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ABSTRACT

Search for the anomalous chiral effects via charge-dependent azimuthal correlations

in proton-nucleus and nucleus-nucleus collisions at the LHC

by

Zhoudunming Tu

Searching for the chiral magnetic effect (CME) via the charge-dependent azimuthal
correlations with respect to the reaction plane has been attempted in gold-gold colli-
sions at the top Relativistic Heavy-Ion Collider (RHIC) energy /s, = 200 GeV by
the STAR Collaboration, and later in lead-lead collisions at the Large Hadron Col-
lider (LHC) energy /s, = 2.76 TeV by the ALICE Collaboration. The observation
of the significant charge separation signal from the correlators was first believed to
be consistent with a CME, where the strong initial magnetic field induced from the
spectator protons can generate an electric current from the chirality imbalance in the
chiral medium, and consequently lead to a charge separation effect for the final-state
particles. One of the most important implications of searching for the CME, is to
experimentally confirm the chiral symmetry restoration in heavy ion collisions at suf-
ficiently high temperature. Taking a step further to the initial measurement of the
CME, the STAR Collaboration at RHIC and the ALICE Collaboration at the LHC
also measured the charge-dependent second-order Fourier coefficient as a function of
event charge asymmetry, which has been found to be consistent with the scenario of
a chiral magnetic wave (CMW), a long-wavelength collective excitation arising from

the CME.



However, the experimental results from the STAR Collaboration were later found
to be qualitatively consistent with some non-CME model calculations, which could be
related to momentum conservation, local charge conservation coupled with anisotropy
flow, and short-range correlations, e.g., jets and resonance decay. Due to the nature
of the complicated background contribution in the conventional way of measuring the
CME and CMW, the speculated background correlations have never been explicitly
shown in the experimental data, which makes the question of whether there is an
unambiguous CME signal a longstanding problem for the past decade. Motivated by
the problem of the CME background, the work of this thesis is the first attempt of
exploring the background correlation in the experimental data, with a novel idea of
using the small colliding systems. In a high-multiplicity proton-nucleus (pA) collision,
the magnetic field in the overlap region and its correlation with respect to the event
plane angle, are expected to be much smaller than in nucleus-nucleus (AA) collisions.
On the other hand, the azimuthal anisotropies of the final-state particles in small
systems have been well established in the recent studies at the LHC, where a clear
evidence of collectivity that is similar to AA collisions has been observed. Therefore,
the small colliding systems, e.g., pA collisions, provide a perfect testing ground and
baseline for searching the CME and its background correlations. In addition, new
experimental strategies have been developed, e.g., correlators with respect to higher
harmonics, and a stringent upper limit has been set on the possible CME signal at
the LHC energy for both pA and AA collisions.

The contribution to the CME and CMW searches from the work of this thesis is
highly significant in the community, where the quantitative measurements not only
explicitly show the presence of backgrounds and set an upper limit on the CME at
the LHC, but also provide a series of new measurements for the lower energy search.
With a better understanding of the background correlations and new experimental
approaches, the CME signal might be discovered in the upcoming isobaric run using

the STAR detector at RHIC energy.
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Chapter 1

Introduction

The fundamental questions how the universe came into being and what it is made
of has always fascinated mankind. From those ancient eastern civilizations, earth,
water, fire, and wind, have been thought to be their fundamental building “particles”.
Over the past hundreds of years, physicists came a long way to understand what the
fundamental particles are, mostly how they interact with each other, and even have
a hint about what happened billions of years ago. For example, the Standard Model
precisely describes the interactions among elementary particles, e.g., quarks, leptons,
and their force mediator bosons. Having been predicted more than 50 years ago,
the Higgs boson was finally discovered at the Large Hadron Collider (LHC) [1,2], a
last piece of puzzle in the model, which explains the mechanism of how fundamental
particles obtain their masses. Within the Standard Model, one of the pillars of our
understanding is the theory of Quantum Chromodynamics (QCD) that quantitatively
describes the underlying mechanism of strong interaction between quarks and gluons.
A striking emergent phenomenon from QCD is that colored quarks and gluons are
permanently confined within hadrons, known as color confinement. However, it is
natural to ask whether we understand a complex system that is made of many quarks
and gluons with strong interaction, which might be related to the early stage of the
universe a few micro-seconds after the Big Bang [3]. The answer to this question
is not entirely clear, because the first-principle QCD calculation is very hard to be

performed in such complicated many-body system. To understand this strongly-



interacting system of quarks and gluons, heavy ion physics has come into play and
is mainly to study the macroscopic property of this system. In this Chapter, a brief
description of QCD is introduced, followed by the basic idea of heavy ion physics.
After that, a short experimental introduction on one of the key measurements of

heavy ion physics, using the particle collider, will be reviewed.

1.1 Quantum Chromodynamics

As suggested by its name, Quantum Chromodynamics introduces a new fundamental
degree of freedom, color charge, that quarks and gluons carry. There are a total
of three colors, R, G, and B, behaving in an opposite way to the electric charge in
Quantum Electrodynamics (QED) in terms of their dependence on the coupling. The
original motivation of introducing the color charges was to remedy a statistics problem
in constructing the wave function of A™*, a particle that has three u quarks with
states of all spin up. Because of the requirement of anti-symmetric wave function of a
fermion, a new degree of freedom, e.g., color, was needed. The three color charges of
a quark form the fundamental representation of a SU(3) symmetry group. The detail
introduction of the theory are skipped in this thesis, but can be found otherwise in
Refs [4-6].

One of the most important features of QCD, as opposed to QED, is the asymptotic
freedom, demonstrated in Fig. 1.1. In QED, an electric charge would have a screening
effect, caused by the vacuum polarization where the virtual electron-positron pair
pops up and form a “cloud” of charge around it, resulting in the running coupling
constant agy that is slowly decreasing as the separation of two charged particles
increases. However, this qualitative behavior in QCD of the coupling constant, «, has

been found to be opposite, where the oy increases as the effective separation increases.
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Figure 1.1 : Running coupling constant in QED and QCD [7].

This qualitative behavior of the coupling constant is so-called asymptotically free. As
opposed to photons in QED, which do not carry electric charges, gluons in QCD
carry bi-color charges and thus can be coupled to themselves. If a test color charge
is placed in the vacuum, the vacuum polarization not only can split into quark and
anti-quark (¢q) pair from a gluon, but also gluon-gluon pair. Effectively, this leads to
an antiscreening effect, where an observer would essentially see “more” charges when
far away and “less” when closer.

From the asymptotic freedom of the QCD, it is essentially much harder for two
color charges, e.g., two quarks, to be separated more than 1 fm (o ~ 1 at Aqep) [8],
which confines the quarks into a colorless bound state, so-called color confinement.
Because of color confinement, no free quark has been found in nature. The potential

energy of a qq would increase due to the strong coupling when they are being pulled



away from each other, but instead of freeing the quarks, the potential energy would
become large enough for them to break and instantaneously form new particles. This
process can continue until the kinetic energy of the quarks are not enough to create
new particles. Instead, the quarks and anti-quarks, with zero net color and low net

momentum, will be bound together and form hadrons, e.g., baryon and meson.

1.2 Quark-Gluon-Plasma and QCD phase diagram

It is interesting to ask the question, is it ever possible to free the quarks and gluons
from the hadronic matter? Based on asymptotic freedom in QCD, what happens if the
hadronic matter gets squeezed into each other such that the mean distance between
hadrons is on the order of much less than 1 fm? Or what happens if the hadronic
matter gets heated up to very high temperature? To answer these questions, it leads
us to the QCD phase diagram, shown in Fig. 1.2, which maps out the property of
matter at different temperature and net baryon density. Therefore, at sufficiently
high temperature or density, it is expected that the hadronic matter would be tran-
sitioned into a new state of matter, where deconfined quarks and gluons become the
fundamental degrees of freedom, known as the “Quark-Gluon-Plasma” (QGP) [9-12].
In heavy ion physics, the main focus of the research is to explore the phase diagram
of the QCD matter and understand the detail properties of the QGP.

In terms of the QCD phase diagram, there are still many questions and uncertain-
ties that remained unknown, see Ref. [13] for a review. From numerical simulation
using lattice QCD, a first-principle calculation, the high temperature and zero net
baryon density region (ug = 0) has been found to be a cross over, the only thing
that is derived from the first principle. For the low temperature and high baryon

density region, phenomenological models [14] predict that there is a first-order phase



Temperature T [MeV]
8

Nuclei Net Baryon Density

Figure 1.2 : QCD phase diagram.

transition. Therefore, somewhere in between, it is predicted that there should be a
C'ritical Point that connects the cross over regime and the first-order phase transition

between the hadronic matter and deconfined matter of quarks and gluons [13].

Chiral symmetry restoration In the non-Abelian group theory of QCD, the
chiral symmetry is broken at zero or low temperature [15]. The spontaneous symmetry
breaking of chirality effectively gives rise to the dynamical mass of quarks. Let’s
consider the following simple case. As known, the helicity is not conserved unless
particles are massless and traveling at the speed of light. Because the gluon field
is a vector field, the helicity conservation requires a left-handed quark (spin and
momentum are anti-aligned) can only couple to a left-handed anti-quark and a right-
handed quark with a right-handed anti-quark, when the mass of quark equals to zero.

From quantum fluctuation, a real ¢g pair can pop up from the vacuum, where the two



particles have opposite helicities. This already breaks the symmetry in the vacuum
due to the interaction between left-handed quark and right-handed anti-quark or vice
versa. If a test massless quark with right-handed (left-handed) helicity goes through
the vacuum, it will immediately annihilate with the right-handed (left-handed) anti-
quark, thus liberating the left-handed (right-handed) quark. From an observer point
of view, this test quark spontaneously change its helicity and therefore it cannot be
moving at the speed of light, and consequently gain its mass. Therefore, the mass
generation of the quark is a consequence of the spontaneous chiral symmetry breaking.
However, when the temperature increases, the vacuum condensate from real gq pair
starts to vanish and the ¢q pair would have enough kinetic energy to be back into the
vacuum, thus the helicity conserves as the quark would not be able to flip its helicity,
and therefore chiral symmetry restored. In heavy ion physics, the signature of the

chiral symmetry restoration might be able to be observed experimentally.

1.3 Relativistic heavy ion collisions

The QGP as introduced above, a deconfined state of matter with quarks and gluons,
can be experimentally created and explored using relativistic heavy ion collisions.
With powerful accelerators and particle colliders (see description in Chapter. 3), the
heavy nuclei, e.g., gold (Au) and lead (Pb), can be accelerated to nearly the speed
of light. Due to Lorentz contraction, the sphere-like heavy nuclei at rest would be
contracted as a “pancake” with a transverse diameter of around 12-14 fm, and collide
on each other at very high energies, creating a system that has very high temperature
and energy density. A sequence of processes after the collision is described below [16],

and is visualized in Fig. 1.3.

e Right after time ¢t = 0, the maximum energy density occurs simply due to the



Lorentz contraction of the heavy nuclei, and the system is far from equilibrium.
The transverse color field or charges that carried by the incident nuclei strongly
interact with each other, producing particles like ¢g pair and gluons in the space

between the two receding nuclei.

At around 1 fm/c, the energy density of the system is still much higher than that
of a typical hadron. At the LHC energy, the energy density can still be as high
as 12 GeV per fm* [16], where lattice QCD shows that a thermalized system
at a temperature of 300 MeV has around the same energy density, implying
the quarks and gluons are far from independent. Instead, they are strongly

interacting.

Given by a strongly-interacting and possibly thermalized system (it is not in a
consensus that whether it is at thermal equilibrium at all [17]), the system starts
to develop a collective flow in the medium and expands like a hydrodynamic

fluid with a very low shear viscosity over entropy density (n/s ~ 1/4m) [18,19].

As the system expands and cools down, the average velocity of this fluid starts
to build up and can be as fast as half of the speed of light. Until the system
cools down to an energy density that is comparable to that of a hadron, e.g.,
140 MeV, the quarks and gluons are combined together to form bound state
of particles, therefore hadronization happens. At this point, it is known as

chemical freezeout.

Quarks and gluons are no longer present in the system, while the hadrons are
just formed and relatively close to each other. They can still bounce around
and scatter until they are very far apart, moving in their own direction without

further interactions. At this moment, the system is regarded as kinetic freezeout.
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Figure 1.3 : QGP evolution.

Indeed, this is a very general description of what we believed about a typical
heavy ion collision, however the knowledge of this process is far from complete, which
is one of the main questions and challenges for heavy-ion physicists to find out. For
example, in related to the work of this thesis, it is uncertain that at what time scale
light quarks start to form, as well as that of the extremely strong magnetic field that
is produced from the spectator protons (a more detail description of the magnetic
field in the next section).

In Section. 1.3, it is only theoretically possible to create a QGP when the temper-
ature and pressure are sufficiently high, but is there any experimental evidence? In
other words, from relativistic heavy ion collisions, what observables or measurements
can provide us the proof of the existence of a QGP? So far, a lot of experimental indica-
tions and indirect evidences led us to believe that there is indeed a strongly-interacting

QCD medium with possible quarks and gluons degrees of freedom, which is consistent



Figure 1.4 : Reaction plane in heavy ion collision [20].

with a QGP in terms of measurements, e.g., jet quenching [21-26], heavy quarkonia
suppression [27-31], thermal photons [32-37], particle correlations [23-26,38-41], etc.
For example, measurements of the Fourier harmonics of particle azimuthal distri-
bution was believed to be one of the first evidences that the produced medium is
a strongly-interacting system with possibly global or local thermal equilibrium. As
two heavy nuclei collides, particularly in a noncentral collision (off-center collision
like the one shown in Fig. 1.4), the overlap region is essentially an almond-shape
football with an initial anisotropy in spatial space in the transverse plane. Due to
this anisotropy, the expansion of the system with strongly-interacting particles would
later transform the anisotropy from spatial space into momentum space, resulting in
more particles produced along the short axis of this ellipse than the long axis in the
transverse plane, illustrated in Fig. 1.4. The second-order Fourier harmonic, known

as the elliptic flow (vy), is ultimately a measure of this asymmetry of particle pro-
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Figure 1.5 : Elliptic flow, v, as a function of py in PbPb collisions at /s, =
2.76 TeV at the LHC using CMS detector, together with a calculation based on
hydrodynamic model with a Glauber-like initial condition and n/s ~ 0.2 [42].

duction in the azimuthal direction. In addition, together with hydrodynamic model,
the result has been found to be consistent with a scenario that the medium has a
very low shear viscosity over entropy density (an example of this study of using hy-
drodynamic models and compared with data is shown in Fig. 1.5 [42]), implying the
system behaves like a “perfect” fluid. Not only the flow measurements point us to the
direction of a strongly-interacting QGP, there are also many other observables and
experimental efforts that indicate an agreement with this scenario. See Refs. [23-26]
for a more complete experimental review. In particular, an exotic phenomenon of the
chiral anomaly and the strong initial magnetic field is the focus of this thesis, which

will be introduced in the next Chapter.
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Chapter 2

Anomalous chiral effects in nuclear collisions

2.1 Introduction to anomalous chiral effects

In heavy ion collisions, the nucleons that are not participating the collision are re-
garded as spectators, as opposed to those participants that do participate in the
collision. The spectator protons from the two incident nuclei, passing by each other
close to the speed of light, generate two electric currents in opposite direction along
the beam axis. Therefore, in the overlap region shown in Fig. 1.4, there is a very
strong but time-dependent magnetic field up to 10572° Gauss pointing perpendicular
to the reaction plane [43]. The magnitude of this strong initial magnetic field could
be the strongest magnetic field so far in the observable universe. Regarding the for-
mation and expansion of the QGP, effects that are related to the magnetic field are
of extreme interests in heavy ion physics [44-48].

It has been predicted that the Parity (P) and Charge-conjugate Parity (CP) sym-
metry could be violated in strong interaction in local space-time due to the nontrivial
topological gluon fluctuation in QCD vacuum [49-52]. These gluon fields, can do
something very distinct to the chiral fermions, where they can change the chirality
of the particles, namely transforming left- into right-handed fermion or vice-versa.
In particular, the axial chiral chemical potential, us;, which is proportional to the
difference in the number of left-handed and right-handed fermions, is used to char-

acterize the imbalance of chirality in a system of fermions. This local symmetry
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Figure 2.1 : Magnetic field induced by spectator protons in heavy ion collisions, in
terms of the ratio to the pion mass, is shown as a function of time (scaled by the
radius of gold nuclei) with different input electrical conductivities [43].

breaking is caused by the chiral anomaly [53,54]. In heavy ion collisions, the quarks
that produced in the QGP with chiral symmetry restoration, provide a perfect and
unprecedented opportunity of studying this exotic phenomenon of local P and CP
violation, via its interaction to the chiral quarks and the strong external magnetic
field. In Fig. 2.1, the time-dependent magnetic field from the collisions, expressed in
terms of the ratio with respect to the pion mass squared, is shown with different in-
put values of electrical conductivity of the medium. As a consequence of this strong
magnetic field, an electric current can be induced, which is forbidden by classical
electrodynamics [55]. However, due to the nature of a chiral medium (e.g., QGP), it

can be expressed as [56-58],

-

J = 05B, (2.1)

where the o5 is the chiral magnetic conductivity and is proportional to the us. Finally,
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Figure 2.2 : Illustration of the CME. To be specific, the illustration is for just one
kind of massless quarks with positive electric charge and for the case of us > 0.
For quarks with negative electric charge the quark current J is generated in the
opposite direction (owing to the opposite spin polarization) but their contribution to
the electric current would be the same as that from positively charged quarks. For
ps < 0 the current will flip direction. [55]. Note that the convolution sign indicates
the interplay between a global chirality conserved state with a magnetic field, and
a local domain (indicated by the gray area) of chirality imbalance, resulting in an
electric current in this local domain.

the electric current would result in an electric dipole of the QGP, and final-state
particles with different charge signs would be separated with respect to the reaction
plane, known as the “Chiral Magnetic Effect” (CME). The CME mechanism can be
simplified in this following example.

In Fig. 2.2, let’s assume the us > 0, meaning there are more right-handed quarks
than left-handed quarks (assuming quarks carry positive charge). Due to the spin
polarization where the spin of the particle tends to align with the magnetic field (é),
it creates a correlation between the momentum of particles and the magnetic field.
Therefore, the right-handed quarks will move along the E—ﬁeld, and because quarks

also carry electric charge, it will lead to an electric current that pointing to the same

direction as the B-field. This also applies to quarks with negative electric charge,
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Figure 2.3 : Illustration of the CSE. To be specific, the illustration is for just one
kind of right-handed (RH) quarks(with positive charge) and their anti-quarks (with
negative charge) and for the case of 1 > 0 (i.e. more quarks than anti-quarks). For
left-handed (LH) quarks (and anti-quarks) the LH quarks’ current is generated in the
opposite direction but their contribution to the axial current J_;, would be the same
as that of RH quarks. For 1 < 0 the current will flip direction. [55].

where the negatively-charged particles anti-align with the é—ﬁeld, and consequently
move to the opposite direction of the B-field but generate the same electric current
just as the same as the positively-charged particles moving along the B-field direction.

For each chiral fermion, in this case quark, it has corresponding vector current and
axial current, J* and JE| respectively. In a similar fashion, instead of the vector cur-
rent (electric current), the axial current (chiral charge current) can also be generated
by an external magnetic field, which is a complementary phenomenon to the CME;,
known as the “Chiral Separation Effect” (CSE) [59,60]. Thus it can be expressed as,

-

J=0,B. (2.2)

where o is the CSE conductivity and is proportional to the (nonzero) vector chemical
potential u (instead of us). A similar process of the CME can be applied for CSE,

shown in Fig. 2.3.
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QN

Figure 2.4 : The reaction plane angle Uy, defined by the impact parameter direction
with respect to X axis, is shown when the two heavy nuclei collide in a noncentral
collision.

With this two complementary chiral effects, it is not hard to expect the coupling
of these two and the collective excitation they form. The collective process can start
with an axial density fluctuation, which implies a locally nonzero axial chiral chemical
potential (us) that leads to a CME current J. The vector current will transport the
vector charge (electric charge) along the B-field direction, causing a fluctuation in the
vector density locally. Similarly, this nonzero vector chemical potential would lead
to a CSE current J:—) This process then repeats over and over again, and mutually
induces each other between the vector and the axial current. As a result, these
density fluctuations propagate along the é—ﬁeld, forming a collective wave, known as

the “Chiral Magnetic Wave” (CMW) [61,62].

