization of the data. The
total systematic error is takes to be the quadratic sum of all the systematic errors. In this chapter

the pr-dependent systematic errors are discussed first and the global errors are discussed second.
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9.2 Background Subtraction

As discussed in Chapter 6 the pr-dependent contributions of Yy, y-lead and non-exclusive reactions
are subtracted from the raw distribution. The Yy and y-lead spectra are concentrated at low pr

while the distribution of non-exclusive J/y is peaked at pr ~ 800 MeV/c.

9.2.1 Subtraction of yy background

The yy background is estimated using a sideband region in the dimuon mass distribution slightly
above the J/y peak. The main analysis uses the mass region 4-5 GeV/c? and the background was
also estimated by taking the region 4-8 GeV/c?. Using fits to the mass distribution two ratios are

calculated
f3 3 dNpy dpr
2.8 de

5.0 dN)‘zt
f40 dpr d

Rideband1 = (9.3)

and
33 de,,
fz 8 de

f8 .0 de,,d
4.0 dpr

Rideband2 = 9.4)

Note that both of these equations use the same polynomial fit to the continuum distribution. From

these ratios two background distributions are extrapolated to the signal region

dNE3 dN,_s
d;; — Rsidebandl ' de s (95)
dN3-8 dNy g
" — Redeband2 - ——— 9.6)
dpr dpr

The difference between the two distributions is then taken as the systematic uncertainty from the

Yy subtraction.

9.2.2 Subtraction of yPb background

For yPb collisions, there are two kinds of events, coherent and incoherent. For coherent events, the

wavelength of the photon is close to the nuclear radius and the photon interacts with the nucleus
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as a whole to produce a J/y. Neutrons may be produced by the exchange of a second photon, see
Chapter 5 but this is not usual. The J/y mesons produced in these events have pr ~ 60 MeV/c.
If the wavelength of the photon is shorter then the nuclear radius, the photon interacts with one
nucleon in the nucleus. In such cases the J/y is much more energetic, pr ~ 500 MeV/c, and most
events are accompanied by neutron production.

For this analysis yPb collisions were selected by requiring neutron emission on the lead side.
Since in the main analysis we do not require neutron emission it is necessary to correct for the
fraction of coherent and incoherent events that are accompanied by neutron emission. For the main
analysis it was assumed that 20% of coherent events and 80% of incoherent events correlated with
the emission of very low pr forward neutrons. These factors were based on both experimental and
theoretical estimates, [30, 37]. As an alternative it was assumed that 40% of coherent events and
60% of incoherent events correlated with neutron emission. The difference in the pr distribution

of the two estimates was treated as the systematic uncertainty.

9.2.3 Subtraction of non exclusive J/y events

The non-exclusive background in the sample was estimated by assuming that the high pr tail of
the distribution, i.e., pr > 2.0 GeV/c was dominated by non-exclusive events. The spectrum of the
non-exclusive events was then scaled to the raw data such that the number of both the raw J/y and
the non-exclusive J/y were equal for py > 2.0 GeV/c. The scaled non-exclusive distribution was
then used to subtract non-exclusive background at lower pr. To estimate the systematic uncertainty
on this subtraction, the p7 value above which I assumed all the data was non-exclusive was changed

to pr = 2.5 GeV/c and the difference in the distributions was treated as a systematic uncertainty.
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9.3 Global systematic uncertainties

9.3.1 Efficiency of //y mass cut

The dimuon mass distribution is fitted by a polynomial of order two for the yy background distri-
bution and two Crystal Ball functions to represent the J/y and y/(2s) signals. The Crystal Ball
function depends upon four variables (mean, o, n, ¢). For each of the four J/y signals, Pbp and
pPb at forward and backward rapidity, the variables n and o were varied. In all cases this produced

a negligible change in efficiency of the mass cut used for each J/y signal.

9.3.2 Geometric Acceptance

The acceptance at forward rapidity A" is a little different from the acceptance at backward rapidity
A~ . Such a difference was not seen in the data. The systematic uncertainty on the acceptance was
estimated from the difference in the average acceptance at positive and negative rapidity. This give
AT-AT _ 499,

AT+A—

9.3.3 Luminosity

The luminosities for pPb and Pbp were estimated using dedicated Van de Waals scans. The uncer-
tainties of the luminosity are 3.4% for pPb and 3.6% for Pbp [109]. These were combined using

the measured luminosities to give a total error of 3.5%.

