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SYNOPSIS

According to quantum chromodynamics (QCD), the theory of strong interaction,
at high temperature and/or density, quarks and gluons are no longer confined inside
the hadrons. This de-confined state of matter is called Quark-Gluon-Plasma (QGP)
[1]. Such a matter is believed to have been formed in the early universe just after
the Big-Bang. The Large Hadron Collider (LHC) at CERN provides an opportunity
to study such a strongly interacting QCD matter at extreme energy densities by
colliding heavy-ions at very high energy. There are clear signatures of the QGP
medium formation in Pb—Pb collisions at /sy = 2.76 TeV [2, 3, 4]. Extensive
study is ongoing to understand the properties of the QCD matter formed in the
ultra-relativistic heavy-ion collisions.

Resonances by definition are short lived (~fm/c) particles. Hence they are very
useful to study the in-medium dynamics of the strongly interacting matter produced
in heavy-ion collisions. The K*(892)? is one of the most suitable resonance particle as
it has a life time of ~4 fm/c, which is comparable to the time scale of the hot and dense
matter produced. As K*O contains strange (s) quark, it may also give information
about the mechanism of strange particle energy loss in the medium through the
measurement of the nuclear modification factor (Rax). The measured transverse
momentum spectra and azimuthal anisotropy (vs) of K** are sensitive to in-medium
dynamics and various particle production mechanisms.

Due to the short life time of K*¥ it decays inside the medium and its decay
daughters (kaon and pion) undergoes in-medium interaction. The decay daughters
may re-scatter with other in-medium hadrons and exchange momentum. As a result,
these K** resonance can not be reconstructed using the invariant mass technique. This

phenomena will reduced the measured K*° yields. There is another scenario, where the
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pion and kaon in the medium can regenerate K*® via pseudo-elastic interaction (7K
— K* — 7K) between the chemical freeze-out (in-elastic collisions ends) and kinetic
freeze-out (elastic collisions ends). These two competitive processes i.e re-scattering
and regeneration decide the measured yield of K** in an experiment. It may be noted
that the 77 interaction cross section (mostly responsible for re-scattering) is almost
five times larger than the 7K interaction cross section (responsible for regeneration).
The information as to which of the two processes dominates can be extracted by
measuring the resonance to stable particle ratios. The ratio studied in this thesis
is K*/K. The K* and K have identical quark content but different mass and spin.
This ratio will help to disentangle the re-scattering and regeneration effects. There
are evidences from the previous ALICE and lower energy STAR measurements that
re-scattering is more dominant than the regeneration effect in high energy heavy-ion
collisions [5, 6].

In this thesis, a comprehensive study of the K** resonance production in Pb—Pb
collisions at y/sxy = 2.76 TeV using the high statistics data set collected in 2011 with
the ALICE detector in the LHC is performed. The measurement of invariant yield
spectra have been done via its hadronic decay channel [K* (K*0) — 7~ K* (7+K™)]
with branching ratio of 66.6 %. The invariant yield spectra are measured in finer
centrality classes with high-pr reach up to 20 GeV/c. The pion and kaon tracks are
identified using the specific ionization energy loss in the Time Projection Chamber
and the time of flight measurement in ALICE. The dN/dy and (pr) are calculated
at mid-rapidity (Jy| < 0.5) and compared with the corresponding values from lower
energies to understand the particle production mechanism at the LHC energies. The
pr-integrated K*¥ /K~ ratio in various centralities have been obtained. The centrality
selection is performed by using the information from VO detectors in ALICE. This

K*0/K~ ratio is compared with the corresponding ¢/K~ ratio. The life time of ¢
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meson is almost ten times longer than K*°, so it is expected that the ¢ meson yields
will not be affected by re-scattering effects. The measurements are compared to the
Thermal Model and EPOS3 calculations to confirm the in-medium effects. In order to
see the pr-dependent effect of re-scattering and to understand the particle production
mechanism in different pr regions, various particle ratios such as K* /K, K*/7, ¢/K
and ¢/7 as a function of pr are studied. The data on K**/K~ in Pb-Pb collisions at
/SNy = 2.76 TeV presented in this thesis demonstrates that the re-scattering effect
is the dominant process and this effect increases with increase in centrality.

The nuclear modification factor (Raa) is defined as the yield of particles in heavy-

ion collisions relative to pp collisions, scaled with the average nuclear overlap function.