How to measure CME? Experimentally, the detection technique of these phe-

nomenon was firstly proposed by Ref. [63]. The direct measurement of the CME is
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a challenge, because the us can be either positive or negative event-by-event and the
nature of this fluctuation would result in an average of zero over all events. There-
fore, a technique of measuring the correlation among particles with different charge
signs was invented. The charge separation can be characterized by the P-odd sine
term (a1) in a Fourier decomposition of the particle azimuthal distribution [63] (an

example of event plane with defined coordinates are shown in Fig. 2.4):

% x1+2 Z(Un cos[n(¢ — WR)] + a, sin[n(¢ — Ug)]), (2.3)

where ¢—Wg represents the particle azimuthal angle with respect to the reaction plane
angle Ur (determined by the impact parameter and beam axis), v, and a,, denote the
coefficients of P-even and P-odd Fourier terms, respectively. Although the reaction
plane is not an experimental observable, it can be approximated by the second-order
event plane, Ugp, determined by the direction of the beam and the maximal particle
density in the elliptic azimuthal anisotropy. An azimuthal correlator proposed to
explore the first coefficient, a;, of the P-odd Fourier terms characterizing the charge

separation [63] is:

Y112 = (cos(dq + 5 — 2Wgp)) = (cos(do — Yrp) cos(ds — Vrp))

— <Sin(¢a — \PEP) Sin(gbﬁ — \I/Ep» . (24)

Here, o and (8 denote particles with the same or opposite charge sign and the brackets
reflect an averaging over particles and events. Assuming particles «, 3 are uncorre-
lated except for their individual correlations with respect to the event plane, the first
term on the right hand side of Eq. (2.4) becomes (v1 4v1,5), which is generally small
and independent of charge [20], while the second term is sensitive to charge separation

and can be expressed as (a; 401 5), which can be measured.
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The measurement of this charge-dependent correlator, is expected to be negative
for same-sign (SS) pair and positive for opposite-sign (OS) pair with similar magni-
tude [63]. While it is possible that the correlator of SS or OS would be contaminated
by background correlation, e.g., directed flow (v;) and momentum conservation, the
charge-dependent component after taking a difference between OS and SS is expected

to be proportional to the CME signal [63].

How to measure CMW? The propagation of the CMW leads to an electric
quadrupole moment, where additional positive (negative) charges are accumulated
away from (close to) the reaction plane [62]. This electric quadruple moment is
expected to induce a charge-dependent variation of the second-order anisotropy coef-
ficient (vq) in the Fourier expansion of the final-state particle azimuthal distribution.
More specifically, the vy coefficient will exhibit a linear dependence on the observed
event charge asymmetry [62], Aq, = (Ny—N_)/(N,+ N_), where N, and N_ denote

the number of positively and negatively charged hadrons in each event, as follows;

base

Vgt = Vgp F 1 Ackh- (2.5)

Here vg’iﬁe represents the value in the absence of a charge quadrupole moment from

the CMW for positively (4) and negatively (—) charged particles, and r denotes the
slope parameter. In the presence of a CMW, the difference of vy values between

positively and negatively charged particles will be proportional to Ag,.

2.2 Initial experimental efforts and their possible backgrounds

Almost a decay ago, the observation of charge-dependent azimuthal correlations with
respect to the event plane (it was denoted as reaction plane at the time) in gold-

gold (AuAu) collisions at /s, = 200 GeV at RHIC was reported by the STAR
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Figure 2.5 : The charge-dependent azimuthal correlator, v, of same- and opposite-

sign pairs are presented as a function of An (left) and collision centrality (right) in

AuAu collisions at /s, = 200 GeV, by STAR Collaboration [20].

Collaboration [20]. The result, shown in Fig. 2.5, presents a clear charge-dependence
between SS and OS particles, as a function of the pseudorapidity separation of the
two particles of interest. In addition, for the entire detector phase-space they can
measure, the charge-dependent signal was also found to be dependent on the collision
centrality (centrality is defined as the fraction of the total inelastic cross section, with
0% denoting the most central collisions), where the signal becomes larger in peripheral
events. Most of these significant observations were in line with the scenario of a CME,
because the nature of the fluctuations from vector and axial charge density in the QGP
is expected to be short range and the magnitude of the magnetic field is larger in
peripheral events than in central. A few years later, a similar measurement has been
attempted by the ALICE Collaboration, where the same experimental observation
was found with very weak energy dependence [64], shown as in Fig. 2.6.

However, right after the initial observation of the charge-dependent signal from

STAR Collaboration, it is argued by Refs. [65-67] that the observed signal is also
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Figure 2.6 : The charge-dependent azimuthal correlator, -, of same- and opposite-
sign pairs are presented as a function of centrality in PbPb collisions at /5, = 2.76
TeV by ALICE Collaboration [64], and compared with the /s, = 200 GeV STAR
data.

consistent with mechanisms that are not related to the CME. In particular, among
the proposed mechanisms for background correlations, one source is related to the
charge-dependent two-particle correlation from local charge conservation in decays
of resonances or clusters (e.g., jets) [67]. By coupling with the anisotropic particle
emission, an effect resembling charge separation with respect to the reaction plane
can be generated. The observed characteristic range of the two-particle correlation in
data is around one unit of rapidity, consistent with short-range cluster decays. In this
mechanism of local charge conservation coupled with the elliptic flow, a background

contribution to the three-particle correlator, 719, is expected to be [68]:

s = ki (cos(da — 63)) (cos2(dp — Urp)) = K200y, (2.6)

Here, § = (cos(¢a — ¢3)) represents the charge-dependent two-particle azimuthal
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Figure 2.7 : Left: differential Parity Observable (v-correlator) from STAR for 30-
50% centrality (black solid) and blast-wave calculations for 30-40% (red dashed) and
40-50% centrality (blue dashed). The correlations decay in An as balancing charges
tend to be emitted in a narrow range of relative pseudorapidity. [67]. Right: Difference
between opposite-sign and same-sign parity observable from STAR (black dots) and
blast-wave calculations for realistic charge separation at freeze-out (red dots) and
perfectly local charge conservation (blue dots). [67]

correlator and ks is a constant parameter, independent of vy, but mainly determined
by the kinematics and acceptance of particle detection [68].

In Fig. 2.7, the charge-dependent correlator was found to be qualitatively con-
sistent with the data with only local charge conservation and effects from particle
interactions. For example, resonances decay conserves electric charge locally, and in
principle, they should not have a preferred direction. However, if the system has a
strong anisotropy flow, the resonances would be more likely to be squeezed in the
in-plane direction than out-of-plane. Consequently, the decay particles that carry
electric charge (mostly opposite charge) would be emitted in the (second-order) event
plane. This mechanism will lead to a similar charge-dependent signal (OS-SS) using
the Eq. 2.4, but not necessarily the individual OS and SS correlators [67]. The un-
derlying correlations of the individual correlators from Eq. 2.4 are complicated, and

can be related to many different physics, which is not a complete surprise for the
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Figure 2.8 : The second-order Fourier harmonics, vy, for positively- and negatively-
charge pions (left) and their difference (right), are shown as a function of A, in AuAu
collisions at /s, = 200 GeV in centrality range 30-40% by STAR Collaboration [69].

difference found in Ref. [67]. All of these studies, however, are based on theoretical
models instead of experimental data.

On the other hand, similar experimental efforts have been attempted for studies
of the CMW, using the technique that is described in Eq. 2.5. The charge-dependent
second-order Fourier harmonic vy as a function of A, was measured in AuAu collisions
at \/syy = 200 GeV by STAR Collaboration [69]. The linear dependence on Ay, of
vy — vy, shown in Fig. 2.8, was consistent with the picture of a CMW. As indicated
by Eq. 2.5, the slope parameter r is proportional to the CMW, where the r has been
extracted by linear fits in different centrality from the STAR data shown in Fig. 2.9.
The centrality dependence, again, is consistent with the interpretation of the CMW
because of a larger magnetic field is expected in noncentral collisions. In addition,
this study has been further investigated using different theoretical calculations, where
only models with a CMW can describe the data.

Similarly, the ALICE Collaboration also has reported a study in searching for
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Figure 2.9 : The slope parameters of the vy as a function of centrality are shown
in AuAu collisions at /s, = 200 GeV by STAR Collaboration [69], with UrQMD
calculations and CMW predictions.

the CMW, using a slightly different technique without measuring the true Ay, [70].
Note that the Ay, was not corrected for tracking efficiency in the STAR analysis in
Ref. [69]. The experimental observation is in an agreement with the STAR data, where
a clear charge-dependent signal has been observed for the second-order three-particle
correlator. In addition, the three-particle correlator for higher order harmonics have
been calculated, and a much reduced signal was found comparing to the second-order.
Therefore, it is a hint that the data might be contaminated by some background
correlations, but the CMW signal still dominates. Finally, the ALICE analysis had
a direct comparison with the STAR data on the slope parameter as a function of
centrality, where reasonable agreement has been observed at mid-central events shown
in Fig. 2.10.

Not very long after the experimental data was presented, it is proposed that
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Figure 2.10 : The slope parameters of the v, as a function of centrality are shown
in PbPb collisions at /s, = 2.76 TeV by ALICE Collaboration [70], and compared
with the result from Ref. [69] at /s, = 200 GeV by STAR Collaboration.

(again) the experimental observation can be understood from an interplay between a
local charge conservation effect and the detector acceptance [71,72]. For example, it
has been shown that local charge conservation in the decay of clusters or resonances
can qualitatively describe the charge-dependent vy data [71]. Decay particles from
a lower transverse momentum resonance tend to have a larger rapidity separation,
resulting in a daughter more likely to fall outside the detector acceptance, leading
to a nonzero Ay,. Hence, this process generates a correlation between Ay, and the
average pr of charged particles, and therefore also between Ay, and the vy coefficient,
since vy depends on pr. The local charge conservation mechanism also applies to all
higher-order anisotropy Fourier coefficients (v,). In Fig. 2.11, preliminary STAR data

can be qualitatively reproduced by a hydro model with local charge conservation [71].
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Figure 2.11 : The charge asymmetry dependence of 77 and 7~ elliptic flow coeffi-
cients in the hydrodynamic model followed by statistical emission with local charge

conservation. [71]



25
2.3 Searching for anomalous chiral effects in small systems

The interpretation of the experimental results attempting to measure anomalous chi-
ral effects, CME in particular, has been a decade-long standing problem due to its
suspected background correlations. In terms of theoretical calculations, the diffi-
culties are not only related to the strength of the CME signal, but also the detail
mechanism of background correlations. For example, neither the p5 in the early stage
of the collisions nor the lifetime of the initial magnetic field, can be directly calcu-
lated. On the other hand, short-range correlations, e.g., jets and resonance decays,
are also complicated on their own. Therefore, in order to provide new insights into
the understanding of anomalous chiral effects, new experimental approach is greatly
needed.

Motivated by the idea of a classical electrodynamic homework problem from col-
lege physics, the magnetic field in the overlap region in a high-multiplicity proton-
nucleus (pA) collision, by symmetry, is expected to be small if the proton goes through
the center of the nucleus. As CME is a magnetic field-driven effect, the pA collision
can be essentially become a system that only has pure backgrounds, effectively turn-
ing off the CME signal. Therefore, the underlying mechanism of the background can
be studied experimentally, providing valuable informations to theoretical models. On
the other hand, the comparison between pA and nucleus-nucleus (AA) collisions at
the same multiplicity, can qualitatively show if there is a hint of the CME signal,
where a larger charge separation signal is expected on top of the background corre-
lations in AA collisions. If the magnitude of the charge-dependent signal is indeed
different and larger in AA than in pA collisions, it is strongly suggesting a CME sig-
nal and the relative contribution of the signal and background correlations is possible

to be determined. If the magnitude of the charge-dependent signal is similar between
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the two systems, then it is implying that the underlying mechanism in AA collisions
is dominated by backgrounds instead of CME signal.

In the major work of this thesis, it is a first-time application of charge-dependent
azimuthal correlation with respect to the event planes, and the Ag,-dependence of the
second- and third-order Fourier harmonics, using proton-nucleus (pPb) data collected
with the CMS detector at the LHC at /s, = 5.02 TeV. High-multiplicity proton-
proton (pp) and pPb collisions have been shown to generate large final-state azimuthal
anisotropies, comparable to those in AA collisions [73-86]. However, the CME contri-
bution to any charge-dependent signal is expected to be small in a high-multiplicity
pPb collision, as the proton likely intersects the Pb nucleus at a small impact pa-
rameter. After a closer look from the Monte Carlo (MC) Glauber simulations, the
magnitude of the magnetic field between pPb and lead-lead (PbPb) collisions, which
is expected to be proportional to their ratio of impact parameters, has been found
to be different by a factor of 3—4, shown in the left panel of Fig. 2.12. Consequently,
the magnetic field in the proton-nucleus overlap region is expected to be smaller than
in peripheral PbPb collisions at similar multiplicities [87]. Furthermore, based on
MC Glauber calculations [88], the angle between the magnetic field direction and
the event plane of elliptic anisotropy (approximated by the participant plane in MC
Glauber simulation) is randomly distributed in pPb collisions, contrary to the case of
PbPb collisions, which can be seen from Fig. 2.12 right. The high-multiplicity events
in pPb collisions exhibit collective effects and bulk properties similar to those found
in AA collisions [83,85,89] but possess very different strengths and configurations of
the initial magnetic field. Thus, they can provide a new way, namely using the small
system as a baseline, to explore the possible CME and CMW caused by the local

strong parity violation.
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Figure 2.12 : Left: The impact parameter distributions from EPOS LHC simulation of
pPb and PbPb collisions at /s, ,= 5.02 TeV are presented. For pPb, the events with
selection of top 0.006-0.06% of the multiplicity distribution are shown, equivalent
to the multiplicity class 185 < Ngffine < 220 in data. For PbPb, the events with
centrality selection of 60-70% are shown, which is an equivalent to the multiplicity
class 100 < Neffine < 300 in data. [87] Right: The cosine of the relative angle between
the reaction plane, denoted as Wgp, and the participant plane, denoted as Upp,
from MC Glauber simulation of pPb and PbPb collisions at /s, = 5.02 TeV are
presented. [87]
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2.4 New experimental strategies for quantitative analysis

Qualitatively showing the presence of background correlations can be achieved by
using small systems, e.g., high-multiplicity pPb data at CMS. However, what is the
underlying mechanism of the background correlation if it is found to be non-negligible
in AA collisions? Although the background contribution from local charge conser-
vation is proposed in Eq. (2.6) and has been long recognized [55,67,68], it is still
not known to what extent background contributions account for the observed ~;1o
correlator. The main difficulty lies in determining the unknown value of ks in a
model-independent way. The other difficulty is to demonstrate directly the linear
dependence on vy of fy}’i}g , which is nontrivial as one has to ensure the magnetic field,
and thus the CME, does not change when selecting events with different v, values.
Therefore, selecting events with a quantity that directly relates to the magnitude
of vy is essential. Therefore, in this thesis, two new experimental approaches are

introduced besides the new idea of using the high-multiplicity pPb data.

Higher-order harmonic three-particle correlator: in heavy ion collisions, the
charge separation effect from the CME is only expected along the direction of the in-
duced magnetic field normal to the reaction plane, approximated by the second-order
event plane, Wy. As the symmetry plane of the third-order Fourier term (“triangular
flow” [90]), W3, is expected to have a weak correlation with W, [91], the charge sep-
aration effect with respect to W3 is expected to be negligible. However, in terms of a
background mechanism, e.g., local charge conservation effect coupled with anisotropic
flow, it is not unusual to expect a reduced but nonzero charge-dependent correlation
with respect to the Vs, from a similar relation as in Eq. (2.6) with the third-order har-

monics. By measuring the charge-dependent correlators with respect to both Wy and
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W3, the unknown parameter ko can be experimentally constrained as the parameter

is expected to be harmonic-independent.

Event shape engineering (ESE): to establish directly a linear relationship be-
tween the 115 correlators and v, coefficients, the ESE technique [92] is employed. In
a narrow centrality or multiplicity range (so that the magnetic field does not change
significantly), events are further classified based on the magnitude of the event-by-
event Fourier harmonic related to the anisotropy measured in the forward rapidity
region. Within each event class, the 7,12 correlators and v, values are measured
and compared to test the linear relationship. A nonzero intercept value of the ~;1o
correlators with a linear fit would reflect the strength of the CME.

With the implementation of a high-multiplicity trigger, the pPb data at /s, =
5.02 and 8.16 TeV sample gives access to multiplicities comparable to those in pe-
ripheral PbPb collisions (e.g., ~55% centrality), allowing for a direct comparison of
the two systems (in terms of final-state charged-particle multiplicity) with very dif-
ferent CME contributions in the overlap zone (See details for triggers in Chapter 4).
Measurements of three-particle correlators, ;12 and higher harmonic correlator, and
the two-particle correlator, are presented in different charge combinations as func-
tions of the pseudorapidity (n) difference, the pr difference, and the average pr of
correlated particles. Integrated over n and pr, the event multiplicity dependence of
three- and two-particle correlations is also presented in pPb and PbPb collisions. In
pPb collisions, the particle correlations are explored separately with respect to the
event planes that are obtained using particles with 4.4 < |n| < 5.0 from the p- and
Pb-going beam directions. The ESE analysis is performed for 7,15 as a function of v,

in both pPb and PbPb collisions.
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2.5 Overview of this thesis

In Chapter 3, the LHC and CMS experiment are introduced, focusing on the most
relevant detectors that are used in the work of this thesis. In Chapter 4, the introduc-
tion of triggers, e.g., the high-multiplicity trigger in pPb data, and data samples that
were used in this work, are presented. In Chapter 5, the reconstruction algorithm of
the physics objects used in this analysis and their performances, for example tracks
and their efficiency, are going to be briefly mentioned with several related technical
developments. In addition, the analysis selections on events and their classification in
terms of charged-particle multiplicity are presented. In Chapter 6, the experimental
strategies are described in detail, followed by the experimental results of searching
for the CME. Similarly, the analysis techniques and the results of searching for the
CMW are presented in Chapter 7. Finally, a conclusion is drawn and a future outlook

is briefly discussed in Chapter 8.



31

Chapter 3

The Compact Muon Solenoid experiment at the
Large Hadron Collider

The fundamental questions related to elementary particles, e.g., the Higgs boson, not
only can be studied in terms of theoretical physics, but more importantly, via experi-
ments using high energy particle collisions given by the enormous particle accelerator
and colliders. Given by their tiny sizes, the elementary particles cannot simply be
explored under the microscope and have a well defined experimental procedure to
test their properties. Instead, particles like electron, proton, or even heavy nuclei, are
needed to be collided into each other in order to study their fundamental properties,
and the information of those collisions could be used to reveal the underlying physics
of interactions among the elementary particles. In the analysis presented in this the-
sis, the experimental data were collected by one of the largest experiments in the
world, the Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider
(LHC), European Organization for Nuclear Research (CERN). In this chapter, a brief

introduction will be given for the LHC and the CMS experiment.

3.1 The LHC

At the foothill of Alps and Mount Jura, the LHC [93] accelerator ring is located at the
boarder of Switzerland and France, close to the city of Geneva in Switzerland. The
LHC is the largest and most powerful particle accelerator in the world. It is a two-

ring superconducting hadron accelerator, which is the largest experimental facility
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at CERN. It is designed to collide proton beams at a highest energy of 7 TeV per
beam (i.e. center-of-mass energy of \/s= 14 TeV), and heavy ion beams with an
energy of 2.76 TeV per nucleon for Pb nuclei. Instead of directly accelerating the
particles from low to the maximum energy at the LHC, the process is optimized
through a chain of acceleration from different boosting facility. A schematic overview
of CERN accelerator complex is shown in Fig. 3.1, where the particles are accelerated

as following:

e Proton: The protons from the Hs source enter the LINAC2 linear accelerator
and exit with an energy of 50 MeV. They are accelerated more in the Proton
Synchrotron Booster (PSB) to 1.4 GeV. The Proton Synchrotron (PS) takes
the protons from the PSB and continues to accelerate the protons to 25 GeV
and injects them to the Super Proton Synchrotron (SPS). The SPS raises the
proton energy again to 450 GeV and deliver them to the LHC ring where the

maximum energy is achieved.

e Heavy ion: Currently, the LHC is capable to accelerate only the Pb and Xenon
(Xe) nuclei. Starting from a source of vaporized lead, the Pb ions enter LINAC3
and get accelerated to an energy of 4.2 MeV. They are then collected and
accelerated in the Low Energy Ion Ring (LEIR) to 72 MeV (shown in Fig. 3.2).
After being injected to the PS from LEIR, the same route to maximum energy

is taken as the protons.