9.3.4 Trigger efficiency

The systematic uncertainties on the trigger efficiency were estimated by comparing the efficiencies
measured in the forward and backward sides of CMS and for the pPb and Pbp data. From Fig. 8.7
it is clear that there is no statistically significant difference between these efficiencies and so this

study was considered to be a cross-check.
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9.3.5 Branching ratio

The measured branching ratio for J/y — u*u~ is (5.9614.033) - 102 [110]. This produces an

additional uncertainty in the final cross section of 0.6%.

9.3.6 Flux of virtual photons kdd—]\,?

The flux of virtual photons is calculated by STARLIGHT simulation. The Pb nucleus is the source
of the photon flux, so the calculation of the systematic error is made by increasing and decreasing
the radius of the Pb nucleus by £0.5 fm. The systematic error associated with the photon flux
at low photon-nucleus center-of-mass energy W is 2% and it is 9% at high energy [33]. These
uncertainty only effects the yp cross section (W) and produce errors of 2% and it is 9% at low

and high W respectively.

9.3.7 Total Normalization Uncertainty

Table 9.1 summarizes the normalization uncertainties for Pbp and pPb events at forward and back-

ward rapidity.
Samples Pbp pPb
Rapidity interval (-2.3,-1.8) | (1.8,2.3) | (-2.3,-1.8) | (1.8,2.3)
Acceptance 4.9 4.9 4.9 4.9
Luminosity 3.6 3.6 34 34
Branching Ratio 0.6 0.6 0.6 0.6
Total for do /dprdy 6.1 6.1 6.0 6.0
Flux of virtual photons 9.0 2.0 9.0 2.0
Total for o(W) 10.9 6.4 10.8 6.3

Table 9.1: Global systematic uncertainties for do/dprdy and o(W) in %.

9.4 p7 Spectra

Figure 9.1 shows the J/y pr spectra for Pbp and pPb collisions at backward and forward rapidity.

The black markers represent the statistical errors and the blue boxes represent the pr-dependent
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systematic uncertainties. The systematic errors on the normalization are not included since they are
common to all four systems. Table 9.2 lists the number of exclusive J /y events with both statistical
uncertainties and systematic uncertainties from (yy, YPb and non-exclusive J/y) for different pr

ranges for Pbp and pPb at backward and forward rapidity.

Pbp sample pPb sample

pr (GeVIe) =357 3 1.8 <y<23 23<y<-18 1.8<y <23
0.0-0.1 272+63+0.1 | 28.0£7.6:£19 | 19.0£6.5+13.7 | 334L72+74
0.1-0.2 19.849.443.1 | 232487427 | 24.5+£11.8+17.6 | 44.44+12.243.1
02:03 | 351462407 | 54.6+7.7+08 | 70.6+8.9+13 | 455+6.8+0.6
03-04 | 418465405 | 644482416 | 78.6£9.14£0.8 | 59.6-7.9+0.4
0405 | 333+6.0+04 | 44.1+7.1+14 | 71.7£8.9+0.5 | 48.4+7.0+03
0.5-0.6 | 27.5+534+0.1 | 43.9+69+1.1 | 51.8+£7.640.5 | 31.7£6.1£1.2
0607 | 21.0+44.6+05 | 27.14£58+13 | 553+7.6402 | 29.4+55+03
0.7-0.8 5.042240.1 | 13.644.4+10 | 21.0£4.8408 | 16.3+4.14£0.2
0.8-0.9 89433404 | 19.6450+12 | 18.7+4.840.5 | 12.3+£3.6+0.2
0.9-1.0 3.042.140.2 8.043.8+1.4 219452405 | 8.5+3.0+0.52
1.0-1.1 4.042.0+0.1 | 21.3£5.1+1.2 9.1+3.34+0.8 43422402
1.1-1.2 5.0+2.240.1 7.543.441.1 10.1£3.5£0.8 | 12.543.6+0.3
1.2-1.3 1.5+£1.5+0.1 5.34+3.040.7 8.54+3.440.5 2.3+1.740.2
1.3-1.4 2.0+1.4+0.1 47432412 9.34£3.340.2 1.541.40.1
1.4-1.5 0.5+1.140.1 8.843.440.8 6.3+3.140.5 0.5+1.040.1
1.5-1.6 3.0£1.740.1 1.04£2.441.1 9.4+3.340.2 2.6+1.740.1
0.0-1.6 | 238.4L18.243.2 | 374.9422.945.3 | 485.5£26.0+£22.4 | 353.2422.148.2