b1 [d2N/(dydpr)laa
A= TT0 ) [d?0/(dydpT)]pp

where (Tapa) = (Neon) / Oinel i the average nuclear overlap function, (N ) is the
average number of binary nucleon-nucleon collisions and oy, is the inelastic pp cross
section. The R4 is used to understand the formation of QGP in heavy-ion collisions.
The R measurement is sensitive to the dynamics of particle production, in-medium
effects, medium density and the energy loss mechanism of partons in the medium.
If a nuclear collision were simply a superposition of nucleon-nucleon collisions, the
Raa at high-pp would be equal to unity. Any deviation of the Raa from unity may
indicate the presence of in-medium effects. The Raa of K* are compared to other
identified particles such as inclusive charged hadrons, 7, K, p and ¢ in order to
understand the re-scattering effect (low-pr), baryon-meson effect (intermediate-pr)
and light flavoured dependence of parton energy loss (high-py) in the medium. The
Raa values at high-pp are similar in 7, K, K**, p and ¢ suggesting the light flavour

independence of parton energy loss for Pb—Pb collisions at /sy = 2.76 TeV.
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In recent measurements from LHC experiments, several collective features similar
to Pb—Pb collisions have been observed in high multiplicity pp and p—Pb collisions.
The two particle correlation study shows a double ridge structures on the near and
away side in p—Pb [7] and in high multiplicity pp collisions [8], analogous to Pb—
Pb collisions. Non-vanishing elliptic flow coefficient (vy) is found in multi-particle
cumulant study in pp and p—Pb collisions [9]. The strangeness enhancement in high
multiplicity pp collisions at /s = 7 TeV [10] is observed and this enhancement in
Pb—Pb collisions is a signature of QGP formation. In this thesis, a detailed study of
multiplicity dependence K** production in pp collisions at /s = 7 TeV is presented.
The K*O pr-spectra in various multiplicity event classes are measured. The dN/dy
and (pr) of K** at mid-rapidity are extracted. These findings are compared with
the corresponding measurement from other identified particles such as m, K, K, p,
o, A, =, Q to understand the particle production mechanism in high multiplicity
pp collisions. The particle ratios like K*/K are compared with the ¢/K ratio to
see in-medium effects like re-scattering or regeneration effect in high multiplicity pp
collisions at /s = 7 TeV. This observation might give some idea about the onset
of medium formation in high multiplicity pp collisions at LHC energies. The data
on pr-spectra of K* presented in this thesis are observed to become harder with
progressively larger multiplicity event classes. The K**/K~ in high multiplicity pp
collisions shows similar trend as in p—Pb and Pb—Pb collisions suggesting the presence
of hadronic re-scattering effect in high-multiplicity pp collisions at /s = 7 TeV.

The v, of K** is sensitive to the QGP medium formation and give information
about the collective dynamics of the medium created in heavy-ion collisions. The
number of constituent quark (NCQ) scaling is a signature of collectivity developed in
the partonic level. The NCQ scaling has been observed at RHIC energies, but it seems

to be violated at LHC energies [3]. The v, of K*® might helps us to understand the

XV



violation of NCQ scaling at LHC energies. In this thesis, the K*® v, measurement in
Pb-PDb collisions at y/sxy = 2.76 TeV are presented. The results have been compared
with the corresponding measurement from other identified particles to see the mass
ordering at low-pp and baryon-meson effect at intermediate-pr. The effect of hadronic
re-scattering on K*¥ v, are discussed. The data on the v, of K*¥ in Pb—Pb collisions
at \/sny = 2.76 TeV presented in this thesis shows that the vy values decreases with

increase in centrality.
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Chapter 1

Introduction

This thesis deals with resonance production in high energy heavy-ion collisions at
the Large Hadron Collider (LHC) facility. In order to understand the philosophy
of the work presented in the thesis, we start with a brief description of Standard
Model, Quantum Chromodynamics (QCD) and Quark Gluon Plasma (QGP) and
its signatures. Subsequently, the motivation for carrying out various measurements

related to resonance production in Pb—Pb and pp collisions at LHC are discussed.

1.1 A brief description of standard model

The Quantum Mechanics [1, 2] and Special Theory of Relativity [3] plays vital
role in order to understand the standard model of particle physics as describe below.

The Quark model [4] in its modern form was developed by Murray Gell-Mann
and he was awarded Nobel Prize in the year 1969. According to this model, hadrons
(mesons and baryons) are composed of quarks and gluons. The baryon consists of

three valence quarks! and mesons are composed of a valence quark and an anti-quark

L Although, hadrons have sea quarks and gluons; it is the valence quark which determines their
main properties.



pair. The ‘colour’ (red, blue, green) quantum number is assigned to both quarks and
gluons; and gluons are of 8 different kinds. The gluons are the mediator of the strong
interaction. This model also includes 6 flavours of quarks (up, down, charm, strange,
top and bottom) which are found in nature.

The Standard model of particle physics is a theoretical attempt to explain
the fundamental properties of matter and their interaction. A major contribution
to the model was made by Glashow, Salam and Wienberg in 1970 [4, 5, 6]. A vari-
ety of experimental results has been remarkably explained by this model. According
to this model, both the elementary fermions and quarks are classified in three fami-
lies/generations each, as shown in Fig. 1.1. In the first generation of quark, the up (u)
and down (d); charm (c) and strange (s) are included in second generation and in
the third generation top (t) and bottom (b) quarks are placed. The leptons are also
classified in a similar manner as that of the quarks. The fermions (having half odd
integral spin quantum number) such as leptons and quarks have their corresponding
anti-particle.