There are a total of four experiments on the LHC ring, and altogether addressed
as the LHC experiments. ATLAS and CMS are the two largest Collaborations in the
world, focusing on high energy physics, e.g., Higgs physics, Standard Model physics,

and physics beyond the Standard Model. ALICE experiment is the only dedicated
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heavy ion experiment at the LHC, similar to the STAR experiment at RHIC at
Brookhaven, NY, USA. LHCb is an experiment that focus on searching for the dark
matter, and exotic particles. LHCb can be functioned as a collider mode or a fixed-

target mode. In this thesis, the analysis are only based on the CMS experiment.
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3.2 The CMS experiment

The CMS experiment locates at the furthest access point with respect to the main
campus of CERN, the Meyrin site. It is a general purpose detector, whose main
goal is to explore physics with very high energy, on the order of TeV. As part of
its name, CMS is compact (still huge in size) with a solenoid structure of different
layers, where sub-detectors are built in each layer for different purposes. Figure 3.3
shows a schematic view of CMS detector, the structure from inner to outer is formed

including the following detector parts:

e The inner silicon tracking system, includes pixel and strip detector, can re-
construct particle’s flight trajectory with good particle momentum and spatial

resolution.

e The electromagnetic calorimeter (ECAL) allows accurate measurement of the

energy of leptons and photons.

e The hadronic calorimeter (HCAL) allows precise measurement of the energy of

hadrons.

e The solenoid magnet with a strong magnetic field of 3.8 Tesla (T) makes the
determination of high momentum particle possible. It has the largest magnetic

field in all collider experiments.
e The muon system provides excellent muon identification.

More detailed description on the sub-detector used in the analysis presented in this
thesis will be given in Sec. 3.2.1 and Sec. 3.2.2.
A common coordinate system definition is crucial for data analysis using each sub-

detector in a consistent way. The coordinate system adopted by CMS has a center at
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Figure 3.3 : A cutaway view of the CMS detector [95].

the nominal collision point inside the detector. The x-axis is defined to point towards
the center of the LHC ring, the y-axis is defined to point straight upward and the
z-axis is defined to point along counter clockwise direction of the LHC ring when
looking from above. For the spherical coordinates, the azimuthal angle ¢ and the
radial coordinate r are measured in the x-y plane relative to the x-axis. The polar

angle 6 is measured with respect to the z-axis.
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Figure 3.4 :  View of the CMS tracker in the rz-plane [96]. Each line in the strip
tracker represents a silicon strip detector, whereas lines in the pixel tracker represent
ladders and petals on which the detectors are mounted in the barrel and endcaps,

respectively.

3.2.1 Silicon tracking system

The silicon tracking system is designed for finding the position of collision vertex,
trajectory of charged particles and their four-momentum information (described in
Section 5.1). Therefore, it is the most important piece of detector for the analysis in
this thesis.

The tracking system is composed of an inner silicon pixel detector and an outer
silicon strip detector. Both of the two detectors cover a pseudorapidity range of

In| < 2.5. The layout of the tracking system is shown in Fig. 3.4.

Silicon pixel detector. The silicon pixel detector is the inner most detector of

CMS, consisting of 3 concentric cylindrical barrel layers (in 2017 CMS has upgraded
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to 4 but the analysis in this thesis do not use the data recorded later than 2016) and
two layers (upgraded to 3) of fan-blade disks at either end (shown in Fig. 3.5) [97].
It is designed to provide high precision 3D determinations of track trajectory points.
The three barrel layers are located at radii of 4.3 cm, 7.3 ¢cm and 10.2 cm to the
interaction point, and have an active length of 53 cm. The two layers of disks cover
the region between radii 4.8 cm and 14.4 cm, at longitudinal distance of 35.5 cm and
48.5 cm from the interaction point. This geometry layout ensures particle passage
through 3 layers of detector in the region |n| < 2.2 and 2 layers of detector in the
region |n| < 2.5. The entire pixel detector is composed of 1440 pixel modules with
65 million pixels. Each pixel, with an area of 100 gm x 150 pum, oriented in the
azimuthal direction in the barrel and the radial direction in the forward disks. The
electrons created by ionization during the passage of charged particles (track hits) in
the barrel region are significantly Lorentz drifted in the 3.8 T magnetic field of CMS.
This drift results in charge sharing on different readout modules. The weighted center
of the charge distribution can be calculated from the analog readout which provides
much better spatial resolution than a binary readout. To ensure the use of Lorentz
drift at the forward disks, the blades are rotated by 20 degrees about their radial axes
to produce a vertical component of magnetic field with respect to the electric field in
the pixels. The entire pixel detector is operating at a temperature of -15°C to limit

the impact of radiation damage and to minimize leakage current.

Silicon strip detector. Asshown in Fig. 3.4, the silicon strip detector is composed
of tracker inner barrel (TIB), tracker inner disk (TID), tracker outer barrel (TOB)
and tracker outer endcap (TEC). A total of 15148 silicon strip modules with 10 million

strips are arranged in 10 barrel layers extending outward to radii 1.1 m and 12 disks
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Figure 3.5 : View of the CMS silicon pixel tracker.

on each side of the barrel to cover the region || < 2.5. The active detector area is
about 200 m? which makes it the largest silicon tracker ever built. Instead of providing
2D information of track hits in ¢ and z direction as the pixel detector, the silicon
detector provides only 1D information. However, if two layers of strip detectors are
placed on either side of a module with an angle, the double-sided module can obtain
2D information. Both single-sided (single line in Fig. 3.4) and double-sided modules
(double line in Fig. 3.4) are used in the silicon detector at various physical locations, to
maximize the performance with a limited material budget. Due to the complex layout
of the silicon tracker, particle with different kinematics leave trajectories coincide
with different number of layers. Particles passing through more layers have higher

probability to be reconstructed then those passing through less layers, which results
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in a non-uniform track reconstruction efficiency as function of pseudorapidity which
will be shown in Sec. 5.1.3.
These two sub-detectors are most important for the track and vertex reconstruc-

tion, which can be found in details in Chapter. 5.

3.2.2 Calorimeter system

The CMS calorimeter system aims to find the energies of all emerging particles in
order to build up a complete picture of an event. The system provides precise measure
of photon, electron and particles fragmented from a jet, and with the hermetic design
which allows the measurements of missing transverse energy for neutrinos. From

inner to outer, it is composed of Electromagnetic Calorimeter (ECAL) and Hadronic

Calorimeter (HCAL).

Electromagnetic Calorimeter Used in finding Higgs and other new particles,
electrons and photons are of particular interest among all particles emitted in a colli-
sion. The ECAL, which consists of a barrel section and two endcap disks, can measure
the energy of particles deposited into the detector. In CMS, the ECAL is made of lead
tungstate crystal, because it needs to handle the strong (3.8 T) magnetic field from
the magnet and the high radiation level induced by collisions. It is highly transparent
and produces light in fast, short and well-defined photon bursts in proportional to
the energy of particle passing through, where the crystal is made of metal primarily
but with a touch of oxygen in its crystalline form. The cylindrical barrel contains
61200 crystals formed into 36 modules with a depth of 25.8 radiation lengths (the
crystal has radiation length of 0.89 cm). The flat endcap disks seal off the barrel at

either end and are made up of around 15000 crystals with a depth of 24.7 radiation
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length. The barrel section covers |n| < 1.479 while the endcap disks extend the range

to |n| < 3.

Hadron Calorimeter The HCAL measures the kinematic energy of hadrons. Us-
ing the technique of missing transverse energy, the presence of non-interacting neutral
particles, e.g., neutrinos, can be measured indirectly using the HCAL. It is a sampling
calorimeter made of repeating layers of dense absorber and tiles of plastic scintilla-
tor. An interaction occurs producing numerous secondary particles when a hadronic
particle hits a plate of absorber. As the secondary particles flow through layers of
absorbers they would produce more particles, which leads to a cascade. The particles
pass through the alternating layers of active scintillators would cause them to emit
light, which are collected up and amplified for a measurement of the initial particle’s
energy. Similar to ECAL, the HCAL consists of a barrel section and two endcap
disks. The barrel reaches |n| up to 1.3 while the endcap disks extend to |n| of 3.
The HCAL has two hadronic forward calorimeters (HF) positioned at either end
of CMS to cover the |n| range of 2.9 to 5.2. The HF receives large fraction of particle
energy contained in the collision, therefore the HF must be made very resistant to
radiation. Thus, the HF was built with steel absorbers and quartz fibers where
detection of signal is done with Cherenkov light produced in the fibers. The HF is
very essential for heavy ion physics as it is used to select collision events at the trigger
level (described in Chapter. 4), to determine centrality, and to reconstruct the event

planes (described in Sec. 6.1).
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Chapter 4

Data acquisition, triggers, and data samples

This chapter introduces the basic framework and mechanism of a triggering system at
CMS experiment and its data acquisition (DAQ) system. Because of the high lumi-
nosity collisions and its increases over the years, trigger is one of the most important
steps and selections on the data for all physics analysis, given by the rare collisions
that are of interest and limitation on storing all the information for all events. In
Sec. 4.1, the CMS triggering and DAQ system are briefly described, and followed by
the details of triggers that are essential of making this analysis possible in Sec. 4.1.1
and Sec. 4.1.2. Finally, the data samples that are used, as well as some MC simulation

samples, are briefly mentioned.

4.1 CMS triggering and data acquisition system

For nominal data taking, the LHC is delivering particle collision events at a rate on the
order of MHz at the interaction point number 5 (P5), which is the location of the CMS
experiment. Ideally, the more collisions the machine can deliver the better. However,
in practice, it is impossible to store all the information with all collisions in the data
storage center. Also, it is highly inefficient to record all the events because most of
them are useless for physics analysis. Therefore, the triggering and DAQ system is
to select events with a particular interest in real time, where only information that is

useful for physics analysis would be stored.
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Figure 4.1 : Schematic of the functionality and data flow through the DAQ system.
Take from Ref. [98].

Figure 4.1 shows a schematic of the function of the full trigger and DAQ system.
The DAQ has the task to transport the data from about 650 front ends at the detector
side, through the trigger system for processing and filtering of events, to the storage
units. Based on the decision of the trigger system, an event is stored or skipped. The
stored events are written to a temporary disk buffer before being transferred to the
computing center (Tier 0) at CERN for offline processing.

In general, CMS experiment has two levels of trigger, Level 1 Trigger (L.1) and High
Level Trigger (HLT). The L1 is a hardware-based trigger, where information from the
calorimeter, e.g., total transverse energy, can be used as a criteria of selecting or
rejecting events. The output limit for the L1 is around 100 kHz. Events that pass
the L1 trigger will enter the HLT, where the reconstruction of physics objects can
be done in real time and only 400 Hz to 20 kHz can be recorded. Within the CMS
collaboration, each physics analysis group design their own L1 triggers and HLT for

physics, e.g., minimum-bias (MB) and high-multiplicity triggers used in this thesis.
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4.1.1 Minimum-bias trigger

The MB trigger, as given by its name, is designed to select events with minimum
physics input or selections, meaning that only events that are from an inelastic col-
lision will be passed. Most of the physics topics require to have events that are
hadronic instead of single or double diffractive, except for those who are interested in
photon-nucleus collisions. Theoretically, the difference between elastic and inelastic
collisions are trivial and well defined, however in experiment, only detector signals
and responses can be used to determine whether an event is inelastic.

Thanks to the signature of inelastic collisions, usually there are detector activities
(e.g., particle production) on both side of the detector along the beam axis, and most
likely, it will be a collision vertex that can be reconstructed. Therefore, these signals
can be used to design a MB trigger.

The mechanism of MB trigger is similar in pp, pPb, and PbPb collisions, where
only certain thresholds are different. In pp or pPb collisions, only one side of the
detector has enough amount of energy can fire the trigger, while both side of the
detector have to have such condition in order to fire the trigger in PbPb collision.
In addition, the detector condition changed over time and the MB trigger algorithm

changed accordingly as well.

e 2013 pPb 5.02 TeV data taking: The relatively low pPb collision frequency
(up to 0.2 MHz) provided by the LHC in the nominal run allowed the use of
a track-based MB trigger, HLT_PAZeroBiasPixel SingleTrack. Here, ZeroBias
(ZB) refers to the crossing of two beams (bunch crossing) at CMS. For every few
thousand pPb bunch crossings, the detector was read out from the L1 trigger

and events were accepted at the HLT if at least one track (reconstructed with
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only the pixel tracker information) with pr > 0.4 GeV was found. The trigger

had a efficiency of 99% for hadronic inelastic collisions.

e 2015 PbPb 5.02 TeV data taking: The MB events are triggered by a coincidence
from both side of the HF detector (3 < || < 5). During the run, before and
after run 263155, the threshold of the MB trigger on each side of the HF has
been changed. The trigger name is HUT_HIL1MinimumBiasHF1AND _v1 and

HLT _HIL1MinimumBiasHF2AND v1, respectively.

e 2016 pPb 8.16 TeV data taking: a similar track-based MB trigger was used as
in 2013, HLT_PAZeroBias_SinglePixelTrack_v1. The trigger had a efficiency of
97% for hadronic inelastic collisions, where a single pixel track with pp > 0.4

GeV within |n| < 2.4 is required.

As the most important trigger, MB trigger is investigated at the beginning of
the data taking. For example, in the case of pPb run at 8.16 TeV, the MB trigger
efficiency is studied as a function of the HF detector threshold in terms of ADC count,
shown in Fig. 4.2. The first few runs were analyzed, where the MB signal efficiency is
defined as the number of events passed the threshold at 17 ADC over all events that
pass the ZB and a single pixel track. On the other hand, the detector noise that could
mis-fire the trigger can be studied via the single bunch data, denoted as BPTXPlus or
BPTXMinus, where only one bunch is filled with beam but with the other completely
empty. Using the same definition, the noise level or noise “efficiency” can be plotted
as a function of HF threshold. Note that the trigger is studied with at least one
side of the HF fires and both sides of the HF fire, denoted as “OR” and “AND”,
respectively.

The MB trigger efficiency is also studied after the data has been taken. For the
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Figure 4.2 : MB signal and noise efficiency as a function of HF ADC count is shown
for the run 285090 in pPb 8.16 TeV collisions.

recent pPb 8.16 TeV data, the efficiency of this MB trigger was studied using two
approaches, while one based on ZB data and another one using MC events.

The MB trigger efficiency from data is defined as the ratio of the number of events
that fire the trigger over the number of ZB events. This can be calculated in every
event activity bin, where the event activity can be the number of good quality tracks in
such event, or the sum of the transverse energy in the HF towers in the || > 4 region
or any other event characterization variable. To obtain an unbiased measurement of
the efficiency, the background events must be subtracted from the ZB sample. In
Fig. 4.3, a comparison of data of noncolliding bunches with paired bunches is shown
as a function of the number of tracks (with pr > 0.4 GeV) associated to the vertex.
The background events contribute mainly to the zero tracks bin, so if we exclude this

bin from the efficiency measurement, the ZB sample can be considered clean.
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Figure 4.3 : Paired (coincidence of BPTX) and unpaired bunches (BPTX XOR) as a
function of the number of tracks associated to the vertex

For the comparison of the ZB and MB samples, the corresponding L1 and HLT
trigger prescales must be taken into account. In the top panel of Fig. 4.4 the com-
parison of the distributions of tracks in the two samples, weighted by the prescales
in an event-by-event basis, is shown. In the bottom panel the MB turn-on curve as
a function of the number of tracks is presented. The MB trigger is 100% efficient
for events with 9-10 tracks (pr > 0.4 GeV). The integrated MB trigger efficiency for
events with at least one track (with pr > 0.4 GeV) is found to be around 97%.

The efficiency measurement in MC events is defined as the ratio of the number of
events that fire the MB trigger over the number of generated events. In Fig. 4.5 we
show the trigger turn-on curves for the tracks and transverse energy in the forward
calorimeter obtained from HIJING generator at 8.16 TeV. The integrated MB trigger
efficiency at 5.02 TeV is 93.8% (from EPOS), and at 8.16 TeV is 93.8%-98.7% (from
EPOS or HIJING).



48

i* pA 8TeV
ool ® ZeroBias
F = MBHF_OR_SPT
10°F
i -
-
10° .t
g illftﬂf .
o i o o S
I IR PN AR PP IR BT IR B
0 2 4 6 8 10 12 14 16 18 20
nTrk
ml.2
N |
I - |
s - &l
e - P ER EVEREEER
C s #—#* - 'i,##
C I
0.8~ -
L -
0.6
- -
0.4
0.2; p_>0.4GeV
L MBHF_OR_SPT eff (n' ™ >1)=96.89 %
P P T AN B VAT A A I W N
00 2 4 6 8 10 12 14 16 18 20
nTrk

Figure 4.4 : Top: Comparison of the tracks distributions in zerobias and minimum-
bias samples weighted by their corresponding L1 and HLT prescales. Bottom:
Minimum-bias trigger turn-on curve as a function of tracks. The trigger efficiency for
events with at least one track with pr >0.4 GeV is shown in the figure.
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4.1.2 High-multiplicity trigger

The high-multiplicity trigger, was firstly employed in 2009, for the pp collisions at 7
TeV. After the initial success, this trigger was found to be useful and necessary for
a wide range of physics in small systems, e.g., pp and pPb collisions. The purpose of
this trigger is to record a large number of events, focusing on the high event charged-
particle multiplicity range (number of tracks that greater than 185 in a single collision,
for instance), where an event with multiplicity 185 happens only one in ten million
for pPb collisions.

The high-multiplicity trigger involves two major parts:

e L1: A trigger decision is firstly made on the scalar sum of total transverse
momentum at L1 (L1_ETT) over the CMS calorimetry, including ECAL and
HCAL, in order to to select events with high multiplicity. During 2009-2010 pp
data taking, the HF energy is also included in the calculation of Err. Starting
from the 2016 pPb 8.16 TeV run, a new algorithm has been implemented on the
L1 trigger. Instead of using total transverse momentum, the number of active

energy towers (each tower with a energy greater than 0.5 GeV) is used.

e HLT: As track reconstruction becomes available at HLT level, number of recon-
structed pixel tracks is used to filter out high multiplicity events. However, a
simple counting of all reconstructed pixel tracks would lead to significant con-
tributions from pileup events (events with more than one inelastic collisions per
bunch crossing), instead of a single event with high charged-particle multiplic-
ity. To reduce the number of pileup, the trigger proceeds with the following
sequences: the reconstructed pixel tracks with pr > 0.4 GeV, which originates

within a cylindrical region of 15 cm half length and 0.2 cm in transverse radius
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with respect to the average collision point, are used to reconstruct vertices. The
trigger then counts the number of pixel tracks with kinematic cuts of |n| < 2.4
and pr > 0.4 GeV, within a distance of 0.12 cm in z-direction to the vertex
associated with highest number of tracks. The position of vertices along the
nominal interaction point along the beam axis is required to be within +15cm

range.

Most of the high-multiplicity triggers are similar. Below, only a detail description
of the high-multiplicity trigger in pPb at 8.16 TeV is presented. In pPb collisions
at 8.16 TeV, the events in the charged multiplicity ranges above 120 were selected
on HLT using dedicated triggers with charged particle multiplicities thresholds of:
120, 150, 185, 250, and 280. The first two thresholds were seeded by L1 MB trig-
gers, while the others were seeded by tower count (TC) trigger in barrel ECAL and
HCAL detectors, where events were selected if passing a criteria in the number of
active towers. An active tower was defined as a trigger tower (ECAL+HCAL) with a
transverse energy greater than 0.5 GeV. It was used TC > 115 or 120 for multiplicity
between 185 and 250 and TC > 145 or 150 for multiplicity above 250. The reason
for the usage of two TC thresholds for the same multiplicity range is related with the
observation of a considerable variation in the noise level of HCAL during data-taking,
which showed some dependence with the LHC filling scheme for the energy considered
for TC. This non-uniformity in the trigger performance was taken into account in the
analysis, and no significant effect has been observed.