Table 9.2: Number of exclusive J/y events with both statistical uncertainties and systematic uncer-
tainties from (yy, YPb and non-exclusive J/y) for different pr ranges for Pbp and pPb at backward
and forward rapidity

Table 9.3 summarizes the numbers of events, luminosity, average acceptance and efficiency for
each of the four data sets and Table 9.4 lists (pr) for all four data sets. As expected the Pbp data
at y- and the pPb data at y+ are consistent within the statistical errors and the spectra of Pbp at
y=+2 and pPb at y=-2 are also consistent. Since the spectra from pPb and Pbp are consistent it is
reasonable to combine the data. Since, according to CMS convention, the protons were moving in

the positive direction for Pbp the pPb data is flipped in rapidity when it is combined with the Pbp

do
dydpr

data. Figure 9.2 shows versus pr for the combined data (Pbp + flipped pPb).
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Figure 9.1: The double differential cross section ddd versus pr for exclusive J/y. The top row

shows the Pbp spectra and the bottom one the pr spectra. Spectra from negative rapidity are on
the right and positive rapidity on the left. The black markers represent the statistical errors and the
blue markers represent the pr-dependent systematic uncertainties.

9.5 The yp cross section, Wy, and Bjorken-x

The photon-proton cross section 6(yp — J/yp) is related to by

o B dN,,
d—y(?'p —J/yp) —kWG(YP%JWp), 9.7)

where kdd—]\,? is the flux of virtual photons. The lead ion is predominantly the source of the virtual
photons. The flux was calculated using STARLIGHT. The energy of the photon-proton collision is
given by

Wy, =2E,M; e (9.8)

where E), =4 TeV is the energy of the proton beam in the laboratory frame, M; ,, is the mass of
the J/y and y is the laboratory rapidity of the J/y. Wy, is higher at negative rapidity and lower at

positive rapidity. From Figure 7.6 it can be seen that the rapidity distribution can be described by
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Sample Pbp pPb
Rapidity interval (-2.3,-1.8) (1.8,2.3) (-2.3,-1.8) (1.8,2.3)
) —2.0740.13 2.064+0.13 —2.0740.13 2.064+0.13
NRaw 269 +16.4 454+21.3 563 +23.7 391+£19.8
Nyy 13.6+3.4 19.2+3.7 28.6+4.8 12.9+3.3
Nypp 174+7.0 13.5+7.01 23.04+9.5 16.24+9.4
NNonexclusive 0+0 46.4+2.5 26.0+1.1 8.7440.43
NExclusive 238+ 18 375423 486 +26 353422
€y 0.50440.0176 | 0.504+0.0176 | 0.504+0.0176 | 0.504+0.0176
A 0.112340.0008 | 0.1238 +0.0007 | 0.1123+£0.0008 | 0.1238 4-0.0007
B.R 0.0593 0.0593 0.0593 0.0593
L (nb™1) 13.92 13.92 18.83 18.83
Ay 0.5 0.5 0.5 0.5

Table 9.3: Summary of the number of events and various backgrounds for the four datasets, pPb
and Pbp at forward and backward rapidity. The efficiencies, acceptances and luminosities are also
shown. Note that the acceptance is a function of pr and only an average value is listed here.

System (pr) MeV/c)
Pbp y=2.05 | 429+25+4
pPby=+2.05 | 434+21+7
pPb y=-2.05 | 532+21+16
Pbp y=+2.05 | 508+23+5

(pPb + Pbp) y+ | 431+ 17+4
(pPb + Pbp) y- | 518+ 16+7

Table 9.4: The (pr) for pPb and Pbp at forward and backward rapidity. The first error is the
statistical uncertainty and the second error is from the pr-dependent systematic uncertainties.

two Gaussian curves centered around y = +2.05 with widths 0.15. Rewriting Equation 9.8 gives

Wyp = \/2E,M; e /2.