There are four fundamental forces in nature such as the (i) Strong (ii) Weak
(iii) Electromagnetic and (iv) Gravitational forces. All the fundamental forces
and their mediators, called gauge bosons, except gravitation and its mediator are
included in the standard model of particle physics. The mediator of the strong and
the electromagnetic forces are gluons (g) and photons (), respectively. Similarly,
the weak and gravitational forces are mediated by W, Z° and graviton (yet to be
discovered), respectively. All the gauge bosons which were discovered have spin 1 (g,
v, W, Z9), except graviton (spin 2). In 1973 and 1983 both the gauge bosons Z°
and W were discovered at CERN (European Organisation for Nuclear Research?),

Geneva. These discoveries are remarkable as they were predicted to exist by the

2the abbreviation of “CERN” is Conseil Européen pour la Recherche Nucléaire, which is
the old name in French



standard model [7, 8, 9]. In 2012, the ATLAS and the CMS Collaboration announced
the discovery of a neutral boson whose mass is measured to be 125—126 GeV/c? [10,
11]. This discovery is compatible with the standard model prediction [7, 8, 9] of
existence of Higgs boson. Peter Higgs and Francois Englert were awarded Nobel Prize

in the year 2013 for the theoretical prediction of the existence of this new boson.
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Figure 1.1: The schematic diagram of standard model of particle physics. Im-
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1.2 Quantum chromodynamics (QCD)

The theory of strong interaction is called Quantum Chromodynamics (QCD) and it is
a gauge theory of fields with SU(3)®SU(2)®U (1) symmetry, where SU is the special
unitary group. It describes the interaction among quarks and gluons having a colour
quantum number, constituting the colourless hadrons. The self-interacting nature of

gluon is unique in contrast to photon (whose theory is Quantum Electrodynamics,

QED).



The QCD effective potential, well described by the so-called Cornell potential as
given by Eq. 1.1,
Vaep(r) = =g ==+ kr (1.1)

where ag is the strong coupling constant and k is a constant called colour string

tension. The ayg is also called as QCD running coupling constant as given in Eq. 1.2

127
(33 — 2ny)in(Q?/Agep)’

as(Q?) = (1.2)

where, Q% is related to momen-
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contribution. a function of momentum transfer having
Agep =~ 200 MeV [12].

Eq. 1.2 reveals that when the Q? value is very small (in the normal world),
the quark and gluon coupling is very strong and hence they are confined inside the
hadrons and it is called quark confinement. On the other hand, for the process
with high momentum transfer (large Q* value), the ag value becomes small and the

quarks and gluons behave as free particles in QCD vacuum. This property of QCD is



called asymptotic freedom and it leads to deconfinement of partons in high-density

form of the matter because of large momentum transfer.

1.3 Quark gluon plasma (QGP)

As discussed in the section 1.2, the strong interaction becomes weaker with large
momentum transfer or small distance between quarks and gluons leading to a state of
free partons in the vacuum. The state of high momentum transfer and small distance
between the partons can be achieved by compressing or heating normal hadronic
matter. By the continuous process of heating or compressing, a transition from normal
hadronic matter to a novel phase of matter composed of free quarks and gluons can
be reached which is generally done in the fixed target or collider experiments [13, 14].

The new phase of matter formed is called Quark Gluon Plasma (QGP).

1.3.1 Theoretical predictions of QGP

The QCD phase transition and equation of state is given by Lattice-QCD calcula-
tions [15, 16, 17, 18]. Lattice-QCD calculation for baryon chemical potential, (ug is
the amount of energy required to add or remove a baryon from the system) pug = 0
predicts the QCD phase transition from hadronic to partonic phase at T, ~ 170 MeV
with corresponding energy density (¢) of ~1 GeV/fm? [17].

The theoretical lattice-QCD prediction of energy density scaled with the fourth
power of temperature is given in Eq. 1.3, which is primarily dependent on the number
of degrees of freedom. The calculation is done with massless quarks and gluons at

zero chemical potential and at high-temperature limit [17].

5 7 1
7 = [(Ne= 1) + 5NN .

e : (1.3)



where €55 is the Stefan-Boltzmann energy density; N, and Ng are the number of

flavours and colours degrees of freedom, respectively.
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Figure 1.3: The equation of state predicted by lattice QCD for different flavours [15].
The arrows indicate the ideal Stefan-Boltzmann limit (Eq. 1.3).

Figure 1.4 shows the energy density normalised with the fourth power of tem-
perature, which shows the transition from hadronic to partonic degrees of freedom
at T'/T. ~ 1 with critical temperature, 7., around 170 MeV. The equation of state
shows three different behaviours depending on the temperature:

(i) T < T.: Hadron degree of freedom is prominent and partons are confined
inside the hadrons.

(ii) T =~ T.: An abrupt rise is observed. This is an indication of change in the
number of degrees of freedom (Eq. 1.3), similar behaviour is seen in phase transition,

(iii) 7 > T.: Partons are deconfined meaning that the quarks and gluons can

travel in a volume larger than the size of hadron. The saturation value depends on



the number of degrees of freedom.