The multiplicity thresholds at HLT are defined on a set of tracks selected with:
® D > 0.4 GeV

o || <24
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e MinSepZ, < 0.12
[ J MinSepiuH < 015,

where MinSepZ;,; and MinSepZ,; represent the minimum separation in longitudinal
direction between the vertex and tracks that are reconstructed using only the pixel
detector and using the full tracker, respectively. In addition, an event selection based
on the number of pixel tracks (ranging from 40 to 140, depending on the full-tracker
track multiplicity thresholds) and vertex distance of within 15 c¢m in longitudinal
direction with respect to the detector origin, are applied. The trigger performance
can be found in Appendix. C.1, where the multiplicity ranges for the analysis are

required to have at least a trigger efficiency above 95%.
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4.2 Data and Monte Carlo samples

4.2.1 Data samples

The analysis of the CME and CMW in pPb and peripheral PbPb collisions are per-
formed using the data recoded by CMS experiment, which were certified by the data
certification team. Data are defined as good for physics analysis if all sub-detectors,
trigger and physics objects (tracking, electron, muon, photon and jet) show the ex-
pected performance. Table C.1 in Appendix. C.2 summaries the detailed information
of the data samples used in this work.

The data samples were taken in 2013 and 2016 for 5.02 and 8.16 TeV pPb collisions,
respectively, and the PbPb collisions at 5.02 TeV was recorded during the dedicated
heavy-ion run in 2015. The total integrated luminosity is about 35 nb~! for 5.02 TeV
pPb collisions, 174 nb~! for 8.16 TeV pPb collisions, and 530 ub~* for 5.02 TeV PbPb

collisions.

4.2.2 Monte Carlo generators and samples

The reconstruction performance of various physics objects, charged tracks in this
work, can be tested using the MC generators. There are two parts that are important
for the MC samples. First of all, in order to study the reconstruction algorithm
under realistic conditions with reasonable underlying physics, MC generators need
to “simulate” the data with similar particle production. In addition, the detector
condition is also required to apply on the simulation under detector simulation. In this
thesis, three different MC generators are used to determine the tracking performance,
e.g., efficiency and mis-reconstruction rate, event selection efficiency, pileup rejection

and charge asymmetry correction.
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e HIJING: The Heavy Ion Jet INteraction Generator (HIJING) [99] is used for
understanding tracking performance and charge asymmetry corretion in pPb
collisions. HIJING 1.0 is used to reproduce the particle production with multiple

nucleon-nucleon collisions.

e EPOS: The EPOS LHC Generator [100] is used as cross-check for charge asym-
metry correction in pPb collisions, as well as tracking efficiency correction.
Besides the description of particle production with multiple nucleon-nucleon

collisions, it also has an implementation of collective flow.

e HYDJET: HYDJET++ [101] is a MC event generator to simulate relativistic
heavy ion collisions considered as a superposition of the soft, hydro-type state
and the hard state resulting from multi-parton fragmentation. The HYDJET
sample is also used to derive the tracking efficiency correction table in different

charged-particle multiplicity.

In addition to description of particle production, it is also critical to have a good
simulation of the detector. The detailed MC simulation of the CMS detector response
is based on GEANT4 [102]. Particles from generators are propagated through detector

and the simulated detector signals are processed as if they are real data.
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Chapter 5

Track reconstruction and event selections

5.1 Track reconstruction

Track, the spatial trajectory of a particle, can be reconstructed using a modern par-
ticle tracking detector, e.g., the tracking system in CMS experiment. Almost all
physics analysis need to use information of tracks that produced from the collisions.
As briefly introduced in Chapter. 3, the primary function of silicon detector is to
reconstruct tracks, and the process of this reconstruction is denoted as “tracking”.
The tracking algorithm in CMS uses the information from the hits that produced
by the particle going through the silicon detector layers, where the spatial position
of those hits on the layers can be used to build a track. The particles that can be
reconstructed have to be charged particle, so that they can be deflected by the strong
magnetic field provided in CMS experiment. The tracking algorithm used is known
as the Combinatorial Track Finder (CTF) [103], which is an extension of the Kalman
Filter [104].

In the analysis of this work, the pPb and PbPb data are both reconstructed us-
ing the standard tracking algorithm, similar as was done on the pp data. However,
because of a busy environment that produced by PbPb collisions, the tracking be-
comes a challenge in the central events. A typical central event can produce up to
10000-20000 tracks, where the number of combinations using all the hit information

becomes very large and therefore takes a very long time. Therefore, the PbPb data
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can only be reconstructed using the pp or pPb algorithm up to 30% centrality. In
this section, the idea of the basic tracking algorithm is introduced, followed by the

tracking performance in pPb and PbPb collisions.

5.1.1 TIterative tracking

The dedicated tracking algorithm is essentially to solve the problem of the large combi-
natorial. The basic idea of iterative tracking is to break the whole process into smaller
steps. The initial iterations are to search for tracks that are easiest to find (e.g., of
relatively large pr, and produced near the interaction region). After each iteration,
hits associated with tracks that have already been used are removed, thereby reducing
the combinatorial complexity, and simplifying subsequent iterations in a search for
more difficult classes of tracks (e.g., low-pr, or greatly displaced tracks) [103].

After all the iterations completed, the final step is to merge all the tracks that
have been found by each iterations, where the information of which iteration one
track was originated can be found using a variable called “OriginalAlgo”. As for the
merging, it is not uncommon to have two iterations to find the same track because
early iterations use only hits from the pixel layers, and later iterations may pick up
the hits that produced by the same track in the strip layers. Therefore, if two tracks
from different iterations share a certain fraction of hits, these two tracks are merged
into one and added to the iteration with a higher track quality. If the same track
quality has been found, the earlier iteration will be assigned to the track’s “algo”
variable, different from its “OriginalAlgo”. In heavy ion events, the iterations with
low pr search window, or displaced with respect to the primary vertex take longer
time than those primarily for high pr particles. The details of the pp algorithm can

be found in Ref. [103], where the PbPb algorithm can be found in Appendix. C.3.
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5.1.2 Track selection

In the analysis presented in this thesis, the official CMS highPurity [103] tracks are
used. For further selections, a reconstructed track was considered as a primary-track
candidate if the transverse impact parameter significance, dyy/0(dxy), and the longi-
tudinal impact parameter significance, d,/o(d,) , are both less than 3 with respect to
the best primary vertex. The best primary vertex is the vertex that has the largest
number of tracks, or best x?probability if the same number of tracks is found. In
order to remove tracks with poor momentum estimates, the relative uncertainty of
the momentum measurement o(pt)/pr was required to be less than 10%. In addition,
the number of hits that associated with the pixel layer is required to be larger than
zero in order to suppress the track splitting when the pseudorapidity difference of two
tracks are very small. Primary tracks that fall in the kinematic range of |n| < 2.4 and
pr > 0.3 GeV were selected in the analysis to ensure a reasonable tracking efficiency

and low fake rate.

5.1.3 Track reconstruction performance

The performance of the track reconstruction is evaluated based on the matching of
selected reconstructed tracks and generator level particles. In CMS criteria, a track is
matched to a generator level charged particle if 75% of reconstructed hits associated
to the track are compatible with hits created in the simulation of a particle going
through the detector. In order to quantify the performance of track reconstruction,

several quantities are defined:

e Efficiency: The fraction of primary particles from generator which are matched

to at least one reconstructed track. Here, primary particle is defined to be
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charged particles produced in the collision or are decay products of particles

with a mean proper lifetime of less than 1 cm/c.

e Fake rate: The fraction of reconstructed tracks that do not match any primary

particles at generator level.

e Multiple reconstruction rate: The fraction of generator level primary particles

which match to more than one reconstructed tracks.

e Non-primary reconstruction fraction: The fraction of reconstructed tracks matched
to a non-primary particle at generator level, which is created by interactions of

the primary particles with the detector.

The track reconstruction performance is more reliable when efficiency is closer to 1
and fake rate, multiple reconstruction and non-primary reconstruction rate are closer
to 0. Figs. 5.1- 5.4 shows track reconstruction performance in pseudorapidity (n) and
transverse momentum (pr) based on MC samples from HIJING pPb simulations at

Svv = 5.02 TeV. The performance is similar in pp collisions since identical re-

NN
construction algorithm is used. Inelastic nuclear interactions are the main source of
tracking inefficiency. The formation of a track can be interrupted if a hadron under-
goes a large-angle elastic nuclear scattering. Hence the hadron can be reconstructed

as a single track with fewer hits, or as two separate tracks, or even not be found at

all. Such efficiency loss is higher at large n regions with large material content.
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Figure 5.1 : Projections of the tracking efficiency as a function of n (left) and pr

(right). The dashed line shows the lower pr limit (0.3 GeV/c) used in the analysis.
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Not only tracking performance in pPb collisions has been looked into, the PbPb
performances are also investigated using both pp and PbPb reconstruction algorithm,
in different ranges of charged-particle multiplicity. As expected, the pp tracking al-
gorithm generally outperforms the PbPb algorithm, in terms of tracking efficiency
or fake rate. Moreover, the multiplicity dependence has been studied in details. In
MC sample with a pp reconstruction, the centrality is not a good variable to classify
events as it is certainly different from that of the data, due to the detector noise in
the calorimeters. Therefore, instead of studying the tracking performance in ranges
of centrality, the charged-particle multiplicity has been used when pp tracking algo-
rithm is applied. The results that are presented in this thesis are tracking efficiency
corrected. The detail tracking performance and their comparisons of pp and PbPb

tracking algorithm can be found in Appendix. C.4.

5.1.4 Jet core iteration development

Before the jet core iterative tracking, the pixel clusters are applied with a splitting
algorithm to improve the cluster resolution around a very high pr jet. Due to the high
occupancy of a very high pr jet, e.g., two small clusters could be merged into a large
cluster, which affects the tracking performance in the later track finding. Splitting
the clusters around a defined jet axis, i.e., the transverse momentum of jet greater
than 100 GeV and R < 0.1, where 6R = \/m, can recover some merged
clusters. In heavy ion collisions, this technique cannot be directly applied without
background subtraction on the jet because the pixel cluster splitting step would be
simply run everywhere besides the real high pr jet, which results in a large amount
of memory consumption and timing. Therefore, before the pixel cluster splitting, the

background subtraction has been applied on the calorimeter jets, "akPU4CaloJets”,
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to select on real high pr energy jet regions in order to perform the splitting. The
background subtraction is a standard heavy-ion procedure in jet reconstruction. The
split clusters from the pixel cluster splitting are used to feed all tracking iterations
that listed in Table. C.2.

The jet core iterative tracking is taken place after the 4 global iterative tracking.
However, note that the tracking outputs would not be any different if jet core iterative
tracking is run earlier or any other orders because all the clusters inside of the defined
jet cone are used for track seeding instead of using the after-removal clusters from
the previous iterations. In other words, no cluster removal step is applied within the
jet core. The seeding pattern in heavy-ion jet core iterative tracking is different from
that in the pp tracking algorithm. Pixel triplets (a set of three hits) are used instead
of pairs since large amount of memory is needed for pairs (much more combinations)
and this is currently not tolerable in heavy-ion reconstructions.

Moreover, while using all the pixel clusters without cluster removal from previous
iteration, jet core iterative tracking might produce duplicate tracks from earlier iter-
ations. Track merger is run at the very last step in the tracking sequence and the
standard track merger has been applied. More specifically, if one track is found in
both pixel triplet step and jet core step, depending on their hits information, a proper
score would be assigned for each track and a higher score will win the algorithm bit
of that track. Similar as was described in Sec. 5.1.1.

The performance figures again are mainly focusing on the tracking efficiency and
fake reconstruction rates, which are shown in Fig. 5.5 by using a dijet embedded
sample with leading jet pr above 370 GeV. The jet pr is required to be greater than
100 GeV and |n| < 1.0. Only tracks with pr greater than 10 GeV are used in jet core

iterative tracking. For both the tracking efficiency and fake reconstruction rates, with
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pixel cluster splitting and jet core iterative tracking are compared before and after
their implementation. In addition, the tracking efficiency and fake reconstruction
rates are calculated from the complete sequence of tracking instead of jet core iterative

tracking alone.
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Figure 5.5 : The tracking efficiency and fake reconstruction rates are shown with track
quality high purity (top) and loose (bottom). The jet pr is greater than 100 GeV/c
and |n| < 1.0. For both the tracking efficiency and fake reconstruction rates, the

comparison between splitting plus jet core iterative tracking and without is presented.

As mentioned above, in heavy-ion jet core iterative tracking, pixel triplets is used
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for seeds instead of pixel pairs. The same tracking performance is shown in Fig. 5.6,
with using pixel pairs. By comparing Fig. 5.6 and the top figure in Fig. 5.5, there is

no huge difference between using pixel triplets and pixel pairs has been observed.

pthat370 sample highPurity

efficiency
o 54
(2] © —
T
(gO;
fake rate
5

orf e g 885 #:#

L @  splitting from pixel pair
0.5 - O without splitting

0.4 MR | _ . -
10 1 '8 (Gevie)

1 '8 (Gevic)

Figure 5.6 : The tracking efficiency and fake reconstruction rates are shown with
with track quality high purity and compared between with and without pixel cluster
splitting with jet core iterative tracking. The jet pr is greater than 100 GeV/c and
In| < 1.0. Instead of using pixel triplets as seeds, pixel pairs is used when producing

the tracking performance.

In Fig. 5.7, tracking efficiency and fake reconstruction rates are shown with high
purity track selection and with all the dijet pr hat samples combined, weighted by
the corresponding jet pr cross sections. The default option, pixel cluster splitting
and jet core iterative tracking, is shown with only pixel cluster splitting and only jet
core iterative tracking. Overall, the improvement mostly comes from the additional
jet core iterative tracking instead of pixel cluster splitting.

Finally, the timing of each iteration together with pixel cluster splitting step is

studied. In Fig. 5.8, the timing, defined as second per event, is shown as a function
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Figure 5.7 : The tracking efficiency and fake reconstruction rates are shown with all
the pr hat samples combined. The jet pr is greater than 100 GeV and || < 1.0. For
both the tracking efficiency and fake reconstruction rates, the comparison between
the default option, pixel cluster splitting and jet core iterative tracking, and with only

pixel cluster splitting and only jet core iterative tracking are presented.
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of HF energy. The timing goes up when the HF energy goes up corresponding to the
longer timing process in more central events. The relative timing between different
iterations are compared and it is shown that the pixel cluster splitting and jet core
iterative tracking do not increase the reconstruction time significantly. Therefore,

these two developments were implemented for the PbPb reconstruction algorithm

since 2015.
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Figure 5.8 : The timing of each heavy-ion track reconstruction iterations is presented.

The unit time per event is plotted as a function of HF energy.
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5.2 Offline selection of collision events

Based on the triggered events, e.g., MB or high-multiplicity events, offline analysis
event selections are applied in order to further reject events that are not hadronic, or
from beam-gas collisions in the beam pipe.

In pPb collisions, in order to select non-single-diffractive (NSD) events, a coinci-
dence of at least one calorimeter tower of more than 3 GeV in total energy on both
side of the Forward Calorimeter (HF) in CMS, between 3.0 < || < 5.0 units. For
event track multiplicity greater than 10, the fraction of high-purity tracks is required
to be less than 25% in order to remove the beam-induced background events. In ad-
dition, events are also required to at least have a valid reconstructed primary vertex,
with at least two tracks associated with it, where this vertex has to be within 4+15
cm in the beam direction and a radius of p < 0.15 c¢m in the transverse direction with
respect to the average transverse positions of all vertices.

In PbPb collisions, similar event selections are applied. Instead of only one
calorimeter tower, it requires at least 3 towers with each above 3 GeV on both side
of the HF between 3.0 < || < 5.0 units.

Among those pPb interactions simulated with the EPOS [105] and HIJING [99]
event generators, which have at least one primary particle with total energy £ > 3
GeV in both 7 ranges of —5 < n < —3 and 3 < n < 5, the above criteria are found to
select 97-98% of the events for pPb.

For example, in order to estimate the efficiency of the online and offline selection
on data (MB trigger and event selection), the 8 TeV HIJING turn-on curves (trigger
plus event selection) are used to weight the data events passing the trigger and event
selection conditions. In Fig. 5.9 we show the tracks distribution of selected events

together with the distribution of selected events weighted by the MC efficiency. The
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data selection efficiency is computed from the ratio of the integrals of the weighted
and unweighted selected samples. The resulting trigger and event selection efficiency

was found to be about 98%.
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Figure 5.9 : Distribution of transverse energy in the forward calorimeter, denoted as
“hiHFplusEta4” in the axis label in units of GeV. The estimation of the minimum
bias and trigger selection efficiency is performed from the ratio of the number of

events in the selected sample with the selected sample weighted by the MC efficiency

In pPb collision, the pileup effect has been largely removed by separating the
primary vertex (for physics analysis) with all other vertices. The detail algorithm can
be found in Appendix. C.5. The pileup effect in PbPb collisions has been found to

be negligible.
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5.3 Multiplicity classification

Most of the analysis has been performed in bins of track multiplicity, similarly to
what was done in Ref. [73,77,83].

The full track multiplicity range is divided into many different multiplicity bins:
[0,20), [20,30), [30,40), [40,50), [50,60), [60,80), [80,100), [100,120), [120,150), [150,185),
[185,220), [220,260), [260,300), [300, 350). The fractions of total number of events for
each multiplicity bin, as well as the average track multiplicity before and after cor-
rections, are summarized in Table 5.1 for pPb data. The uncertainties on ( Nggreeted
come from track quality cuts and from the tracking efficiency correction procedure, a
total systematic uncertainty of 3.2%.

In order to compare directly the pPb and PbPb systems using event selections
based on the multiplicity of the collisions, a subset of data from peripheral PbPb
collisions collected during the 2011 LHC heavy-ion run with a minimum bias trigger
were reanalyzed using the same track reconstruction algorithm as the one employed
for pPb collisions. The selection of events and tracks is the same as for the present pPb
analysis although a different trigger is used. A description of the 2011 PbPb data can
be found in Ref. [106]. The average N2 and NEgreeted values, and corresponding
average PbPb collision centrality, as determined by the total energy deposited in
the HF calorimeters [107], are listed in Table 5.2 for each N2 bin. Similarly,
the uncertainties on N™*°d come from track quality cuts and from the tracking
efficiency correction procedure, a total of 3.2%. To optimize statistical precision of
the results, multiplicity classes are combined together as needed.

In PbPb collisions, in order to compare with other experiment, the data is also
divided into classes based on centrality for the mid-central events (30-50%). The

corresponding average Nofine and Negrected are given in the Table 5.1.



70

Table 5.1 : Fraction of the full event sample in each multiplicity bin and the average

multiplicity per bin for pPb data. The multiplicity of offline reconstructed tracks,

Neffine - was counted within the kinematic cuts of || < 2.4 and pr > 0.4 GeV. The
Voffline

third and forth columns list the average values of N\ as well as the average of

Negrreeted “the event multiplicity corrected for all detector and algorithm inefficiencies.

Multiplicity bin (N2Hine) | Fraction <N§ffme> < Nqrrected

MB 1.00 40 5042
[0, 20) 0.31 10 1241
20, 30) 0.14 25 3041
30, 40) 0.12 35 4242
(40, 50) 0.10 45 5442
50, 60) 0.09 54 6643
(60, 80) 0.12 69 8444
80, 100) 0.07 89 108+5
100, 120 0.03 109 13246

[120, 150 0.02 132 159£7

[150, 185 4 %1073 | 162 195+9
[220, 260 6 x 107° | 232 28012

[260, 300 3x 1076 | 271 328+14

)
)
)
[185, 220) 5x 107" | 196 236410
)
)
)

[300, 350 1 x 1077 | 311 374+16
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Table 5.2 : Average centrality under standard definition based on HF total energy
in each multiplicity bin and the average multiplicity per bin for PbPb data. The
multiplicity of offline reconstructed tracks, N2 was counted within the kinematic
cuts of |n| < 2.4 and pr > 0.4 GeV. The third and forth columns list the average

values of Neffine a5 well as the average of Negreetd the event multiplicity corrected

for all detector and algorithm inefficiencies.