Differentiating with respect to y gives the dependence of W upon vy,

dy N
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Figure 9.2: dydd‘;T versus pr for all events (Pbp and flipped pPb). Left : backward rapidity. Right:

forward rapidity. The black markers represent the statistical errors and the blue boxes represent the
local systematic errors.

Bjorken-x is related to Wy, by

M
= (5,202 ©O.11)
Yp
_ My,
v 9.12)

Differentiating Eq. 9.12 with respect to y gives

dx_

ax _ 9.13
dy x (9.13)

Equations 9.9, 9.10, 9.12 and 9.13 were used to calculate the values of W and x as well as their

uncertainties. These values are listed in Table 9.5.
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Negative rapidity | Positive rapidity
(y) -2.05£.15 +2.05+.15

w 439432 GeV 56.5+4.2 GeV
x | (4.984+.37)107° | (3.014.22)1073

Byl 295427 158+ 3

Table 9.5: Values of mean rapidity, W, and Bjorken-x and photon flux at negative and positive
rapidity.
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Chapter 10

Results and Summary

10.1 PDbPDb results

CMS and ALICE have both studied photoproduction of J/y mesons in ultra-peripheral PbPb col-
lisions [28, 30, 33]. The CMS and ALICE results at /syy = 2.76 TeV are shown in Figure 10.1
along with theoretical predictions. The results strongly favor gluon shadowing in the lead nucleus.
This thesis extends these studies to include both coherent and incoherent photoproduction of J/y
in PbPb collisions in coincidence with neutron production. Figure 10.2 shows the ratio of the pr
distribution of J/ys accompanied by neutrons emitted in the opposite direction to the pr distribu-
tion of J/ys accompanied by neutrons emitted in the same direction. This ratio depends strongly
upon pr. For pr < 100 MeV/c where the spectra are dominated by coherent production, the ratio
is close to one while for pr > 100 MeV/c, where incoherent production dominates, the ratio falls
to around 0.2.

In PbPb collisions the photon may be emitted from either nucleus. At forward rapidity this
leads to a two-fold ambiguity in understanding the photon energy since, although the mass and
rapidity constrain the energy of the photon and the parton with which it interacts, the direction of
the photon is unknown. If the target nucleus breaks up when the J/ is created then there will be
a correlation between the direction of the J/y and the neutron. Such an interaction is shown in
Figure 5.1. This is expected to be the case when a photon interacts incoherently with a single proton
in the nucleus to form a high pr J/w. Although the neutron may be emitted in any direction in the
rest frame of the target the extreme boost at the LHC energies means the neutron will end up in the

ZDC detector on the side that is being approached by the target nucleus. Photons with wavelength
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Figure 10.1: Cross section for coherent exclusive J /y production versus rapidity in ultraperipheral
PbPb collisions at /syy = 2.76 TeV from CMS and ALICE compared to theoretical calculations
[30].

of order of the nuclear radius, i.e, p7 < 100 MeV/c, are emitted and absorbed coherently by the two
nuclei. Since the transverse momentum of the photon is so low and is distributed to the nucleus as a
whole it is likely that the nucleus will stay intact. For neutron emission to occur it is then necessary
that a second photon be exchanged between the two nuclei. This photon produces a Giant Dipole

Resonance in the nucleus, which results in neutron emission. Since this second photon may strike
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either nucleus, the direction of the neutron is not correlated to that of the J/y. This process is
shown in Figure 5.2.