1.3.2 QCD Phase Diagram

As discussed in the section 1.3.1, lattice-QCD predicts a transition from hadronic to

partonic medium about the temperature of 170 MeV. At LHC energies the transition

1S a crossover.

Figure 1.4 shows a schematic diagram
of hadronic to phase transition. The solid
line indicates the QCD phase boundary
with first order phase transition and
the end point is indicated by the pres-
ence of the critical point followed by
cross over at very high temperature and
nearly zero baryonic chemical potential
(up). The Quark-Gluon-Plasma is be-
lieved to be formed in the early stages of

the universe, a few microsecond after the

Big Bang which is discussed below.

1.4 Heavy-ion collisions

The Phases of QCD

Future LHC Experiments

l Early Universe

Critical Point

Color ]

Hadron Gas 7
Superconductor

Nuclear

Matter Neutron Stars
-

0 MeV

Baryon Chemical Potential

Figure 1.4: Schematic QCD phase dia-
gram of nuclear matter [18, 19]. The
phase boundaries for different phases are
indicated by solid lines.

The early universe scenario after the Big Bang corresponds to low ug = 0 and high-

temperature region in the QCD phase diagram as shown in Fig. 1.4.



1.4.1 Resemblance to big bang

According to the Big Bang Model [20], the universe was filled with free quarks and
gluons (partons) after the electro-weak transition (~ 10~!!s) after the Big Bang. Due
to the expansion, temperature decreases and at t ~ 10~* s after Big Bang, the critical
temperature 7, is reached when the transition from deconfined phase to the hadronic
phase took place. The present-day Universe was created after a long evolution from
hadronic phase. In other words, one could say that today’s Universe was determined
in t <107* s after the Big Bang, where quark and gluons constituted the Universe.
A comprehensive study of the deconfined phase is a need of present time not only to
understand the properties of strongly interacting matter but also to track back the
Universe just after the Big Bang. A schematic diagram depicting the evolution of the

Universe is given in the Fig. 1.5.

Big  quark-gluon proton & neutron  formation of formation of star
Bang plasma formation low-mass nuclei neutral atoms formation
- 12 ¢ 2 g L e .- ” 20 &
=107 K 0 107 K 4,000 K : 3K
105 %5 3 min 400,000 yr

Figure 1.5: Schematic diagram representing the evolution of the Universe [20].

1.4.2 Evolution of fireball

It is possible to find the deconfinement phase of matter with T > T, ~ 170 MeV
in the laboratory by Ultra-Relativistic Heavy-Ion Collisions. The final state

observables carry the information from each step of the collisions.
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Figure 1.6: Space time evolution of heavy-ion collisions [21].

The heavy-ion nuclei are accelerated in the opposite direction towards each other
with ultra-relativistic speed due to which these are Lorentz contracted along the beam
direction. At time t = 0, the nuclei collide and in the overlap region, the interaction
starts developing. As soon as the nuclei collide, inelastic interaction among partons
starts by losing the kinetic energy. The loss of kinetic energy comes out in the form
of matter, which is created in the vicinity of the collisions and it is commonly known
as the fireball. The QGP is formed when the fireball is hot and dense enough.
The space-time evolution of heavy-ion collision is depicted in Fig. 1.6. Due to the
high energy density and pressure gradient, the fireball expands and cools down; at
a temperature called critical temperature (7¢), quarks and gluons form hadrons as
shown in Fig. 1.6. Subsequently, the hadron gas expands and at a temperature
called chemical freeze-out (7.;,), all the inelastic collision ceases and henceforth the
chemical composition of the system (different kinds of particle number) remains the

same. Further expansion takes place and at kinetic freeze-out (7i,) temperature,



all the elastic collisions stop as the distance among the constituent particles of the
system is larger than their mean free path. Finally, the particles come out of the

system and fall on the detector which are detected for physics analysis.

1.4.2.1 Collision geometry

—

Let us consider the collision of two heavy-ions with non-zero impact parameter, b,
(perpendicular distance between the centre of two nuclei) as shown in the Fig. 1.7.
The reaction plane of collision is formed between impact parameter and the beam
direction (z-axis in laboratory frame). The angle made by reaction plane with the

x-axis is called reaction plane angle (¥R).

Figure 1.7: Heavy-ion collision geometry in two-dimension (left panel) and three-
dimension (right panel).

The nuclear collisions are classified in different centrality classes according to the
impact parameter length i.e |l;| = ( corresponds to central collisions and |5| ~ Ra+Rp
(Ra and Ry are the radius of incoming nuclei) are classified as peripheral collisions.
The impact parameter of a collision can not be measured directly in an experiment
and hence the charged particle multiplicities (number of particles produced in an

event) are considered for the centrality selection.

10



1.4.2.2 Observables and collective flow

One of the fundamental observable in high energy heavy-ion collisions is invariant

yield. The invariant yield is defined in Eq. 1.4.

BN 1 1 &N

B = X X
dp 3 N, event 27Tp T dydp T

(1.4)

where Neyents 1S the number of events, pr = /p2 + pfj is the transverse momentum.