Multiplicity bin (Ngfne) | <Centrality> + RMS (%) | (Ngffine) | ( Ngqrrected)

[0, 20) 9244 10 13+1
20, 30) 8644 24 3041
30, 40) 8344 34 4342
(40, 50) 8044 44 5542
[50, 60) 7843 54 6843
(60, 80) 7543 69 8744
30, 100) 7243 89 11245
100, 120 7043 109 13746

[120, 150 67£3 134 168+£7

[150, 185 64+3 167 210+9
[220, 260 09£2 239 299113

[260, 300 S7£2 279 35015

)
)
)
185, 220) 622 202 253+11
)
)
)

[300, 350 552 324 30518
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Table 5.3 : The selected centrality interval and the corresponding average multiplicity
per interval for PbPb data is shown. The multiplicities N2 and Negreeted are
determined for |n| < 2.4 and pr > 0.4 GeV before and after efficiency corrections,

respectively.

Centrality interval (%) <Nt°rffine> < Nggrrected

30-35 1258 1573469
35-40 1026 1283156
40-45 811 1014445

45-50 625 781+34
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Chapter 6

Search for chiral magnetic effect in pPb and PbPb
collisions

This chapter presents measurements of charge-dependent azimuthal correlation in
pPD collisions at /s, ;= 5.02 TeV and 8.16 TeV, taken by CMS detector in 2013 and
2016, respectively. The results are compared to semi-peripheral PbPb collision at
VSyn= 9.02 TeV, with similar charged-particle multiplicities. The charge-dependent
correlation, using two- and three-particle correlators that are described in this chap-
ter, are explored as a function of pseudorapidity difference (|An|) between two charged
particles, transverse momentum difference (|Apr|), and the average pr of two charged
particles (py). In addition, the charge-dependent correlators are also investigated as
a function of centrality and event multiplicity, averaged over |An| < 1.6 between the
two charged particles. Besides the conventional three-particle correlator with respect
to the second-order event plane 7112, a new correlator with respect to the third-order
event plane, 93, is developed, where this correlator is expected to be CME free (in-
troduced in Chapter 2.4) and would be useful to constrain the background correlation
in a data-driven way. In order to explicitly observe the flow-driven background and
to see if there is any hint of CME signal, the two- and three-particle correlators are
presented as a function of vy, where an event shape engineering technique is used in
order to vary the v, without changing event multiplicity or centrality. Finally, an
upper limit of the CME fraction at LHC energies is derived for both pPb and PbPb

collisions.
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The majority of the work presented in this chapter is published in Refs. [87,108].

6.1 Analysis techniques of charge-dependent azimuthal cor-

relations with respect to the event planes

1. Three-particle correlator with respect to the second-order event plane: the tra-
ditional method of measuring the CME is to use the ~-correlator (7 and ;12 are
used interchangeably in this thesis), which was introduced in Sec. 2.1, and there-
fore not repeated. Note that the three-particle correlator is calculated using the
Q-vectors, and the particle ¢ to reconstruct the event planes are selected in the
forward region to suppress the short-range nonflow correlations. The details of

the correlator can be found in the Sec. 6.1.1.

2. Higher-order harmonic three-particle correlator: by constructing a charge-dependent

correlator with respect to the third-order event plane,

Y23 = (cos(¢a + 205 — 3¥3)) , (6.1)

charge-dependent background effects unrelated to the CME can be explored. In
particular, in the context of the local charge conservation mechanism, the ;93

correlator is also expected to have a background contribution, with

Yoy = K3 (co8(da — 05)) (cos3(ds — W3)) = k3 dvs, (6.2)

similar to that for the ;15 correlator as given in Eq. (2.6). As the ko and k3 pa-
rameters mainly depend on particle kinematics and detector acceptance effects,
they are expected to be similar, largely independent of harmonic event plane or-

ders. The relation in Eq. (6.2) can be generalized for all “higher-order harmonic”
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three-particle correlators, 71 ,—1., = Ky, d v,. Derivation of Eq. (6.2) as well as
generalization to all higher-order harmonics can be found in Appendix A.1,
which follows similar steps as for that of Eq. (2.6) given in Ref. [68]. One
caveat here is that when averaging over a wide n and pr range, the x, value
may also depend on the 1 and pr dependence of the v, harmonic, which is

similar, but not exactly identical between the vy and vg coefficients [42,83].

By taking the difference of correlators between same- and opposite-sign pairs
(denoted as Ay and Avj93 among three particles, and Ad between two par-
ticles) to eliminate all charge-independent background sources, the following
relation is expected to hold if the charge dependence of three-particle correla-
tors is dominated by the effect of local charge conservation coupled with the

anisotropic flow:

Aviig Az
Ad Vo Ad V3 .

(6.3)

Therefore, an examination of Eq. (6.3) will quantify to what extent the proposed
background from charge conservation contributes to the 115 correlator, and will

be a critical test of the CME interpretation in heavy ion collisions.

. Event shape engineering (ESE): to establish directly a linear relationship be-
tween the charge-dependent part of ;15 correlator, Av1q, the ratio, Avy;19/Ad,
and vy coefficient, the ESE technique [92] is employed. A linear function would
be fitted to the Avyy15 and Avy15/Ad as a function of v in a narrow multiplicity
or centrality range, the finite intercepts can be extracted, as well as an upper

limit on the vs-independent component fraction.
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6.1.1 Calculations of two- and three-particle correlators using Q-vectors

Without directly reconstructing the event plane, the expression given in Eq. (2.4)
can be alternatively evaluated using a three-particle correlator with respect to a third
particle [20,109], (cos(¢a + @5 — 2¢.)) /v, Where v, is the elliptic flow anisotropy
of particle ¢ with inclusive charge sign. The three-particle correlator is measured via
the scalar-product method of @ vectors. A complex ) vector for each event is defined
as @, = Zf\il w;e™? /W where ¢; is the azimuthal angle of particle i, n is the Fourier
harmonic order, M is the number of particles in the (),, calculation in each event,
w; is a weight assigned to each particle for efficiency correction, and W = Zf‘il w;
represents the weight of the ) vector. In this way, the three-particle correlator can be
expressed in terms of the product of ) vectors, i.e., Q1 and Q1 g, when particles «
and [ are chosen from different detector phase-space regions or carry different charge

signs,

oy = S0S(0a 05 = 200) _ (@1a@1sQhirs) 6.4)
= Y19 = = , .
U2,c <Q2,HF:{:Q;’HF$><Q2,HF:{:Q§’trk>
(Q2rsQ3 )

where the angle brackets on the right-hand side denote an event average of the -
vector products, weighted by the product of their respective total weights W. Here
(Q2,u:x is the charge inclusive ()5 vector of all particles in the tracker region, and (2 pp+
denotes the o-vector for particles ¢ detected in the HF towers. When particles «
and [ are of the same sign and share the same phase space region (denoted as o = 3),
an extra term is needed to remove the contribution of a particle pairing with itself,

so evaluation of the three-particle correlator is modified as
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_ (cos(@a + dp — 20c)) <Q112Q;,HFi>

T2 = = : (6.5)
V2,c <Q2,HFi QS,HFQ <Q2,HFiQ;7trk>
(QursQ3 )
where the Q112 is defined as,
2
(Z wiei@) — Y w?ei2e

Quz = = = ; (6.6)

(5+) -5

i=1
and the denominator of Eq. (6.6) is the respective event weight associated with Q112.

In the numerators of Egs. (6.4) and (6.5), the particles a and § are identified
in the tracker, with |n| < 2.4 and 0.3 < pr < 3 GeV, and are assigned a weight
factor w; to correct for tracking inefficiency. The particle ¢ is selected by using the
tower energies and positions in the HF calorimeters with 4.4 < |n| < 5.0. This choice
of n range for the HF towers imposes an 7 gap of at least 2 units with respect to
particles o and 8 from the tracker, to minimize possible short-range correlations.
To account for any occupancy effect of the HF detectors resulting from the large
granularities in 77 and ¢, each tower is assigned a weight factor w; corresponding to
its Ervalue when calculating the () vector. The denominator of the right-hand side of
Egs. (6.4) and (6.5) corresponds to the vy . using the scalar-product method [20,109],
with Q2 and Q2 prs denoting ()2 vectors obtained from the tracker and the two
HF detectors (positive and negative n side) with the same kinematic requirements
as for the numerator. The three-particle correlator is evaluated for particles o and
[ carrying the same sign (SS) and opposite sign (OS). The SS combinations, (4, +)
and (—,—), give consistent results and are therefore combined. For pPb collisions,
the three-particle correlator is also measured with particle ¢ from HF+ and HF—,

corresponding to the p- and Pb-going direction, respectively. For symmetric PbPb
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collisions, the results from HF+ and HF— are consistent with each other and thus
combined.

The higher-order harmonic three-particle correlator, 193, defined in Eq. (6.1), is
evaluated in exactly the same way as the ;19 correlator as follows when particles «

and [ do not overlap,

s = (cos(¢a + 205 — 3¢.)) _ <Q1,QQ2,5Q§,HFi> 6.7)
Us.c (Qo,114 Q pip ) (Qo.mr Q50 )
(Qanrs Q5 i)

with higher-order @ vectors for particles a and 8 of SS and OS. Similarly to Eq. (6.5)

when particles o and [ can overlap, the 153 can be evaluated via

_ {cos(¢a +2¢5 — 3¢.)) (Q123Q3 rrs)
V123 = = , (6.8)
Us,e (Qs,1ur+ Q5 o ) (Qsup Q5 1)
(Qa1r+Q3 o)

where (123 is defined as

< w;e S wiei%i) — Y w?eidoi
i=1 i=1 i=1

Q123 = , (6.9)

(5) -2+

i=1
and the respective event weight associated with (123 is the denominator of Eq. (6.9).
Similarly, the charge-dependent two-particle correlator, § = (cos(¢, — ¢3)), is also
evaluated with () vectors as 0 = <Q1’QQ’1‘7B> when particles a and [ are chosen from
different detector phase-space regions (or from particles with opposite charge signs),

or otherwise,

5= < <1w<6;21;;e;) Qizlwi2> , (6.10)

i=1

and the respective event weight is the denominator of Eq. (6.10).
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The effect of the nonuniform detector acceptance is corrected by evaluating the
cumulants of Q-vector products [110]. While the correction is found to be negligible
for the 112 and 9 correlators, there is a sizable effect of 5-10% correction to the ~yq23

correlator.

6.1.2 Event shape engineering

In the ESE analysis, within each multiplicity range of pPb or centrality range of PbPb
data, events are divided into different ¢y classes, where ¢ is defined as the magnitude
of the Q5 vector. In this analysis, the ¢y value is calculated from one side of the HF
region within the range 3 < 1 < 5 for both pPb and PbPb collisions (weighted by the
tower Er), where in pPb collisions only the Pb-going side of HF is used because of the
poor resolution from a relatively low charged-particle multiplicity on the proton-going
side. In each ¢ class, the vy harmonic is measured with the scalar product method
using a common resolution term (ve.) as in the 7112 correlator. Therefore, the vy

from the tracker region can be expressed in terms of the Q-vectors as

<Q2,aQ§,HFi>
\/<Q2,HF¢Q;’HF;F> (Q2mr+Q3 ) 7

<Q2,HF:FQ§,trk>

(6.11)

Vo =

where particles from the HF are selected from the same region as particle ¢ in the
Y112 correlator.

In PbPb collisions, the particle ¢ in the 7115 correlator is taken from the HF
detector that is at the opposite n side to the one used to calculate ¢o. However,
the results are in good agreement with those where the particle ¢ for ;15 and ¢y is
measured from the same side of the HF detector, which can be found in Appendix A.2.
In pPb collisions, the particle ¢ in the 712 correlator with respect to the Pb- and p-

going sides is studied, when ¢y is measured only in the Pb-going side. The results
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are found to be independent of the side in which the particle ¢ is detected (shown in

Fig. 6.15 upper panel).
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Figure 6.1 : The g classes are shown in different fractions with respect to the total
number of events in multiplicity range 185 < Ngiine < 250 in PbPb (left) and pPb

(right) collisions at /s, = 5.02 and 8.16 TeV, respectively.

In Fig. 6.1, the HF ¢, distributions are shown for PbPb and pPb collisions in
the multiplicity range 185 < Ngffine < 950, where most of the high-multiplicity pPb
events were recorded by the high-multiplicity trigger in this range. As indicated
by the vertical dashed lines, the distribution is divided into several intervals with
each corresponding to a fraction of the full distribution, where 0-1% represents the
highest ¢o class. For each ¢y class, the three-particle 715 is calculated with the
default kinematic regions for particles «, 3, and ¢, and the vy harmonics from the
tracker (|n| < 2.4) are also obtained by the scalar-product method [111]. The pPb
and PbPDb results are presented in Section 6.3.3 for both SS and OS pairs, as well as

the differences found for the two charge combinations.
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Figure 6.2 : The correlation between the tracker v, and the HF g5 is shown for pPb

and PbPb collisions at collisions at /5, = 8.16 and 5.02 TeV, respectively.

In Fig. 6.2, the vy values for tracker particles as a function of the average ¢s in
each HF ¢, class are shown. A proportionality close to linear is seen, indicating the

two quantities are correlated because of the initial-state geometry [112].
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6.2 Results of charge-dependent azimuthal correlation with
respect to the second-order event plane in pPb and PbPb

collisions at /s, = 5.02 TeV
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Figure 6.3 : The same (SS) and opposite sign (OS) three-particle correlator as a
function of |An| = |5, — ng| for 185 < NoMime < 220 in (a) pPb and (b) PbPb
collisions at /s = 5.02 TeV. The pPb results obtained with particle ¢ in Pb-going
(solid markers) and p-going (open markers) sides are shown separately. Statistical
and systematic uncertainties are indicated by the error bars and shaded regions,
respectively.

Measurements of the charge-dependent three-particle correlator are shown in Fig. 6.3
as a function of the pseudorapidity difference (|An| = |7, —ns|) between charged par-
ticles @ and [ with the same and opposite signs, in the multiplicity range 185 <
Ngitme <220 for pPb and PbPb collisions at /5, = 5.02 TeV. The pPb data
are obtained with particle ¢ in the Pb- and p-going sides separately. In both pPb
and PbPb systems, a charge dependence of the three-particle correlator is observed

for |An| up to about 1.6. In this range, the SS correlators show significant negative
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values as |An| decreases, while the OS correlators become positive towards |An| = 0.
For |An| > 1.6, the SS and OS correlators converge to a common positive value,
which is weakly dependent on |An| up to about 4.8 units. Similar |An| dependence
of the three-particle correlator has been reported at /s = 0.2 TeV [109] and 2.76
TeV [64], measured up to |An| =~ 1.6. In pPb collisions, three-particle correlators
obtained with particle ¢ from the p-going side are shifted toward more positive values
than those from the Pb-going side by approximately the same amount for both the
SS and OS pairs. The Pb-going side results for the pPb collisions are of similar mag-
nitude as the results for PbPb collisions. The common shift of SS and OS correlators
between the p- and Pb-going side reference (c¢) particle, may be related to sources of
correlations that are charge-independent, such as directed flow and the momentum
conservation effect, the latter being sensitive to the difference in multiplicity between
p- and Pb-going directions.

To explore the multiplicity or centrality dependence of the three-particle correla-
tor, an average of the results in Fig. 6.3 over |An| < 1.6 (charge-dependent region)
is taken, where the average is weighted by the number of particle pairs in each |An|
range. The resulting |An|-averaged three-particle correlators are shown in Fig. 6.4 as
a function of Nfine for pPh (particle ¢ from the Pb-going side) and PbPb collisions
at \/syy = 5.02 TeV. Up to Nefiline — 300, the pPb and PbPb results are measured
in the same NoMm¢ ranges. The centrality scale on the top of Fig. 6.4 relates to the
PbPb experimental results. Within uncertainties, the SS and OS correlators in pPb
and PbPb collisions exhibit the same magnitude and trend as a function of event
multiplicity. The OS correlator reaches a value close to zero for N2iine > 200, while
the SS correlator remains negative, but the magnitude gradually decreases as Noiine

increases. Part of the observed multiplicity (or centrality) dependence is understood
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Figure 6.4 : The same sign (SS) and opposite sign (OS) three-particle correlator
averaged over |1, — 1| < 1.6 as a function of N2 in pPh and PbPb collisions at
VSyy = 5.02 TeV are shown. Statistical and systematic uncertainties are indicated
by the error bars and shaded regions, respectively.

as a dilution effect that falls with the inverse of event multiplicity [20]. The no-
tably similar magnitude and multiplicity dependence of the three-particle correlator
observed in pPb collisions relative to that in PbPb collisions again indicates that
the dominant contribution of the signal is not related to the CME. The results of
SS and OS three-particle correlators as functions of centrality in PbPb collisions at
VSyy = 5.02 TeV are also found to be consistent with the results from lower energy
AA collisions [20,64].

To eliminate sources of correlations that are charge independent (e.g., directed
flow, v1) and to explore a possible charge separation effect generated by the CME,
the difference of three-particle correlators between OS and SS is shown as a function

of |An| in the multiplicity range 185 < Ngifline < 220 (Fig. 6.5 (a)) and as a function
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Figure 6.5 : The difference of the opposite sign (OS) and same sign (SS) three-
particle correlators (a) as a function of |n, — ng| for 185 < Niline < 220 and (b) as
a function of N2iine  averaged over |, — 15| < 1.6, in pPb and PbPb collisions at
VSyy = 5.02 TeV. The pPb results are obtained with particle ¢ from Pb- and p-going
sides separately. Statistical and systematic uncertainties are indicated by the error

bars and shaded regions, respectively.

of N2tMine ayveraged over |An| < 1.6 (Fig. 6.5 (b),) for pPb and PbPb collisions at
VSyn = 9.02 TeV. After taking the difference, the pPb data with particle ¢ from
both the p- and Pb-going sides, and PbPb data, show nearly identical values. The
charge-dependent difference is largest at |An| ~ 0 and drops to zero for |An| > 1.6,
and also decreases as a function of Nofine, The striking similarity in the observed
charge-dependent azimuthal correlations strongly suggests a common physical origin.
In PbPb collisions, it was suggested that the charge dependence of the three-particle
correlator as well as its |An| dependence are indications of the charge separation
effect with respect to the event plane due to the CME [20, 64]. However, as argued

earlier, a strong charge separation signal from the CME is not expected in a very

high-multiplicity pPb collision. The similarity seen between high-multiplicity pPb
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and peripheral PbPb collisions challenges the attribution of the observed charge-
dependent correlations to the CME. Note that there is a hint of a slight difference
between pPb and PbPb in the slopes of the N2 dependence in Fig. 6.5 (b), where
the systematic uncertainties are point-to-point correlated. This difference is worth

further investigation.

6.3 Results of charge-dependent azimuthal correlation with
respect to the second- and third-order event plane in
pPb at /s, = 8.16 TeV and PbPb collisions at /s, =

5.02 TeV

6.3.1 Charge-dependent two- and three-particle correlators

Measurements of the charge-dependent three-particle (7112, Y123) and two-particle
(0) correlators are shown in Fig. 6.6 as functions of the |An| between SS and OS
particles & and 3, in the multiplicity range 185 < N2iine < 250 for pPb collisions at
VSyy = 8.16TeV and PbPb collisions at 5.02 TeV. The SS and OS of § correlators
are shown with different markers to differentiate the two-particle correlation from the
three-particle correlation with a particle ¢ in the forward rapidity. The pPb data are
obtained with particle ¢ in the Pb- and p-going sides separately. The multiplicity
range 185 < Nofine < 950 for PbPb data roughly corresponds to the centrality range
60-65%.