For pr > 100 MeV/c, it is clear from Figure 10.2 that the J/y and neutron directions are
correlated. This means that the neutron direction can be determined and the Bjorken x calculated.
The ratio in Figure 10.2 depends upon the ratio of the gluon densities at x = 1.8 10~ to those at
x = 8.7 1073, The figure also shows theoretical calculations from the leading twist approximation
in the LTA model[37] for J/y production over a range of pr. This model contains significant
shadowing in the lead nucleus that is stronger at lower x. The model is at least in qualitative

agreement with the data.
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Figure 10.2: The ratio of the py distributions of J/ is that are accompanied by neutrons emitted
in the opposite direction to those where the neutron is the same direction. The center of mass
energy is \/syy = 2.76 TeV and the rapidity of the J/y is in the region 1.8 < |y| < 2.3. The
data are in blue while red represents calculations using the leading twist approximation in the LTA
model [37]. The theoretical calculations have not been convoluted with the pr resolution of CMS.
This resolution is of order 30 MeV/c.
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10.2 pPb results
For the photoproduction of vector mesons it is expected that the cross section should have the form

dc_dc

o2 F))? 10.1
= t:oH)' (10.1)

where t = —p% and F(t) is known as the form factor. The form factor is given by the Fourier

transform of the proton density. At HERA, F(¢) was found to have an exponential form
IF(1)]? = e bM. (10.2)

with b &~ 4 GeV ~2¢2. For such a distribution it follows that

do do 2
— 2 h2pp e brr” 10.3
dprdy dy pr-e ( )

Equation 10.3 implies that b is related to the mean pr by

(10.4)

The values of (pr) and b deduced from the spectra shown in Figure 10.3 are listed in Table
10.1. Curves based on these values and Equation 10.3 are shown in Figure 10.3. As the photon-
proton center of mass energy W increases (pr) decreases and b increases. The average of the two
values of b is close to the HERA estimate of b = 4 GeV~2/c?.

Figure 10.3 shows dydd% versus pr. Itis clear that the yield of J/y mesons is greater at forward
rapidity, than at backward rapidity. The integral of these spectra is ‘fl—‘yy while the mean is (pr) The
values of (pr) are shown in Table 10.1. Both ‘fi—‘y’ and (pr) increase with rapidity.

Figure 10.4 shows the cross section arbitrary unit for photoproduction of J/y mesons versus
center of mass energy Wy, . The CMS results oy, increases with W. The rate of increase with

W for CMS and ALICE is similar but the CMS results are significantly above those of ALICE.
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Figure 10.3: d)ii% versus pr for backward rapidity (red) and forward rapidity (blue). The markers

represent the statistical errors, the boxes represent the local systematic errors. The systematic
errors on the normalization are estimated to be 6.1%, as shown in Table 9.1. The curves represent
fits to the spectra using the form found in Equation 10.3. For each rapidity three curves are shown.
The central curve corresponds to the best fit while the other two curves show the effect of changing
b by one standard deviation.

W (GeV) (x) (pr) MeVic) | b GeV~2/c?
y— | 439432 | (5.0+£0.4)107° | 431+17+4 | 423+.334+.08
y+ | 56.54+4.2 | (3.04£0.2)1073 | 518+16+7 | 3.37+.204+.09

Table 10.1: Values for (W), (x), (pr), and b for at forward and backward rapidity. The errors on
(W) and (x), come from the distribution of events in rapidity. For ‘fl—‘y’ the first error is the statisti-
cal uncertainty, the second error is from the pr dependent systematic uncertainties, and the third
error is from the systematic uncertainty on the normalization of the spectra. This normalization
uncertainty does not affect (pr) or the inverse slope of the ¢ distribution, b.

The ALICE results are consistent with data from HERA and so there is probably an uncorrected
problem with the normalization of the CMS results. Because of the strong magnetic field of CMS
the acceptance of the experiment for J/y at low pr is quite small (= 11%). This makes the
acceptance correction particularly sensitive to the polarization of the J/y.

The study of exclusive photo-production of the heavy vector mesons J/y, y(2s) and Y began

173



a.u

400

350

300

250

200

150

|IIII|IIII|IIII|IIII|IIII|IIII|\III|IIII|_I

100

l\II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|_I

(é)]
o_
Ol

1 | 1 1 | 1
300 400

W, (GeV)

1 | 1
100 200

Figure 10.4: Cross section arbitrary unit of the photoproduction of J/y versus center of mass
energy Wy, for CMS.

with fixed target experiments E401, E516, and E687 at FNAL in the 1980s [111-114]. These
experiments covered values of Wy, in the range 10-20 GeV. Later the H1 and ZEUS experiments
at the HERA ep collider and CDF at the Tevatron (pp) collider extended the these measurements
to values of W up to 400 GeV [96], [52], [115], [116], [94]. In reference [93] the authors of
STARLIGHT fit these data to the form