1, /E+p,
Rapidity y = §ln( +p )

.. 0.1
5 ,.) Pseudo — rapidity n = —1In [tan(ﬁ)], (1.5)

where E and 6 are the energy and angle made by the particle w.r.t. z-axis (beam
direction), respectively.

Let’s consider a non-central collision as shown in Fig. 1.7. After the collision, an
anisotropic fireball is created and the invariant yield of final state particles can be
written in terms of a Fourier expansion (Eq. 1.6) relative to the reaction plane (¥, ).

d3N 1 d°N

B -
dp3 2mpr dprdy

o
[1 + ) 2v,cosn(® — T, (1.6)
n=1
where ® is the azimuthal angle of the particle. Due to the symmetric nature of fireball
with respect reaction plane, the sine term vanishes. The n'® order Fourier coefficient
is given by Eq. 1.7

vy, = (cos[n(® — U,)]) (1.7)

The first order co-efficient, vy, is called directed flow and it is related to the overall
shift of the particle distribution in the transverse plane. The second order coefficient,

V9, is called elliptic flow and it explains the anisotropic azimuthal distribution of final

11



state particles.

1.4.3 Experimental heavy-ion facilities

The heavy-ion experimental facility of very first kind had started at the Berkeley
Bevalac (USA) in 1971 [22]. After that, several experiments started operating at

various facilities around the globe as given below.

e 1987-1994: The AGS (Alternating Gradient Synchrotron) of BNL (Brookhaven

National Laboratory) a fixed target heavy-ion collisions facility started with

VSNN < 14.2 GeV.

e 1986—2003: The CERN/SPS (Super Proton Synchrotron) heavy-ion col-
lisions facility, which was also a fixed target experiment started with /sy ~

19 GeV.

e 1994-2003: In the SPS, fixed target experiments have been operated (Pb
nuclei accelerated up to /sy ~ 17 GeV).

e 2000-now: The RHIC (Relativistic Heavy Ion Collider) at the BNL col-
lides Au—Au, Cu—Cu etc. nuclei up to /syny = 200 GeV. The four experiments:
PHENIX, STAR, BRAHMS, PHOBOS were developed at this facility, but now

the only one that STAR is operational.

e 2009—now: The LHC (Large Hadron Collider) at CERN starts experi-
mental activity in 2009 and delivered Pb—Pb collisions at /sxy = 2.76 TeV
in 2010 (~ 14 times larger energy reached as compared to RHIC). This facility
opens a new era for studying the properties of strongly interacting matter under

extreme energy and density.

12



Along with the above mentioned experimental facilities, there are also ongoing
lower energy heavy-ion programs. The SIS (Schwerlonen Synchrotron) facility located
at GSI (Gesellschaft fiir Forschung Schwerlonen) which can accelerate heavy-ions at a
maximum energy of about 2 AGeV and NICA experiment at Dubna is in preparation.
These experiments are primarily dedicated to QCD phase transition study at high

baryon chemical potential (p5) and low temperature (T) regions.

1.5 Evidences of QGP formation

The biggest QCD factory in the world, the LHC, brought a revolution in heavy-ion
physics by colliding Pb—Pb ions at /sy = 2.76 TeV in the year 2010. The very first
step to characterise the system produced in the heavy-ion collisions is to measure
(dNen/dn) to estimate the energy density which is shown in the Fig. 1.8.

The energy density measured at SPS and RHIC are 3 GeV/fm® and 5 GeV/fm?,
respectively [5] and the corresponding value at LHC is 15-60 GeV/fm? [5, 47]. So,

the initial energy density at LHC is significantly higher than the SPS and RHIC.

The (dNu/dn) values measured at — ~ o———rrm———rrr———rrr—
e INEL, fit o« s%19® — |NEL>0, fit«s”'””“’_:
LHC is more than two times larger as z" ¢ . gk/'lgE ¥ ALCE 1
' = 7F + PHOBOS E
compared to corresponding results from 6 Y UAS5 (pp) 3
F A ISR ]
RHIC; the results from other experiments St E
4 -
are also shown on the Fig. 1.8 [48]. There o ]
are abundant evidence of QGP formation 2 =
Eomeah 4
. . . 1= =
in heavy-ion experiments at SPS, RHIC F Inl<0.5 7
C | el Lol .

0 10? 10° 10*
and LHC. s (GeV)

Figure 1.8: The pseudorapidity density of
charged-particle measured in |n| < 0.5 as
a function of /s [48].
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In the following section, various signatures of QGP formation such as J/U sup-

pression, strangeness enhancement, jet quenching, etc. are discussed.