Similar to the observation reported in Ref. [87], the three-particle 115 (Figs. 6.6a
and 6.6b) and 93 (Figs. 6.6¢c and 6.6d) correlators show a charge dependence for
|An| up to about 1.6, in both pPb (5.02 [87] and 8.16 TeV) and PbPb (5.02 TeV)

systems. Little collision energy dependence of the 7,15 data for pPb collisions is found
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Figure 6.6 : The SS and OS three-particle correlators, v112 (upper) and 7123 (middle),
and two-particle correlator, § (lower), as a function of |An| for 185 < Nefine < 250
in pPb collisions at /5, = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right).
The pPb results obtained with particle ¢ in Pb-going (solid markers) and p-going
(open markers) sides are shown separately. The SS and OS two-particle correlators
are denoted by different markers for both pPb and PbPb collisions. Statistical and
systematic uncertainties are indicated by the error bars and shaded regions, respec-
tively.

from /s, = 5.02TeV to 8.16 TeV within uncertainties (as will be shown later in
Figs. 6.9 and 6.11 as a function of event multiplicity). For |An| > 1.6, the SS and OS
correlators converge to a common value, which is weakly dependent on |An| out to
about 4.8 units. In pPb collisions, the 7,15 correlator obtained with particle ¢ from
the p-going side is shifted toward more positive values than that from the Pb-going
side by approximately the same amount for both the SS and OS pairs. This trend

is reversed for the higher-order harmonic 793 correlator, where the Pb-going side

data are more positive than the p-going side data. The Pb-going side results for the
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Figure 6.7 : The SS and OS three-particle correlators, v112 (upper) and 7123 (middle),
and two-particle correlator, § (lower), as a function of |Apy| for 185 < Noffline < 250
in pPb collisions at /5., = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right)
collisions. The pPb results obtained with particle ¢ in Pb-going (solid markers) and
p-going (open markers) sides are shown separately. The SS and OS two-particle corre-
lators are denoted by different markers for both pPb and PbPb collisions. Statistical
and systematic uncertainties are indicated by the error bars and shaded regions, re-
spectively.

~112 correlator for the pPb collisions are of similar magnitude as the results for PbPb
collisions, although a more pronounced peak structure at small |An| is observed in pPb
collisions. The common shift of SS and OS correlators between the p- and Pb-going
side reference (c¢) particle may be related to sources of correlation that are charge
independent, such as directed flow (the first-order azimuthal anisotropy in Eq. (2.3))
and the momentum conservation effect, the latter being sensitive to the difference
in multiplicity between p- and Pb-going directions. The two-particle d correlators

(Figs. 6.6e and 6.6f) for both SS and OS pairs also show a decreasing trend as |An|
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increases and converge to the same values at |An| ~ 1.6, similar to that for the three-
particle correlators. The values of both OS and SS ¢ correlators are found to be larger
in pPb than in PbPb collisions at similar multiplicities. As the ¢ correlator is sensitive
to short-range jet-like correlations, reflected by the low-|An| region, this effect may
be related to the higher-pr jets or clusters in pPb compared to PbPb collisions at
similar multiplicities, as suggested in Ref. [83], because of short-range two-particle

An-A¢ correlations.
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Figure 6.8 : The SS and OS three-particle correlators, v112 (upper) and 7123 (middle),
and two-particle correlator, § (lower), as a function of py for 185 < Npffline < 950 in
pPb collisions at /5., = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right).
The pPb results obtained with particle ¢ in Pb-going (solid markers) and p-going
(open markers) sides are shown separately. The SS and OS two-particle correlators
are denoted by different markers for both pPb and PbPb collisions. Statistical and
systematic uncertainties are indicated by the error bars and shaded regions, respec-
tively.

To provide more detailed information on the particle pt dependence of the cor-
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relations, the 7112, Y123, and 0 correlators are measured as functions of the pr dif-
ference (|Apr| = |pra — prg|) and average (Dr = (pra + prg)/2) of the SS and
OS pairs in pPb and PbPb collisions, and shown in Figs. 6.7 and 6.8. The |Apt|-
and pp-dependent results are averaged over the full || < 2.4 range. In particular,
the charge-dependent correlations from the CME are expected to be strongest in the
low-pr region [56].

For all correlators, similar behaviors between pPb and PbPb data are again ob-
served. The trends in |Apr| for v112 and 793 correlators seem to be opposite. The
7112 correlator increases as a function of [Apr|, while a decreasing trend is seen for
the 7123 correlator up to |Apt| = 2 GeV, where 7,93 becomes constant in |Apr|. The
opposite behavior observed between the 115 and 123 correlators is related to back-to-
back jet-like correlations, which give a positive (negative) contribution to even- (odd-)
order Fourier harmonics [113]. The § correlators decrease monotonically as functions
of |Apt| for both SS and OS pairs in pPb and PbPb collisions. This trend of de-
creasing for J is consistent with the expectation from either transverse momentum
conservation or back-to-back jet correlations [66].

In terms of the py dependence in Fig. 6.8, all three correlators for both SS and OS
pairs show very similar behaviors in the low-p region, which is likely a consequence
of the same physical origin. However, an opposite trend starts emerging at p; ~ 1.6
GeV, most evidently for 115 and 4. Within the 0.3 < pr < 3 GeV range, as pp
increases toward 3 GeV, both particles of a pair tend to be selected with a high-
pr value, while for low-pr or any |Apt| values, the pair usually consists of at least
one low-pr particle. This may be the reason for a different trend seen at high p.
The qualitative behavior of the data is captured by the A Multi-Phase Transport

model [114,115]. In Appendix A.3, all three correlators as functions of |An|, Apr,
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and py in different multiplicity and centrality ranges in pPb and PbPb collisions, can

be found.
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Figure 6.9 : The SS and OS three-particle correlators, v11o (upper) and 7,23 (middle),
and two-particle correlator, § (lower), averaged over |An| < 1.6 as a function of Noiine
in pPb collisions at /s, = 8.16 TeV and PbPb collisions at 5.02 TeV. The SS
and OS two-particle correlators are denoted by different markers for pPb collisions.
The results of v;12 for pPb collisions at 5.02 TeV from CMS Collaboration (CMS
2017: [87]), are also shown for comparison. Statistical and systematic uncertainties

are indicated by the error bars and shaded regions, respectively.

To explore the multiplicity or centrality dependence of the three- and two-particle
correlators, an average of the data is taken over |An| < 1.6, corresponding to the

region in Fig. 6.6 which exhibits charge dependence. The average over |An| < 1.6
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Figure 6.10 : The difference of the OS and SS three-particle correlators, v112 (upper)
and 7123 (middle), and two-particle correlator, § (lower) as functions of An (left),
Apr (middle), and py (right) for 185 < Ngifine < 250 in pPb collisions at /5, = 8.16
TeV and PbPb collisions at 5.02 TeV. The AJ correlator is denoted by a different
marker for pPb collisions. The pPb results are obtained with particle ¢ from Pb- and
p-going sides separately. Statistical and systematic uncertainties are indicated by the
error bars and shaded regions, respectively.

is weighted by the density of particle pairs in |An|, and all further plots averaged
over |An| < 1.6 are weighted similarly. The resulting |An|-averaged data of 7112, Y123
and § are shown in Fig. 6.9 for both OS and SS pairs, as functions of Ngffine for
pPb collisions at /s, = 8.16 TeV (particle ¢ from the Pb-going side) and PbPb
collisions at 5.02 TeV. Previously published pPb data at 5.02 TeV are also shown
for comparison [87]. The centrality scale on the top of Fig. 6.9 relates to the PbPb

experimental results. Up to N2Mine = 400, the pPb and PbPb results are measured
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in the same N2 ranges. The new pPb data at 8.16 TeV extend the multiplicity
reach further than the previously published pPb data at 5.02 TeV (which stopped at
Nefiine ~ 300).

Within the uncertainties, the SS and OS 7,15 correlators in pPb and PbPb colli-
sions exhibit the same magnitude and trend as functions of event multiplicity. The
pPb data are independent of collision energy from 5.02 to 8.16 TeV at similar multi-
plicities. This justifies the comparison of new pPb data and PbPb data at somewhat
different energies. For both pPb and PbPb collisions, the OS correlator reaches a
value close to zero for Nofine > 200, while the SS correlator remains negative, but
the magnitude gradually decreases as N2Min® increases. Part of the observed multi-
plicity (or centrality) dependence is understood as a dilution effect that falls with
the inverse of event multiplicity [20]. The notably similar magnitude and multiplicity
dependence of the three-particle correlator, v;12, observed in pPb collisions relative to
that in PbPDb collisions again indicates that the dominant contribution of the signal
is not related to the CME. The results of SS and OS three-particle correlators as
functions of centrality in PbPb collisions at /s = 5.02 TeV are also found to be
consistent with the results from lower energy AA collisions [20,64]. However, values of
123 correlators between pPb and PbPb are observed to be different, unlike those for
~112 correlators. As the CME contribution to 7,23 is not expected, the data suggest
different properties of backgrounds in pPb and PbPb systems. If the ;15 correlator
in pPb data is expected to be background dominated, as argued earlier, the similarity
found to the PbPb data in 7315 requires further understanding. The two-particle §
correlators show a similar trend in multiplicity between pPb and PbPb systems, but
a larger splitting between OS and SS pairs is observed in pPb than in PbPb data.

To eliminate sources of correlations that are charge independent (e.g., directed
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Figure 6.11 : The difference of the OS and SS three-particle correlators, v112 (upper)

and 7193 (middle), and two-particle correlator, § (lower), averaged over |An| < 1.6 as

a function of Ngifi"e in pPb collisions at /5, = 8.16 TeV and PbPb collisions at

5.02 TeV. The pPb results are obtained with particle ¢ from Pb- and p-going sides

separately. The Ad correlator is denoted by a different marker for pPb collisions.

The results of ~;12 for pPb collisions at 5.02 TeV from CMS Collaboration (CMS

2017: [87]), are also shown for comparison. Statistical and systematic uncertainties
are indicated by the error bars and shaded regions, respectively.
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flow, v;) and to explore a possible charge separation effect generated by the CME
or charge-dependent background correlations, the differences of three-particle corre-
lators, Avy112 and Avqo3, and two-particle correlator, Ad, between OS and SS are
shown in Fig. 6.10 as functions of |An|, |Apt|, and py in the multiplicity range
185 < Ngifine < 250 for pPb collisions at /5, = 8.16 TeV and PbPb collisions at
5.02 TeV.

After taking the difference, the three-particle correlators, Avy;12 and A~vq93, in pPb
collisions with particle ¢ from either the p- or Pb-going side, and in PbPb collisions,
show nearly identical values, except in the high py region. Note that for OS and SS
correlators separately, this similarity between pPb and PbPb is only observed for the
712 correlator. As a function of |An|, the charge-dependent difference is largest at
|An| ~ 0 and drops to zero for |An| > 1.6 for both systems. The striking similarity
in the observed charge-dependent azimuthal correlations between pPb and PbPb as
functions of |An|, |Apr| and Py strongly suggests a common physical origin. As
argued in Ref. [87], a strong charge separation signal from the CME is not expected
in a very high-multiplicity pPb collisions, and not with respect to W3 (for the ;a3
correlator) in either the pPb or PbPb system. The similarity seen between high-
multiplicity pPb and peripheral PbPb collisions for both A~v;15 and A~93 further
challenges the attribution of the observed charge-dependent correlations to the CME.
The two-particle correlator, Ad, on the other hand, is found to show a larger value
in pPb than in PbPb collisions.

The differences of three-particle correlators, Av;1o and A7vpo3, and two-particle
correlator, Ad, between OS and SS are shown in Fig. 6.11 as functions of Ngifline
averaged over |An| < 1.6 for pPb collisions at /s, = 8.16 TeV and PbPb collisions

at 5.02 TeV. For comparison, previously published pPb data at 5.02 TeV are also
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Figure 6.12 : The ratio of Av;12 and Avqo3 to the product of v, and §, averaged over
|An| < 1.6, in pPb collisions for the Pb-going direction at /s, = 8.16 TeV (upper)
and PbPb collisions at 5.02 TeV (lower). Statistical and systematic uncertainties are
indicated by the error bars and shaded regions, respectively.

shown [87]. Similar to those shown in Fig. 6.10, the observed difference between OS
and SS pairs in Avyy19 and A7qa3 is strikingly similar in pPb and PbPb collisions over
the entire overlapping multiplicity range (and also independent of collision energy for
A~112 in pPb), while higher values of an OS-SS difference in Aé are found for the

pPb system.

6.3.2 &k parameter for second- and third-order harmonics

To check if the mechanism of local charge conservation coupled with anisotropic flow
can explain the observed charge dependence of the Avi15 and A~;93 correlators, the

relation in Eq. (6.3) is used. The ratios of A5 and Avia3 to the product of Ad and
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Figure 6.13 : The ratio of Avy15 and A~vi93 to the product of v, and §, as functions
of An (left), Apy (middle), and py (right) for 185 < Ngiline < 950 in pPb collisions
at /syy = 8.16 TeV (upper) and PbPb collisions at 5.02 TeV (lower). Statistical
and systematic uncertainties are indicated by the error bars and shaded regions,
respectively.

vy, are shown in Fig. 6.12, averaged over |An| < 1.6, as functions of event multiplicity
in pPb and PbPb collisions. The vy and v3 values for particles a or § are calculated
with the scalar-product method with respect to the particle ¢. In pPb collisions, only
results with the Pb-going direction are shown because the p-going direction data lack
statistical precision, except for the multiplicity range 185 < Noffine < 950,

The ratios shown in Fig. 6.12 for both systems are found to be similar between
n=2 and n=3, on average with values slightly less than 2. This observation indicates
that the measured charge dependence of three-particle correlators is consistent with
mostly being dominated by charge-dependent two-particle correlations (e.g., from

local charge conservation) coupled with the anisotropic flow v,. For a given n value,
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the ratios are also similar between pPb and PbPb collisions (and may reflect similar
particle kinematics and acceptances), and approximately constant as functions of
event multiplicity. Notably, the Ad in Fig. 6.11 are different between the pPb and
PbPb systems. However, the anisotropic flow harmonics v, are larger for PbPb
collisions than for pPb collisions [83]. As a result, the product of Ad and v, leads
to similar values of Avy15 and A~q93 correlators between the pPb and PbPb systems,
implying the k5 is similar to k3.

The ratios of Avyi12 and A~js3 to the product of Ad and v, can also be studied
as functions of |An|, Apr, and py in pPb and PbPb collisions, as shown in Fig. 6.13
for the multiplicity range of 185 < N2ilire < 250. Here, the v, are calculated as the
average v, of particles o and /3, v, = (Un.o + 0 3)/2 (based on the relation derived in
Eq. (A.5) in Appendix A.1), and are weighted by the number of pairs of particles «
and [ in the given kinematic ranges when averaged over 7 or pr. The ratios involving
A~112 and A~vpo3 are again found to be similar differentially for all three variables in
both pPb and PbPb collisions. This observation further supports a common origin
of Av112 and A~yyo3 from charge-dependent two-particle correlations coupled with the

anisotropic flow.

6.3.3 Event shape engineering

To explore directly the background scenario in Eq. (2.6) in terms of a linear depen-
dence on vy for the 7115 correlator, results based on the ESE analysis are presented
in this section.

The SS and OS three-particle correlators, 7112, averaged over |An| < 1.6, are
shown as a function of vy (evaluated as the average vo value for each corresponding

q2 event class in Fig. 6.14), for the multiplicity range 185 < N¢ifline < 950 in pPb
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Figure 6.14 : The SS and OS three-particle correlators, v112, averaged over |An| < 1.6
as a function of vy (evaluated as the average v, value for each corresponding ¢s event
class), for the multiplicity range 185 < Ngifline < 950 in pPb collisions at VSyy = 8.16
TeV (upper) and PbPb collisions at 5.02 TeV (lower). The pPb results are obtained
with particle ¢ from Pb- and p-going sides separately. Statistical and systematic
uncertainties are indicated by the error bars and shaded regions, respectively.

collisions at /5, = 8.16 TeV (upper) and PbPb collisions at 5.02 TeV (lower). The
pPDb results are obtained with particle ¢ from the Pb- and p-going sides separately.

Both SS and OS 7112 correlators in both pPb (both beam directions for particle
c¢) and PbPb collisions show a dependence on vs. A clear linear dependence on the
v value is not seen for any of the SS and OS correlators studied.

Similar to the analysis in Section 6.3.1, the difference between OS and SS correla-
tors is taken in order to eliminate the charge-independent sources of the correlators.
The results, averaged over |An| < 1.6, are shown in Fig. 6.15 (upper) , as a function

offline

of v, evaluated in each g, class, for the multiplicity range 185 < N2,'™¢ < 250 in pPb



15

A’Y112

0.5

—_

—_
T

[
[ 185 < NV < 250
FlAnl < 1.6

| O pPb8.16 TeV, ¢_(Pb-going)
- [ pPb8.16 TeV, ¢ (p-going)
| 4 PbPb5.02TeV

x10”

0.05 e
v, (Inl<2.4)

—
I PbPb 5.02 TeV
I-1Anl < 1.6

Cent. 60-70%
Cent. 50-60%
Cent. 45-50%
Cent. 40-45%
Cent. 35-40%
Cent. 30-35%

O g 3>

100

Figure 6.15 : The difference of the OS and SS three-particle correlators, 7112, averaged
over |An| < 1.6 as a function of vy evaluated in each ¢, class, for the multiplicity range
185 < Npffine — 95() in pPb collisions at VSyy = 8.16 TeV and PbPb collisions at
5.02 TeV (upper), and for different centrality classes in PbPb collisions at 5.02 TeV
(lower). Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively. A one standard deviation uncertainty from the fit is also

shown.
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Figure 6.16 : The difference of the OS and SS two-particle correlators, ¢, averaged
over |An| < 1.6 as a function of vy evaluated in each g, class, for different multiplicity
ranges in pPb collisions at /s, = 8.16 TeV (upper), and for different centrality
classes in PbPb collisions at 5.02 TeV (lower). Statistical and systematic uncertainties
are indicated by the error bars and shaded regions, respectively.
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collisions at /5, = 8.16 TeV and PbPb collisions at 5.02 TeV. The results obtained
in each centrality class of PbPb collisions at 5.02 TeV are also presented in Fig. 6.15

(lower). The lines are linear fits to the data,
A’}/HQ =avy + b, (612)

where the first term corresponds to the vs-dependent background contribution with
the slope parameter a equal to koA (from Eq. (2.6)), which is assumed to be vy
independent. The intercept parameter b denotes the vs-independent contribution
(when linearly extrapolating to vs = 0) in the 7115 correlator. In particular, as
the CME contribution to the A~;15 is expected to be largely ve-independent within
narrow multiplicity (centrality) ranges, the b parameter may provide an indication to
a possible observation of the CME, or set an upper limit on the CME contribution.

As shown in Fig. 6.15, for both pPb and PbPb collisions in each multiplicity or
centrality range, a clear linear dependence of the A~;15 correlator as a function of v,
is observed. Fitted by a linear function, the intercept parameter, b, can be extracted.
A one standard deviation uncertainty band is also shown for the linear fit. Taking
the statistical uncertainties into account, the values of b are found to be nonzero
for multiplicity range 185 < N¢fine < 250 in pPb and 60-70% centrality in PbPb
collisions.

Observing a nonzero intercept b from Fig. 6.15 may or may not lead to a conclu-
sion of a finite CME signal, as an assumption is made for the background contribution
term, namely that AJ is independent of vy. To check this assumption explicitly, the
AJ correlator is shown in Fig. 6.16 as a function of v, in different multiplicity and
centrality ranges in pPb (upper) and PbPb (lower) collisions. It is observed that the
value of Ad remains largely constant as a function of vy in low- or intermediate-gs

classes, but starts rising as v, increases in high-g, classes. The multiplicity, within a
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Figure 6.17 :  The ratio between the difference of the OS and SS three-particle
correlators and the difference of OS and SS in § correlators, Avyy12/Ad, averaged over
|An| < 1.6 as a function of vy evaluated in each ¢ class, for different multiplicity
ranges in pPb collisions at /5, = 8.16 TeV (upper), and for different centrality
classes in PbPb collisions at 5.02 TeV (lower). Statistical and systematic uncertainties
are indicated by the error bars and shaded regions, respectively. A one standard
deviation uncertainty from the fit is also shown.
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centrality or multiplicity range, decreases slightly with increasing g2, which qualita-
tively could contribute to the rising Ad due to a multiplicity dilution effect. However,
this is only found to be true for PbPb collisions, but not for pPb collisions. The
other reason may be related to larger jet-like correlations selected by requiring large
q2 values. Events with higher multiplicities show a weaker dependence on vy than
those with lower multiplicities, which is consistent with the expectation that short-
range jet-like correlations are stronger in peripheral events. Because of the possible
bias towards larger jet-like correlations at higher ¢o from the ESE technique, the v,
dependence of AJ is hard to completely eliminate. This presents a challenge to the
interpretation of the intercept values from the linear fits in Fig. 6.15.