2
m,+m 2
o(y+p—=V+p)=op- [1—( ”W2 v) ] W, (10.5)
Yp

where m,, and my are the masses of the proton and vector meson, respectively. In Equation 10.5 the
power law controls the high energy growth of the cross section and the term in the square brackets
describes the behavior near the kinematic threshold. In STARLIGHT ¢ is taken to be 0.65 for J/y
and y/(2s) and 0.74 for the Y family. Note for Wy, = 50 GeV the threshold term in Equation 10.5
decreases the cross section by only 1.1% and so high energy data are typically fit to a simpler
version of Eqn. 10.5, i.e,

o(y+p—V+p)=a Wy, (10.6)
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When the LHC turned on measurements of the photoproduction of exclusive J/y were pushed
up to W =700 GeV by ALICE [33] and W = 2,000 GeV by LHCb [32, 117]. Figure 10.5 shows
a compilation of data made by the LHCb experiment [117]. LHCb measures do /dy for exclusive
J/y mesons produced in pp collisions at 1/s = 7 and 13 TeV. Because pp collisions are symmetric
it is not possible to know the direction of the photon. This is a problem since collisions at low and
high W can contribute to the J/y yield at a particular rapidity. LHCb assumes that the low energy
part of the cross section is given by a power law, i.e. (W) o< W?. They then use this constraint to
subtract the low W part from do /dy and so measure the high energy part of the cross section. This

is another reason why it is very important to measure 0 accurately.

2 10°F ¢ wHO@=BTEY ] 3

R E LHCb (5= 7 TeV) a
o I ALICE n
§’ | 4 HI -

ZEUS

T , g | i
o 1Xe target eXperllllelltS

b?— E Power law fit to H1 data a

------ JMRT NLO prediction

L)
ol

10 10°
W (GeV)

Figure 10.5: Cross section for the photoproduction of J/y mesons 6(yp — J/yp) versus center-
of-mass energy Wy, for several experiments.

Assuming a power law dependence as in Equation 10.6 the CMS data gives

Ocms = 0.636 £ .053(stat) +0.013(sys) £0.001 (norm). £ 0.032.(photon flux) (10.7)
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Here the first error comes from the statistical error on the cross sections, the second term is due to
the point-by-point systematic errors on the spectra, the third term is due to the overall normalization
errors on the cross sections and the forth term reflects the error on the photon flux estimated by
STARLIGHT. Adding these terms in quadrature and following the CMS convention of keeping
two digits for the error gives dcys = 0.636 +0.063. Figure 10.6 shows the values of d obtained
from H1 [52], ZEUS [53], ALICE [33], CMS, CDF [54] and LHCb [32]. For reference, the values
are listed in Table 10.2. Before averaging the results it is important to realize that CMS and ALICE
have a correlated error in the photon flux, since both use the same calculation from STARLIGHT.

Taking this into account yields

Ocms+aLICE = 0.660 £ .037(stat+sys) +0.032(photon flux) (10.8)

This gives dcms+aLice = 0.660 £ .054. Note that the error from the photon flux is comparable to
the combined statistical and systematic errors or the two experiments. Figure 10.6 shows that the

CMS result is very consistent with the world data. Averaging H1, ZEUS, ALICE and CMS gives

Oworld = 0.674 +.022 (10.9)

The CDF point was not published by the collaboration but deduced from a model fit by the-
orists [54]. For this reason that value was not used in the calculation of the average. The LHCb
collaboration has recently published an updated analysis of their pp data at \/s =7 TeV [117] in
which they claim that their results are consistent with the HERA parametrization. In this paper
they do not derive a value of 0 and so the result form their earlier paper [32] was also not used in

the calculation of the average.
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Figure 10.6: The parameter § which represents the exponent of the cross section center of mass
energy Wy, based on data from H1 [52], ZEUS [53], ALICE [33], CMS, CDF [54] and LHCb [32].
The statistical, systematic and theoretical errors have been added in quadrature.