1.5.1 J/U suppression

The bound state of heavy quark and anti-quark such as charmonium, c¢ (J/U) is
usually formed at the early stage of the collisions. So, the J/W is an excellent probe
to study the early dynamics of the medium formed in heavy-ion collisions. Theoreti-
cal calculation suggests that the production of J/W in heavy-ion collisions (expected
to have QGP) will be suppressed as compared to pp collisions (no medium forma-
tion) [23]. The J/W¥ production will be reduced in heavy-ion collisions if the QGP
medium is formed as it will screen the colour charge of the quark. This is called Debye
screening which inhibits the formation of ¢ pairs or J/W state. The J/W¥ suppression
in heavy-ion collisions is observed in SPS [24] and RHIC [25, 26] energies attributing
to the QGP medium formation. Figure 1.9 shows the Raa J/¥ meson in Pb—Pb
collisions at /syy = 2.76 TeV and 5.02 TeV as a function of centrality (represented
as (Npart)) measured in ALICE at LHC. The results are also compared with the cor-
responding measurement of Au—Au collisions at /sy = 0.2 TeV from the PHENIX
collaboration at RHIC. The magnitude of J/¥ Raa measured at /sy = 2.76 TeV
and 5.02 TeV is higher than the Raa of 0.2 TeV for central collisions. This increase
in the J/U Raa at LHC is attributed to the recombination of ¢ pairs to form the
bound state of J/W. As the lifetime of the fireball is longer for central collisions at
higher energy (y/snn = 5.02 TeV), so there is more ¢ pairs recombination and hence

the suppression [ is less as compared to /syn = 2.76 TeV and 0.2 TeV.

14
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Figure 1.9: The Raa of J/U as function of centrality (represented as (Npay)) in Pb—

Pb collisions at /sy = 2.76 TeV and 5.02 TeV at ALICE and the corresponding
measurement is compared with the PHENIX result of Au—Au collisions at /sxny =
0.2 TeV.

1.5.2 Strangness enhancement

The strange particle production is expected to give detail information about the
formation and properties of QGP phase of hadronic matter produced in high energy
nuclear collisions [29]. The net strangeness is zero before and after the collisions of
pp or heavy-ions. So, there would be an abundant production of the strange particle
if nucleus-nucleus collisions proceed via a de-confined QGP stage [4]. The formation
of ss pair from the channel ¢qg — ss and gg — ss in QGP is more because of high
gluon density and annihilation of light ¢g pairs than the pp collisions (where no QGP

medium formation is expected [31]).
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Figure 1.10: The yield of multi-strange hadrons in Pb-Pb relative to pp collisions mea-

sured in ALICE (left panel) and NA57, STAR (right panel) as function of centrality
(express as average number of participant, (Npart)) [32, 33, 34].

The enhancement factor (e) is defined in the Eq. 1.8.

€ =

<N part > dy

2 [dN(Pb—Pb)‘ /dN(pp)
y=0 dy

J s

The results in the Fig. 1.10 shows the yield of hyperons enhancement factor
(Eq. 1.8) as a function of centrality (expressed by (Npap)) measured by ALICE [32]
and is compared with the corresponding measurement from STAR and NA57 collabo-
ration [33, 34]. The observed abundant production of strange particle in Pb—Pb with
respect to pp/p—Be collisions indicates the formation of de-confined state of matter in
ALICE and also at RHIC and SPS energies. It is also observed that the enhancement
factor is higher for particles containing more strange quark (s) i.e. €(A) < €(2) < €(Q)

3 which further conforms the QGP formation scenario.

3¢ is a measure of strangeness enhancement for strange particles.
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1.5.3 Jet quenching

High-pr (hard) partons are created early in the collisions carrying large energy. They
lose energy while traversing in the QGP medium via interaction with soft partons in
the medium [35]. This is called quenching effect. Due to this quenching, most of
the parton energy is lost before fragmenting into hadron jets. This leads to decrease
in hadron yield at high-pt with respect to the situation where there is no quenching of
energy of the partons. One of the experimental observable to measure the quenching

effect is called nuclear modification factor (Ras) as defined in Eq. 1.9.

1 (dQN/dyde)AA

Tan) (2 /dydpr)pp (19)

Raa(pr) = <

which is the ratio between the invariant yield in nuclear-nuclear collisions to that
of pp collisions scaled with the average nuclear overlap function (Thx) (= (Neon)/Cinel;
where (Neon) and oy are number of binary collisions and inelastic pp cross section,
respectively). The unity value of Raa suggests that the nuclear collisions are simply
linear superposition of pp collisions and there is no QGP medium formation. However,
any deviation from the unity value at high-p is an indication of medium formation.

On the left hand side of Fig. 1.11 shows the 7° Rxa in central Pb—Pb collisions
at /sy = 2.76 TeV measured in ALICE. The measurement is compared with the
corresponding results from PHENIX and WA98 collaboration at various energies.
There is a strong suppression of 7° Raa at high-pr with magnitude less than unity in
Pb-Pb collisions at y/syny = 2.76 TeV. The magnitude of suppression at LHC (y/sny
= 2.76 TeV) is more as compared to PHENIX (y/sxy = 200, 39, 62.4 GeV) and
WA98 (y/snn = 17.3 GeV). This observation suggests that there is a strong parton
energy loss and this indicates the presence of strongly interacting QGP matter at