In order to avoid the issue of Ad being dependent on vy, the ratio Avy;12/Ad as
function of vy is shown in Fig. 6.17 for different multiplicity ranges in pPb collisions
at /syy = 8.16 TeV (upper) and for different centrality classes in PbPb collisions
at 5.02 TeV (lower). Particularly in the scenario of a pure vy-dependent background,
the ratio Avy112/Ad is expected to be proportional to ve. A linear function is fitted

again using
Aiip
Ad

= Qporm V2 + bnorm- (613>

Here, comparing to the intercept parameter b in Eq. (6.12), the by parameter
is equivalent to b scaled by the Ad factor. The fitted linear slope and intercept
parameters, anorm and byom, are summarized in Tables 6.1 and B.3 in N&fine and
centrality classes for pPb and PbPb collisions, respectively.

The values of the intercept parameter b,,., are shown as a function of event
multiplicity in Fig. 6.18 (upper), for both pPb and PbPb collisions. The +10 and
+20 systematic uncertainty is shown, which correspond to a 68% and 95% confidence

level (CL), respectively. Within statistical and systematic uncertainties, no significant
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Table 6.1 : The summary of slope and intercept parameter a,om and byory, for different
Nefline classes in pPb collisions, and the goodness of fit x? per degree of freedom
(ndf). The statistical and systematic uncertainties are shown after the central values,

respectively.

Ntorfl?ine anorm bnorm X2/ndf
120-150 1.13 £0.24 £ 0.14 0.048 £ 0.019 £+ 0.012 16.3/8
150-185 1.13 £ 0.19 £ 0.04 0.047 £ 0.016 £+ 0.008 4.9/8
185-250 1.69 £+ 0.06 £+ 0.01 -0.0009 £+ 0.0050 + 0.0078  4.5/8
250-300 1.83 £ 0.13 £0.15  -0.015 &= 0.011 &= 0.016 8.1/8

Table 6.2 :  The summary of slope and intercept parameter ayorm and byerm for
different centrality classes in PbPb collisions, and the goodness of fit x? per degree
of freedom (ndf). The statistical and systematic uncertainties are shown after the
central values, respectively.

Nfine (porm bnorm x?%/ndf
60-70% 1.85 4 0.17 4+ 0.21 0.003 £ 0.017 £ 0.023 12.3/9
50-60% 1.75 + 0.04 £ 0.01 0.002 £ 0.004 + 0.010 11.8/9
45-50% 1.74 £ 0.04 £ 0.03 0.000 £ 0.005 + 0.011 8.4/9
40-45% 1.59 £ 0.03 £ 0.01 0.012 £+ 0.003 £+ 0.011 9.1/9
35-40% 1.68 £ 0.03 £+ 0.01 -0.001 4+ 0.003 £ 0.010 15.1/9
30-35% 1.67 4+ 0.04 £ 0.01 -0.0026 4+ 0.0036 £+ 0.0095 6.9/9
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positive value for b,,.m is observed for most multiplicities in pPb or centralities in
PbPb collisions. For multiplicity ranges 120 < Nofline < 150 and 150 < Noffline < 185
in pPb collisions, an indication of positive values with significances of more than two
standard deviations is seen. However, results in these multiplicity ranges are likely to
be highly sensitive to the very limited vy coverage using the ESE technique, as shown
in the upper panel of Fig. 6.17. Overall, the result suggests that the v,-independent
contribution to the A~j15 correlator is consistent with zero, and correlation data
are consistent with the background-only scenario of charge-dependent two-particle
correlations plus an anisotropic flow, v,. This conclusion is consistent with that
drawn from the study of higher-order harmonic three-particle correlators discussed
earlier.

Based on the assumption of a nonnegative CME signal, the upper limit of the vo-
independent fraction in the A~vj15 correlator is obtained from the Feldman—Cousins
approach [116] with the measured statistical and systematic uncertainties. In Fig. 6.18
(lower), the upper limit of the fraction fuom, Where fiom is the ratio of the bnorm
value to the value of (Avy112)/(AJ), is presented at 95% CL as a function of event
multiplicity. The vs-independent component of the Avy15 correlator is less than 8-15%
for most of the multiplicity or centrality range. The combined limits from all presented
multiplicities and centralities are also shown in pPb and PbPb collisions. An upper
limit on the vs-independent fraction of the three-particle correlator, or possibly the
CME signal contribution, is estimated to be 13% in pPb and 7% in PbPb collisions,
at 95% CL. Note that the conclusion here is based on the assumption of a CME signal
independent of vy in a narrow multiplicity or centrality range. As pointed out in a
study by the ALICE Collaboration [117], the observed CME signal may be reduced

as vy decreases for small vy values (e.g., < 6%), due to a weaker correlation between
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magnetic field and event-plane orientations as a result of initial-state fluctuations.
Depending on specific models of initial-state fluctuations, the upper limits obtained
in this thesis may increase relatively by about 20%, although still well within a few %
level. On the other hand, covering a wide range of v, values in this analysis (6-15%),
the vy dependence of the observed CME signal is minimized to the largest extent,
especially for more central events. The data also rule out any significant nonlinear
vy dependence of the observed CME signal, as suggested by Ref. [117]. Therefore,
the high-precision data presented in this thesis indicate that the charge-dependent
three-particle azimuthal correlations in pPb and PbPb collisions are consistent with
a vo-dependent background-only scenario, posing a significant challenge to the search

for the CME in heavy ion collisions using three-particle azimuthal correlations.
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Figure 6.18 : Extracted intercept parameter b,om, (upper) and corresponding upper
limit of the fraction of vo-independent 7115 correlator component (lower), averaged
over |An| < 1.6, as a function of Ngi¢ in pPb collisions at /5., = 8.16 TeV and
PbPb collisions at 5.02 TeV. Statistical and systematic uncertainties are indicated
by the error bars and shaded regions in the top panel, respectively.
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6.4 Summary

Charge-dependent azimuthal correlations of same- and opposite-sign (SS and OS)
pairs with respect to the second- and third-order event planes have been studied
in pPb collisions at /s ;= 5.02 TeV and 8.16 TeV and PbPb collisions at 5.02
TeV by the CMS experiment at the LHC. The correlations are extracted via three-
particle correlators as functions of pseudorapidity difference, transverse momentum
difference, and pr average of SS and OS particle pairs, in various multiplicity or
centrality ranges of the collisions. The differences in correlations between OS and SS
particles with respect to both second- and third-order event planes as functions of An
and multiplicity are found to agree for pPb and PbPb collisions, indicating a common
underlying mechanism for the two systems. Dividing the OS and SS difference of the
three-particle correlator by the product of the v,, harmonic of the corresponding order
and the difference of the two-particle correlator, the ratios are found to be similar
for the second- and third-order event planes, and show a weak dependence on event
multiplicity. These observations support a scenario in which the charge-dependent
three-particle correlator is predominantly a consequence of charge-dependent two-
particle correlations coupled to an anisotropic flow signal.

To establish the relation between the three-particle correlator and anisotropic flow
harmonic in detail, an event shape engineering technique is applied. A linear rela-
tion for the ratio of three- to two-particle correlator difference as a function of v, is
observed, which extrapolates to an intercept that is consistent with zero within un-
certainties for most of multiplicities. An upper limit on the vo-independent fraction
of the three-particle correlator, or the possible CME signal contribution (assumed in-
dependent of vy within the same narrow multiplicity or centrality range), is estimated

to be 13% for pPb data and 7% for PbPb data at a 95% confidence level. The data
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presented in this thesis provide new stringent constraints on the nature of the back-
ground contribution to the charge-dependent azimuthal correlations, and establish a

new baseline for the search for the chiral magnetic effect in heavy ion collisions.
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Chapter 7

Search for chiral magnetic wave in pPb and PbPb
collisions

This chapter presents the measurements of charge-dependent azimuthal anisotropy
vy and vi in pPb and PbPb collisions at VSyy = 5.02 TeV at similar event charged-
particle multiplicities. The charge-dependent v¥ harmonics are investigated as a
function of true event charge asymmetry A%". In order to directly compare results
from different collision systems and harmonic orders, the v, difference is normalized
by the sum of v} and v, , where this new experimental approach was firstly developed

in this study. The majority of work presented in this chapter is published in Ref. [118].

7.1 Analysis techniques of charge-asymmetry dependence of

Fourier harmonics
7.1.1 Charge asymmetry A., and Fourier harmonics v,

The following analysis techniques introduce the charge dependence of elliptic flow and
triangular flow and its implication for searching for the CMW. The CMW evolution
induces an electric quadrupole in the quark-gluon plasma, with the two poles acquiring
additional positive charges and the equator acquiring additional negative charges.
The formation of this charge quadrupole splits the elliptic flows of positively and
negatively charged particles.

The azimuthal dependence of the particle yield can be written in terms of an
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harmonic expansion as,

% x No[l + 2v9 cos(2¢ — 2Ug) + ...], (7.1)

where ¢ is the particle’s azimuthal angle and Ny is the total number of particles.
If the impact-parameter direction is known, the reference angle ¥ can be taken as
the azimuthal angle of the reaction plane Uy as defined by the beam and impact
parameter directions (see Fig. 2.4).

Since the strong radial flow aligns the azimuthal angle ¢ of emitted particle’s
momentum with the spatial angle, the electric quadrupole deformation translates

into the difference of the yields of positive and negative charges.

dd% o No[l &+ Aep[1 — rcos(2¢ — 2UR)]|[1 + 2”3(35:8 cos(2¢ — 2Vg) + ...] (7.2)

~ No(1 & A)[1 + 2(v8%° F rAq) cos(2¢ — 20g) + ... (7.3)

Here A, , the event-by-event fluctuating charge asymmetry parameter, is defined as:

N, - N_

Ag ==
"N, +N_

(7.4)

where N, and N_ are number of positive and negative particles in each event.
Therefore the elliptic flow components of positive and negative particles are

base

Vgt = Vg’ F T Ach (7.5)

The quantities that are to compare CMW in different systems are the slope pa-
rameters r,, and r,,. The slope parameter is extracted by a linear function fit from

(v —vy)/(vy +vy) and (vy; —v5)/(vs +v5) as a function of charge asymmetry
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parameter Ag. The normalization procedure is to remove the dependence on the
base values of v, on the slope parameter. We denote r;°™ the slope parameter for

normalized v,, difference.

7.1.2 Scalar product and two-particle cumulant

In this analysis, we use the Q-cumulant method [119] to calculate the 2-particle
correlations. A minimum 7 gap of 1 unit is applied to remove short-range correlations
from jet fragmentation. The cumulants are expressed in terms of the moments of the

magnitude of the corresponding flow vector @),,, defined as:

M
Q=3 76
i=1
where M is the number of particles in each event. This Q vector is filled for particles
taken from the tracker with || < 2.4, and 0.3 < pr < 3 GeV. In this analysis
we focus on the second and the third order, v, and w3 harmonic of the azimuthal
behavior,corresponding to n = 2 and n = 3, respectively.

Single-event average 2-particle azimuthal correlation is first defined as

. 1 o
(2) = (em@1=9)) = P Z en(#i=¢5) (7.7)

,J

/
where Pyo = M!/(M —2)! = M (M —1). The prime in the sum Z symbol indicates
that the sums are taken with all indices different to avoid autocorrelations.

The all-event averaged 2-particle azimuthal correlations are defined as

Z(W<2>>i (2);
((2)) = <<ein(¢>r¢2)>> = _° — ’
Z(W@))i

7
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where NV is the number of events, and W are the event weights. The weights are
chosen to be the number of particle combinations. For an event with multiplicity M,

the event weight is

Wi = Pug=M(M—-1) (7.8)
The azimuthal Fourier harmonics v,, can be related to the above correlation.

<<2>> = <<€m(¢>1*¢>2)>> — <<€m((¢>1*‘1’n)*(¢2*<1>n))>> (79)

_ <<ein(¢1f<1>n)> <€*in(¢2*¢n)>> = <U721> . (710)

The unbiased estimators of the true multi-particle correlations are the cumulants,

defined as

{2} = ((2) (7.11)

Thus, the genuine two-particle correlation is related to the Fourier harmonics v,

by substituting into Eqn. 7.10,
{2} = 02 (7.12)
We define two particle cumulant flow v,, as

v{2} = Veu{2}, (7.13)

In the preceeding discussion it has been assumed that all particles should receive
equal weight when evaluating the cumulant expressions. To account for detector
effects such as the tracking efficiency, the Q-vector expression is modified to allow
for particles having different weights. We denote the particle weight per particle by

w. Typically, this weight will be a function of pseudo-rapidity (n) and transverse
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momentum (pr). The weight can also be a function of azimuthal angle (¢) to correct
for a non-uniform azimuthal acceptance. However, in the pseudo-rapidity range of
our analysis(|n| < 2.4), the CMS detector has a very uniform ¢ acceptance and an

azimuthal correction was not found needed. Thus, the general form is:

o 1_ffake

= T (pr.) (7.14)

w = w(pT7 77)

where frqre is the fake tracking rate, and ef f(pr,n) is the pr and n dependent tracking

efficiency. Now, the weighted Q-vector of the n-th order harmonic is defined as:

M
Qui =Y whe™ (7.15)
=1

where w; is the weight of the i-th particle, and M is the total number of reference

particles. We also introduce:
M p
Sp = [Z wi-“] , (7.16)
i=1
M

/
Maped... = Z wffw?wzwf--- ) (7.17)

The weighted single-event 2-particle correlations are then given by:

M
1 / .
2) = qw;etmM9i=%s) 7.18
2= g e (7.13)
|Qn 1|2 - Sl 2
e el B o 1
Sor—S1a (7.19)
N !
Mll = wl-wj (720)
i,j=1
= Sy1—Sio (7.21)
N
() = LMl (7.22)

S (M)
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The scalar product (SP) method, similar to the one used in Sec. 6.1.2, was first
introduced by the STAR collaboration in a study of elliptic low in AuAu collisions

at \/Syy = 130 GeV [120] is also applied for comparison,

<Qn :;A)
\/(QMQ;B> (Qua@ic)

(QnpQ%c)

Here, the subscripts A, B, and C refer to three separate event planes established

v, {SP} =

(7.23)

in different regions of pseudorapidity.The particles of interest are expressed by the
(), vector and are correlated with the A event plane. The event planes B and C
effectively correct for the finite resolution of the A event plane that results from finite
particle multiplicities and detector effects.

Finally, the two methods, SP and two-particle cumulant, are found in excellent

agreement and the final results are presented by SP method [118].
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7.1.3 Charge asymmetry correction

In order to study the vy as a function of Ag,, the observed Ag,, denoted as A%®, needs
to be corrected back to the underlying true Ag,, denoted as A%'. The MC charge
asymmetry Ag, correlation between the reconstructed level and generated level has
been studied, and one example is given in Fig. 7.1 from the EPOS event generator
for multiplicity range 120 < N2ine < 150 in pPb collisions at 5.02 TeV. The right
hand side of Fig. 7.1 is showing the profile of the reconstructed Ag,, where each point
denote the average over all the generated level Ay within a narrow reconstructed
level Ay, range.

x10°
3000

2000~ -]

< 0.00

Counts

1000~ L] 1

—-0.05 -
slope : 0.619 +0.003

o« | N BT BT B
-0.2 0.0 0.2 -0.05 0.00 0.05
Observed A, Observed A,

Figure 7.1 : The distribution of observed charge asymmetry Agq,, and the relation
between the observed charge asymmetry and the charge asymmetry from EPOS gen-

erated events for 120 < Nofline < 150 pPb collisions at 5.02 TeV

There is a smearing effect from generated to reconstructed level as the slope of the
distribution is not exactly one, which is mostly caused by the tracking inefficiency.
The slope of the profile (on reconstructed Ag,) can be used as the correction factor,

which can be applied on the final results. However, if the slope of the profile (cor-
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rection factor) is completely derived from MC, then it is model dependent, driven
by the generated level Ag, distributions in the event generators. In Fig. 7.2, the MC

generated level Ay, distributions from two event generators, are shown.
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Figure 7.2 : The distribution of the generated level charge asymmetry Ay, distribution

for EPOS and Hydjet event generators in different NoMine ranges for PbPb collisions.

The difference in the generated level Ay, between EPOS and Hydjet might be
related to the underlying physics in the generators. For example, the EPOS LHC
event generators are well known for its unrealistic flow effect and its large strange
particle fractions [100], which could affect the A, distributions. Therefore, model
dependent Ay, correction should be avoided.

Therefore, a semi-data driven method of obtaining the A, correction factors has
been developed. Instead of using the generated level MC Ay, distributions, the par-
ticle level Ag, distributions in data are derived in different multiplicity (centrality)
ranges, assuming the smearing process is a Gaussian, and is independent of generators
from particle level to reconstructed level. After knowing the smearing distribution (a

Gaussian), the particle level Ay, distribution in data (a Gaussian) can be obtained
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bY 0%eN = ORECO — T8mearing: Where the oapn, 0rEcO, and Tgmearing are the widths
of particle level, reconstructed level, and the smearing Gaussian distribution, respec-
tively. Therefore, in each multiplicity (centrality) ranges, the 2D correlation map
between particle level and reconstructed level Ay, in data can be built by emulating
the smearing process, and finally the correction factors can be derived. This process

is also listed below:

Assume the mean (u) of the particle level Ag, is zero;

e Given the reconstructed level Ay, distributions in data, use the smearing Gaus-
sian distribution derived from MC in bins of centrality or multiplicity, to build

the particle level Ay, in data;

e Use the particle level A, in data and the smearing Gaussian from MC, the 2D

correlation map can be obtained;

e Derive the correction factors by calculating the slope of the profile on recon-

structed Ag,.

The major assumption in this semi-data driven method, is whether the smearing
process follows Gaussian distribution. Otherwise, the particle level Ay, distributions
in data would be incorrect. Using the Hydjet event generator, this Gaussian smearing
process has been indeed found to be correct, where all multiplicity ranges are found
to be in agreement within a few percent. Note that the smearing distribution is
the reconstructed A., in a narrow generated level Ay, range, where the smearing
is found to be independent of where the range is chosen. Therefore, the smearing
distribution in each multiplicity bin is an average of different slices of generated level

Ay, distributions.
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From this method, the only input depends on MC is the o gearing, Which still could
be different between generators. Therefore, in Fig. 7.3, the ogpmeqring as a function of
Nefiine for EPOS and Hydjet are shown, fitted with a parametrized function A/ VN +
B, where A and B are fitting parameters. The value of the ogpmeqaring as well as their
difference between the EPOS and the Hydjet, decrease when multiplicity increases.
The difference in ogmeqring Will result in a difference on the correction factors, which
serves as one of the major systematic uncertainties related to the final results. Since
the smearing distribution is mostly driven by the event multiplicity, the correction
factors are derived in the same way for pPb and PbPb collisions, given by their

average multiplicity Nofin® in each range.

y = 0.3714(1/Vx) + 0.0019
0.06 y = 0.3280(1/\x) + 0.0033

ngear
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EaN

0.02} :s.} .
| 1| | 1| | ‘ 1| | ‘ | | | ‘ \-.:..\-.‘...\..\..\..‘..\.-\ | | |
200 400 600 800 100012001400
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Figure 7.3 : The smearing width gearing is plotted against NoMin® and a function

that proportional to 1/+/(N) is used to fit for both Hydjet and EPOS.
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In Table 7.1 and Table 7.2, the correction factors are derived according to the
method introduced above, using different o.gy,cqring from the two generators. Note that
the final correction factors are taken from the Hydjet slope values shown in the tables,
where the difference between EPOS and Hydjet is quoted as a systematic uncertainty.
Therefore, the EPOS or Hydjet slope values and their statistical uncertainties are only

referring to where the ogmearing is derived.