Experiment 0
CDF 0.80 [54]
LHCb 0.92 £+ 0.15 [32]
Hl1 0.67 £+ 0.03 [52]

ZEUS 0.69 £ 0.04 [53]
ALICE 0.68 = 0.06 [33]
CMS 0.636 + 0.063

| Average | 0.674£0.022 |

Table 10.2: The values of & derived from several experiments. The statistical, systematic and
theoretical errors have been added in quadrature. Only the H1, ZEUS, ALICE and CMS results
were used to calculate the average. This calculation took into account the correlation in the error
from the photon flux between CMS and ALICE.

10.3 Summary

These measurements study the high energy limit of QCD. The question of when the gluon density
inside a hadron becomes saturated is one of the most important goals of heavy ion physics. At very

low values of Bjorken x it is expected that the gluons will form a new state of matter known as the
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Color Glass Condensate. The detection and study of the Color Glass Condensate is one of the main
goals of the proposed Electron Ion Collider. Until such a machine is built the photon production of
vector mesons in ultra-peripheral, i.e., electromagnetic, collisions is one of the best ways to probe
the density of gluons inside hadrons.

For ultra-peripheral lead PbPb collisions at \/syy = 2.76 TeV, the data from the coherent pro-
duction of J/y clearly show an effect of gluon shadowing. In such data it is not possible to tell
the direction of the photon, but for incoherent collisions, i.e., where the J/y has pr > 100 MeV/c
the correlation between the directions of the J/y and the neutron allows the photon direction to
be determined. Models incorporating gluon shadowing in the lead nucleus are able to fit these
data. Inside a nucleus, the gluons from many difference nucleons can interact and merge and so it
is expected that effects such as gluon shadowing or saturation should be visible at lower energies
for photon-nucleus collisions as compared to photon-proton collisions. This boost factor has been
roughly estimated to be A!'/® where A is the atomic number of the nucleus. For lead this gives
a value of 2.4. This suggests that for Wy, values above 1 TeV or so gluon recombination and
suppression effects may become important.

For ultra-peripheral lead pPb collisions at /syy = 5.02 TeV, this thesis has reported on the
photoproduction of exclusive J/y mesons for Wy, = 57 and 439 GeV. The pr spectra are consistent
with the functional form found at HERA but with an exponent b that increases with W,y,,. For Wy,
between 20 and 700 GeV the cross section for yp — J/y + p increases with Wy, as a power law,
i.e. 6(W)ec W2, In order to determine if new effects are present for Wy, values in the TeV region
it is very important to measure & precisely. The value of é derived from these data has a precision
that is comparable to the H1, ZEUS, and ALICE experiments.

The ALICE and CMS results make it clear that the LHC is an excellent facility for studying
photon-nucleus and photon-proton collisions. This is important since it is unlikely that an Electron
Ion Collider can be operational before 2030. In November of 2016, the LHC produced proton-lead
collision with /syy = 8.0 TeV. During this run CMS collected more than 10 times the number of

exclusive J/y than were available for this analysis. These data will allow a precise mapping of
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the proton form factor and the energy dependence of the photoproduction of J/y, y(2s) and the
T states. To fully exploit such data it will also be important to improve the theoretical description
of ultra-peripheral collisions. In particular it will be important to calibrate the “luminosity" of

photons. This could possible by done by precisely measuring yy — ete— and yy — utu~.
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Appendix A

Crystal Ball Function

The Crystal Ball function is composition of a Gaussian of mean 7 and standard deviation G, and a

power law tail towards lower mass with power n. Both functions are continuously joined at a point

my. The Crystal Ball function (CB) is given by equation:

Where the parameters m;, A and m are :

n

A=

W
)le 2

I _ n
m :m—i—Gm(a—a)

The CB function is determined by the 4 parameters mean m and width of the Gaussian standard

deviation o, and tail parameters & and n. Figure A.1 shows the CB functions at specific mean and

width with different tail parameters & and n.

In the fitting, the parameters mean m and standard deviation o, are left free, while the tail

parameters & and n are fixed.
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Figure A.1: the crystal ball functions at specific mean=0 and width =1 with different tail parame-
ters, (blue) a =10andn =1, (green) ¢ =1 and n =3, (red) &« = 1 and n = 1 [55]
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