LHC and also at RHIC (PHENIX energies). However, with decrease in collisions en-
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ergy the magnitude of suppression also decreases. The Ras value approaches to unity
at high-pr as observed by WA98 collaboration in Pb-Pb collisions at /sy = 17.3
GeV, where the formation of partonic medium is negligible. The right hand side of
Fig. 1.11 shows the charge hadron nuclear modification factor in Pb—Pb (Rpppp,) and
p—Pb (Rppp) in different centre of mass energies and collisions centralities measured
in ALICE. At high-pr, there is a strong suppression of charge hadron Rpypy, for most
central (0-5%) collisions as compared to peripheral Pb-Pb collisions at /sy = 2.76
TeV. However, the R,py, value at high-pr corresponds to unity indicating there is no
medium formation in p—Pb collisions at /syx = 5.02 TeV in ALICE at LHC. The
Raa of K* resonance will be discussed in this thesis and also compared with other

identified hadrons in Pb—Pb collisions at LHC energy.
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Figure 1.11: The Raa of ¥ for central collisions measured by ALICE, PHENIX
and WA9S8 collaboration in different centre of mass energies [36] (left panel). The
charge hadron Rpppy, and Rypp, measured by ALICE collaboration in various collision
centrality at \/sxy = 2.76 TeV and 5.02 TeV, respectively (right panel).
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Figure 1.12 shows a schematic dia-
gram of back to back jets (dijet) in pp
(or e"e™) collisions where there is no ex-
pectation of any medium formation and
the quenching of away side jets in A4+A
collisions (here the medium formation is

expected).

A+A

p+p

Figure 1.12: Back-to-back jets in pp and
jet quenching in A-A [38]

Fig. 1.13 shows two particle azimuthal distribution of identified hadrons in pp,

d-Au and Au—Au collisions. When there is no medium formation (pp, d—Au) the hard

partons are produced back-to-back (Fig. 1.12) unlike the Au—Au where the medium

is formed and away side jets are quenched inside the medium.

One trigger particle (high-pr) which
correspond to high peak side (right side
of Fig. 1.13 is selected as the reference.
The peak on the opposite side of the trig-
ger particle gets suppress in Au—Au colli-
sions because of the quenching; as partons
losses energy while propagating inside the
medium unlike in pp or d—Au collisions.
It is another evidence of the medium for-
mation in relativistic heavy-ion (Au—Au)

collisions.
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Figure 1.13: Back-to-back jets in pp and
jet quenching in A—A [3§]
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1.5.4 Elliptic flow and QGP

Even though several phenomena shows evidence evident that the QGP is formed at

RHIC and LHC energies still the properties of the medium need to be understood.

Elliptic flow is one of the important

0.08— ..... Polynomial Fit 5 .8 (b)_
. i JIR Fo
observable to understand the collective 0.06/— i3 @f]ﬁr.‘; $¢ ------ + ........ ( -
s i Q “Qé} i
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my is the rest mass) for different identified 0 05 1 15 2
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Figure 1.14: vy/nq versus (mr — mo)/nqg
of identified hadrons in Au—Au collisions

at /sy = 62.4 GeV.

= 62.4 GeV measured in STAR [12].

The polynomial curve is fitted to vy(pr) of hadrons excluding pions. The number
of constituent quark scaling is observed as the all v, ratios to fit function correspond
to one suggesting hadron formation via quark coalescence. The NCQ scaling of vy is
an evidence of the dominance of quark degrees of freedom in the early stage of the
collisions when collective flow develops [40, 41, 42].

Figure 1.15 shows the v, as a function of pr for various identified particles in dif-
ferent centralities for Pb—Pb collisions ate /sy = 2.76 TeV. A clear mass ordering is
observed in the low-pr (< 3 GeV/c) for all centralities. This observation is attributed
to the interplay between radial and elliptic flow [44, 45]. At high-pr (> 3 GeV/e),

particles tend to follow according to their type (baryon and meson). The deviation
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from NCQ scaling at a level of £20% is also observed at LHC [43].
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Figure 1.15: The v, as a function of pr for identified hadrons in different centralities
for Pb—Pb collisions at /sy = 2.76 TeV [43]

The properties of the QGP medium created at RHIC and LHC is far from com-
plete understanding. Resonance particles can be used as a powerful tool to understand
the QGP medium formed at RHIC and LHC, which will be discussed in the subse-

quent sections. Specifically, later in the thesis, the measurement of vy of the K*0 will

be presented.
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1.6 Thesis motivations

The various motivations of the thesis are described in the following sub-sections.

1.6.1 Resonance production in Pb-Pb collisions at LHC

Resonances by definition are very short-lived particle with lifetime 7 ~ fm/c (10723

s). The typical lifetime of the resonances which are measurable experimentally in

heavy-ion collisions varies from 1 to 47 fm/c. The lifetime of the fireball created in

Pb—Pb collisions at LHC is O ~ 10 fm/c (Fig. 1.8).