122

%G1 %11 %L€ VAN %89 %G’ L Ajureyreoup)
0000 0000 0000 0000 0000 0000 1011 12[pAY
GF9°0 €990 €490 6890 6690 €390 odorg 3o[pAf]
0000 0000 0000 0000 0000 0000 1011 SOdA
L69°0 1290 8690  ¥gL0  9FL0 8990 odors SOJH

%OV-06  %0G-0F  %09-0¢  %0L-09 %08-0L %06-08 AN[RIIUD qJqd

‘(odors ogo1d) seSuel A)[RIJUED JUSIDPIP UI SUOISI[[0D JqJ Ul SI010R] UOI}D0LI100 P/ o) Jo Arewrung : °) 9[qe],



123

%e'€
000°0
¢99°0
000°0

789°0

%6°€
00070
€L9°0
000°0

669°0

%Wy
000°0
9.9°0
000°0

G0.L°0

WLV
000°0
789°0
000°0

91.°0

%T°G
000°0
L89°0
000°0

¢GL’0

%e'S
00070
769°0
000°0
0€L°0

%8G
000°0
869°0
000°0

8€L°0

%19
000°0
70L°0
000°0

Lyl 0

Ajureyroou)
Io117] JolpAH
odorg 10[pAHg
I0LTH SOdH
odors SOdd

00S-00F  007-00& 00£-09% 09%-0¢ 08g-G8T G8TI-0ST 0ST-0gT 081-06 Awrdnmu (qqqd) qdd

“(odors

orgord) seSuer AyoI[dynur JusIsyIp Ul SUOISI[0d qJqd pue qJd ur siojoej uonepLIod Py oyl jo Arewwung : g'), 9[qR],



124

7.2 Results of charge-dependent elliptic and triangular flow

Figure 7.4 (left column) shows the A% dependence of vy coefficients, averaged over
0.3 < pr < 3 GeV, for positively and negatively charged particles in the multiplicity
range 185 < Nofine < 9290 of pPb and PbPb collisions at V3ny = 5.02 TeV. The
normalized vy difference as a function of A" is also shown. A trend of vy (v;)
decreasing (increasing) as A" increases is observed for both pPb and PbPb collisions
with an approximately linear dependence. A similar linear trend of elliptic anisotropy
as a function of Ay, has been observed in AuAu [69] and PbPb [70] systems at lower
collision energies (a direct comparison to the lower-energy result [70] is reported in
Appendix. B for 30-40% centrality PbPb events). The linear slope parameter, r5°™,
is extracted by a 2 fit to a linear function, which gives values of 0.149 4 0.008 for
pPb and 0.108 4 0.005 for PbPb, in the multiplicity range 185 < N¢ffine < 290, A
significant nonzero value of the linear slope parameter is observed in pPb collisions,
even greater than that in PbPb collisions. As the CMW effect is expected to be
negligible in high-multiplicity pPb events, the observation may indicate a common
physics origin unrelated to the CMW.

The (pr) for positively and negatively charged particles are also measured as
functions of A%U in the multiplicity range 185 < Neffine < 220 of pPb and PbPb
collisions at /s, = 5.02 TeV, and shown in Fig. 7.4 (right column). The normalized
(pr) difference as a function of A% is obtained for the two systems with the slope
parameters displayed in the figure. As shown, a similar linear A%"® dependence of the
(pr) value to that of vy is observed. As discussed earlier in Chapter 2, this behavior
is qualitatively consistent with the expectation of the Local Charge Conservation

(LCC) effect from resonance decays. Since v, has a strong dependence on particle

pr, a correlation between the pr-averaged v, and Ay, as observed in Fig. 7.4 (left),
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Figure 7.4 : The elliptic anisotropy vy (top left) and event-averaged pr value ({pr),
top right) for positively (h*) and negatively (h™) charged particles, and their nor-
malized differences (bottom row), as functions of A% for the multiplicity range
185 < Ngifine < 220 of pPb and PbPb collisions at /s, = 5.02 TeV. Statistical
uncertainties are smaller than the marker size, while systematic uncertainties are not
displayed.
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Figure 7.5 : The linear slope parameters, ™ for vy (filled symbols) and (pr) (open
symbols) as functions of event multiplicity in pPb and PbPb collisions at /s, =
5.02 TeV. The two highest multiplicity ranges of PbPb data are selected based
on the centrality, while the others are obtained by selecting on NZifine  Statistical
and systematic uncertainties are indicated by the error bars and shaded regions,
respectively.

can be also induced by the LCC mechanism.

The extracted normalized slope parameters for vy and (pr) as functions of event
multiplicity in pPb and PbPb collisions are shown in Fig. 7.5. The two highest
multiplicity ranges of PbPb data are selected based on the centrality class 30-40%
and 40-50%, plotted at their average N2in® values, while the other data points are
obtained from selecting on Nofine in order to compare directly with pPb data. The

nor yalues for both ve and (pr) are found to have a weak dependence on the event

r
multiplicity for both pPb and PbPb collisions, with values for (pr) approximately half
of those for vy. In the overlapping multiplicity range, normalized slope parameters

are observed to be larger in pPb than PbPb collisions, which again is not expected
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in the CMW but may indicate a collision system dependence of the LCC or other
physics mechanism. The measured values of normalized slope parameters, as well as
values of absolute slope parameters, are reported in Tables of Appendix. B.

The charge asymmetry dependence of the v3 coefficient for positively and nega-
tively charged particles is also studied in PbPb collisions at /s, = 5.02 TeV, as
shown in Fig. 7.6 (top) for the 30-40% centrality class. As found for the vy values,
the vy (v3) values also decrease (increase) as A" increases. No v results for pPb
collisions are reported because of limited statistical precision. The normalized vs dif-
ference, (v —v3)/(vy + vy ), is derived as a function of A" in PbPb collisions and
compared with that for vy in Fig. 7.6 (bottom). The normalized slope parameter of

norm

/U37 T3

norm

, agrees well with 3™ within statistical uncertainties. Charge-dependent
higher harmonic v, coefficients were measured in PbPb collisions at 2.76 TeV [64] and
their magnitude was found to be smaller than that of the second order coefficient.
We show in this thesis that, once normalized, no difference is observed for the A%
dependence between the charge-dependent v, and vs.

The ry™ and rz°™ values of PbPb collisions at /s, = 5.02 TeV, as functions of

norm

centrality in the range 30-90%, are shown in Fig. 7.7. As found for 5™ a moderate

centrality dependence of r§°™ is observed. Over the centrality range studied in this

analysis, the 73°™ and r3°™ slope parameters are consistent with each other within
uncertainties. The CMW effect is expected with respect to the reaction plane, which is
approximated by the second-order event plane in AA collisions, but highly suppressed
with respect to the third-order event plane [55]. The similar values of the r5°™ and
rg°™ observed in the data indicate an underlying physics mechanism that is not

related to the CMW effect. This observation of the harmonic order independence, on

the other hand, can be qualitatively explained by the LCC effect [71].
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Figure 7.6 : The vz coefficient for positively and negatively charged particles (top)
and the normalized difference in v, (v, —vl)/(v, +v;}) (bottom), for n = 2 and 3,
as functions of true event charge asymmetry for the 30-40% centrality class in PbPb

collisions at /5, = 5.02 TeV.
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Figure 7.7 : The linear slope parameters, 75°™ and 75°™ as functions of the centrality

class in PbPD collisions. Average N2i"® values for each centrality class are indicated

on the top axis. Statistical and systematic uncertainties are indicated by the error
bars and shaded regions, respectively.

Note that the results reported here and elsewhere [69,70] used the same population
of particles to measure both v, and A%". However, the slope parameters are found
to be reduced by about a factor of three, if the A%" and v,, values are determined by
two distinct groups of randomly selected particles. This suggests that the observed
correlations are not of a collective nature, which is qualitatively suggestive of a local

effect.
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7.3 Summary

The charge-dependent Fourier coefficients of the azimuthal anisotropy have been mea-
sured in pPb and PbPb collisions at /s, = 5.02 TeV as functions of the charge
asymmetry of the produced hadrons. The normalized differences in the vy coefficient
between positively and negatively charged particles in pPb and PbPb, and that in the
vg coefficient in PbPb collisions, are found to depend linearly on the charge asymme-
try. The normalized slope parameters of the vy coefficient versus charge asymmetry
in pPb collisions are found to be significant and similar to those in PbPb collisions
over a wide range of charged particle multiplicities. The normalized slope parameters
of the vy, and vz coefficients in PbPb collisions show similar magnitudes for various
centrality classes. Significant charged asymmetry dependence is also observed for the
event-averaged transverse momenta of positively and negatively charged particles in
both pPb and PbPb collisions. At the reported LHC energy at 5.02 TeV and within
the CMS acceptance for particles between 0.3 to 3.0 GeV, none of these observations
are expected from the chiral magnetic wave as the dominant physics mechanism, but
they are qualitatively consistent with predictions based on local charge conservation.
New measurements presented here on the charge-dependent azimuthal anisotropies in

pPb and PbPb collisions pose challenges to the chiral magnetic wave as their origin.
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Chapter 8

Conclusion and outlook

Conclusion The idea of using the charge-dependent correlators and charge-dependent
Fourier coefficients in the high-multiplicity pPb collisions, has been a breakthrough
for the longstanding problem of the chiral magnetic effect (CME) and chiral magnetic
wave (CMW). These measurements have been a first experimental evidence to unam-
biguously uncover the presence of non-negligible background correlations in the data,
which are not related to the CME and CMW. Because of the smaller magnitude of the
magnetic field in very high-multiplicity pPb collisions, and its decorrelation relative
to the event plane angle, the charge-dependent signal from the CME and CMW are
expected to be much smaller in pPb than in the PbPb collisions. The observation
of a similar charge-dependent signal in both collision systems, strongly suggests a
common underlying physics mechanism without a magnetic field effect.

Based on the conventional method of measuring the charge separation signal via
a charge-dependent correlator with respect to the second-order event plane, a similar
but new correlator with respect to the third-order event plane opens up a new oppor-
tunity of studying the details of the background mechanism. The similar behavior
between the second- and third-order correlators, together with the precise measure-
ments of the elliptic and triangular flow (ve and v3), further constrains the underlying
physics mechanism to be an interplay between short-range correlations and anisotropy
flow that developed from the QCD medium.

Taking advantage of the initial-state fluctuations, the event shape engineering can
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effectively select events with very different initial collision geometry, thus leading to
a different vy of the final-state particles, and to explore its dependence on the charge-
dependent correlators with respect to the same event plane. This dependence has
been found to be strictly linear in both pPb and PbPb collisions for all measured
charged-particle multiplicities, indicating the nature of its flow-driven background of
the charge-dependent correlator. To remove this obvious linear dependence, a linear
fit has been performed, where the intercept values are the vs-independent components
of the correlator. This component can be interpreted as a value that is directly
proportional to the signal of the CME, which has been found to be very small for both
pPb and PbPb collisions at LHC energies. At a confidence level of 95%, the upper
limit of the possible CME fraction with respect to the charge-dependent correlator,
has been found to be 13% and 7% for pPb and PbPb collisions, while the dominant
uncertainty is no longer statistical but systematic. Therefore, more experimental data

would not improve the significance of these results.

Outlook Even though the upper limit on the CME has been established, the real
question still remains whether the CME can be discovered. Therefore, a unique and
dedicated program of searching the CME signal has been scheduled at Relativistic
Heavy-Ion Collider (RHIC) in 2018, where definitive answer is expected [121]. The
isobaric nuclei, both with 96 nucleons but 44 protons for Ru and 40 for Zr, has been
proposed to disentangle the CME signal from flow-driven background. Because of
the similar shape of the nuclei and the same number of nucleons, the flow-driven
background is expected to be within 2% difference between the two colliding systems.
However, due to the initial charge difference that carried by the protons, the initial

magnetic field is expected to be different by 10% and therefore, a 15-20% difference in
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the CME observable. Based on the current estimate of the total number of events, an
observation of the CME signal with significance of five standard deviations is expected
if the background to signal ratio is less than 3/2.

It is noteworthy to point out that the charge-dependent correlator with respect to
the third-order event plane, first proposed and measured from the work of this thesis,
should be precisely measured in the Ru + Ru and Zr + Zr collisions together with the
elliptic and triangular flow using a large pseudorapidity separation (at least 2-3 unit)
between the particle of interests and the event planes. The ratios that are shown in
Fig. 6.12 and Fig. 6.13 should be carefully examined, and it will be consistent with
the presence of a CME if the k5 is larger than the x3 in both sources, and the Ru + Ru
system has a larger difference for this ratio.

In order to support the data that is magnetic field driven, a complementary study
of directly measuring the effects of the magnetic field is encouraged, and more impor-
tantly, their differences between the two collision systems. For example, the charge-
dependent directed flow (known as v;) can be a unique measurement of the magnetic
field effect. Arising from the contribution of two competing forces, Faraday and Hall
effects induced by the time-dependent magnetic field, the positively- and negatively
charged particles would be deflected to opposite direction if these two effects are
not exactly canceled, resulting in a splitting in the charge-dependent vy [44]. From
the published results in AuAu collisions at /s, = 200 GeV, the observation of the
charge-dependent v; of proton and its weak dependence from the charged-pion, might
be related to the baryon stopping [122]. However, these results still cannot rule out
the possibility of the magnetic field induced effects, based on the precision of the
data. In terms of the new isobaric collision data, with a statistics of more than 1

billion events and detector upgrades, the relative difference of the charged-dependent
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v1 between the two isobaric systems can be studied. In order to disentangle the mag-
netic field effects from others, a relative difference in v; can be measured (i.e., using

proton) as a function of rapidity,

(UfL - Ul_)Ru+Ru - (U;r - Ul_)ZrJrZr

(Ul+ - U;)ZrJrZr + (,Ufr - U;)Zr+Zr '

In a naive picture, since the difference in terms of the magnitude of the magnetic

T1:2

(8.1)

field between the two isobaric systems is 10%, the observable rq is expected to be
10% assuming other effects that are not related to the magnetic field cancel. Based
on values and their uncertainties from Ref. [123], the measurements of Ru + Ru and
Zr + Zr with the projected statistics might be able to have the sensitivity to measure a
nonzero r; with statistical significance, if the magnetic field effect is present. Overall,
this measurement will be an essential study to the search for the CME. Finally, the
outlook of this thesis, the isobaric program at RHIC that is to search for the CME,
will be a great opportunity of discovering this exotic phenomenon in relativistic heavy

ion collisions.
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Appendix A

Supporting material for the search for CME in
pPb and PbPb collisions

A.1 General relation of v, harmonics, two- and three-particle

azimuthal correlations

In Chapter 2, Eq. (6.2) can be derived in a way similar as Eq. (2.6), with details
which can be found in Ref. [68]. Here, a general derivation of Eq. (6.2) for all higher-
order-harmonic correlators is given.

Similar to Eq. (40) in Ref. [68], the general relation between the nth order
anisotropy harmonic v, and the three-particle correlator with respect to the nth

order event plane can be derived starting from,

Vin-1m = (€08(da + (n — 1)dg — nly))
_ J p2cos (o + (n— 1)dg — nV,)dda dpg dvs dag

[ p2ddo dog day dzg
_ J p2cos(¢a — s + (s — Vn)) dda dpp dre dag (A1)
B [ p2d¢a dds dug dus P

where z denotes (pr,n) and dx = prdprdn. pe is the two-particle pair density
distribution, which can be expressed in terms of the single-particle density distribution

and its underlying two-particle correlation function (see Section 2 in Ref. [68]),

P2 = p(¢a> xa)p(¢57 xﬁ) [1 + C<¢a; ¢67 Taq, xﬁ)] . (A2)

In presence of collective anisotropic flow, the single-particle azimuthal distribution
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can be expressed in terms of a Fourier series with respect to the event plane of the

corresponding order,

plo,z) = p(;(:) 1+ van(x) cosn(p—V,)|, (A.3)

where po(z) depends on pr and 7 only.

The two-particle correlation function C' describes intrinsic correlations that are
insensitive to the event plane ¥, but only involve azimuthal angle difference A¢ =
®a — ¢s. It can be also expanded in Fourier series [68],

C(A¢, x4, 1p) Zan (o, x5) cos (nAg), (A.4)

n=1
where a, (x4, 23) is the two-particle Fourier coeflicient. By definition, a;(z4,2g) is
equal to the two-particle correlator d(x,, ), introduced in Section 1, as a function
of z, and x4 (i.e., pr and n of both particles).

Therefore, we substitute Eqs. (A.4) and (A.2) into (A.1) and obtain,

Honmtn = gz | Po(e)pola)as(za,za)
000) + v (3)]
e L

[Un(2a) + vn(25)] drg drg  (A.D)

where N = f po(x)dx. This is the general equation explaining why a nonzero two-
particle correlation §(x,,zs) plus an anisotropic flow of nth order v,(x) contribute
to the three-particle correlator, 1 ,—1.n.

Therefore, this general form of ~; ,,_1,, can be applied to any order n and decom-
posed into the two-particle correlator 4 and the nth order harmonic v,,, where n = 2

and 3 are studied in detail in Section 6.3.1.
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A.2 Supporting results of the event shape engineering method

PbPb centrality(%)
45 35

0.1 65 55
- PbPb 5.02 TeV CMS
L 1Anl < 1.6 ]
0.05»3'0<“q2<5'0 H
£ 5 { 1
S 0
o]

f s

-0.05— 1% —

1 1 1 1

+ -5.0 <n_ <-4.4 (default)
r44<n,<50

_0.1 Il ‘ Il Il Il ‘
10° 10°
Noffline
trk

1 1 1 1

Figure A.1: The intercepts b,om Of vo-independent 115 correlator component using
particle ¢ from HF+ and HF— data, averaged over |An| < 1.6, are shown as a
function of N in PbPb collisions at /5, = 5.02 TeV. Statistical and systematic
uncertainties are indicated by the error bars and shaded regions, respectively.

As stated in Section 6.1.2, the )5 vector is calculated using one side of the HF
detector within the 1 range of 3 to 5 units. The default result in Section 6.3.3 presents
the A~ as a function of vy, where the particle ¢ in the ;15 correlator corresponds
to the n range —5.0 to —4.4. However, the results are found to be independent of
where the particle ¢ is reconstructed, as it is shown in Fig. A.1.

In Figs. A.2 and A.3, the denominators of Eq. (6.4), vy, for different @)y classes
with respect to HF+ and HF— in PbPb collisions at /s, = 5.02 TeV, and the Pb-
going side of the HF in pPb collisions at 8.16 TeV, are shown as a function of v in the

tracker region. Here v, is a measure of elliptic anisotropy of the transverse energy
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Figure A.2 : The vy, using particle ¢ from HF+ and HF— data are shown as a
function of vy in the tracker region (|n| < 2.4) in PbPb collisions at /s, = 5.02
TeV.

registered in the HF detectors without being corrected to the particle-level elliptic
flow. It serves as the resolution correction factor when deriving the three-particle
correlators or the v, values in the tracker region using the scalar-product method.
In Fig. A.4, the average N2 is shown as a function of v, in different multiplicity
and centrality ranges in pPb (upper) and PbPb collisions (lower), respectively. The
average N2ime is found to be weakly dependent on vy, but with a slight decreasing
trend as vy increases. Similar to Fig. 6.16, the effect at low multiplicities is stronger

than that at high multiplicities. Overall, this effect is negligible for the results shown
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Figure A.3: The vy using particle ¢ from the Pb-going side of the HF (4.4 < n < 5.0)
data are shown as a function of vy in the tracker region (|n| < 2.4) in pPb collisions

at /sy, = 8.16 TeV.

in Section 6.3.3.

A.3 Three- and two-particle correlator as functions of differ-
ential variables in different multiplicity and centrality

classes

The figures in Appendix A.3 show the 7112, 7123, and the § correlators as a function
of |An|, |Apr|, and pr in pPb collisions at /5, = 8.16 TeV and PbPb collisions
at 5.02 TeV. In pPb and PbPb collisions, the results are shown for multiplicity
ranges N2ine = [120,150), [150,185), [185,250), and [250,300) in Figs. A.5 to A.7. In
PbPDb collisions, the results are also shown for five centrality classes from 30-80% in

Figs. A.8 to A.10.
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Figure A.4 : The average multiplicity Nofine ag a function of vy evaluated in each gy
class, for different multiplicity ranges in pPb collisions at /s, = 8.16 TeV (upper),
and for different centrality classes in PbPb collisions at 5.02 TeV (lower). Statistical

uncertainties are invisible on the current scale.
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Figure A.5 : The SS and OS three-particle correlators, 112 (upper) and 7123 (mid-
dle), and two-particle correlator, 6 (lower), as a function of |An| for four multiplicity
ranges in pPb collisions at /s, = 8.16 TeV (left) and PbPb collisions at 5.02
TeV (right). The pPb results obtained with particle ¢ in Pb-going (solid markers)
and p-going (open markers) sides are shown separately. The SS and OS two-particle
correlators are denoted by different markers for both pPb and PbPb collisions. Statis-
tical and systematic uncertainties are indicated by the error bars and shaded regions,
respectively.
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