The resonances can be used as an
excellent probe for the study of system
evolution in different time scale and to
understand various in-medium phenom-
ena. In this thesis, primarily K** reso-
nance is studied in detail. It is a vec-
tor meson (spin 1) containing a strange
quark and having lifetime, 70 = 4.16 £+
0.05 fm/c [51], which is comparable to the
fireball created in Pb-Pb collisions [49].
Due to this short lifetime of K*0, it de-
cays to pion and kaon daughters inside
the hadronic medium separated between

chemical and kinetic freeze-out as shown

in the Fig. 1.16.

Signal
measured

Signal
lost

Signal
measured

Kinetic
freezeout

Time

v

Figure 1.16: Schematic diagram showing
chemical and kinetic freeze-out with pos-
sible pion and kaon interactions in the
hadronic medium.
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In this scenario, mainly three possible cases arise (i) K*° decays inside the medium
but the decay daughters remain unaffected by the medium particles, (ii) K*° decays in
the medium and the decay daughters interact with the medium particles which modi-
fied their momentum and (iii) in-medium pions and kaons interact among themselves
to form the K*¥ resonance state.

In the second case, the K** signal is lost from being observed in experiment
because of the re-scattering of daughter particles which inhibits the parent K*° re-
construction via invariant mass method. In the first and third scenario, the K* signal
is measured. In the later case, the K* yield increases because of the regeneration
from the in-medium pions and kaons interaction. The interplay of these two compet-
ing process (re-scattering and regeneration) interplay which affects the final measured
K*Y yield. These processes mainly depend on the in-medium hadrons interaction cross
sections, chemical and kinetic freeze-out time interval and source size [52, 53].

The re-scattering and regeneration effects can be disentangled and quantified by
calculating the resonance to stable particle ratios (K**/K) in pp and AA collisions.
The K*9/K ratios are also compared to ¢/ K ratio because the K*® and ¢ have similar
masses and spin but very contrasting lifetimes i.e 75 = 46.3 £ 0.4 fin/c [51] which
is almost ten times larger as compared to K**. The precise measurement of these
ratios reported in this thesis would provide the experimental evidence for the exis-
tence of hadronic in-medium (re-scattering, regeneration) phenomenon. There are
evidence from the previous STAR experiment at RHIC and ALICE at LHC that
re-scattering dominates over regeneration effect [54, 55]. Model calculation suggests
that re-scattering effect is more dominant at low-pr [55]. Hence, in this thesis, the
pr-dependent K**/K in pp and Pb—Pb collisions are calculated and compared with
the corresponding measurement of ¢/K ratios. The pp-differential particle ratios like

p/K* and p/¢ ratios are also measured in order to understand the particle production

23



mechanism in various pp-regions.

One of the important measurement to understand the parton energy loss at high-
pr (> 8 GeV/c) is nuclear modification factor (Raa, Rcp). As the K*O contains
strange (s) quark, it would be useful to study Raa and Rcgp to investigate the light
flavour hadron energy loss in the medium. It also provides insight into the particle
production mechanism, in-medium effects and medium density. The flavour, mass
and type (baryon/meson) dependence of parton energy loss is predicted by various
model calculation [56, 57, 58]. The measurement presented in this thesis will constrain
the models dealing with the particle production mechanism, fragmentation process

and parton energy loss in the medium formed in Pb—Pb collisions.

1.6.2 Multiplicity dependence of resonance production in pp

collisions at LHC

The importance of small system (pp) study has become more interesting after LHC
has taken data in p—Pb and pp collisions at very high energy with high multiplicity
event collisions. One of the intriguing question that one must be seeking the answer
to the physics mechanism possibility of collectivity in small systems at LHC energies.
There are several theoretical predictions and the model calculation which suggests
that collective features similar to heavy-ion collisions could be observed in a small
system like pp collisions [59, 60, 61, 62]. Recent experimental observation from CMS,
ATLAS and ALICE [63, 64, 65, 66, 67] revealed that there are substantial evidence
that the small systems like pp and p—Pb collisions shows such features which are
attributed to collectivity in Pb—Pb collisions.

In this thesis, a comprehensive study of the event charged particle multiplicity

dependence of K** production by measuring the global observable like pp-spectra is
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performed. The yields of K* resonance is measured to investigate the presence of
a collective phenomenon, hadronic in-medium effects like re-scattering and regenera-
tion. The measurement of (py) in various multiplicity event classes would also provide
information about the hardening of pp-spectra indicating the dominance of radial flow

effect in high multiplicity pp collisions at /s = 7 TeV.

1.6.3 Elliptic flow of K*¥ in Pb—Pb collisions at /sxy = 2.76

TeV

The primary focus of the ALICE at the LHC is to study the properties of the medium
at an extreme condition of high temperature and density formed in the relativistic
heavy-ion collisions. The number of constituent quark scaling (NCQ) scaling of ellip-
tic flow (vy) is a signature of collectivity developed in the initial stage of collisions.
Experimentally measured vy in PHENIX at RHIC and ALICE at LHC shows the
evidence of NCQ scaling violation [68, 69] of the order of 20%. The K* v, in Au—Au
collisions at /syy = 200 GeV in the STAR experiment at RHIC has been mea-
sured [70, 71]. However larger uncertainties do not allow firmly to conclude whether
NCQ scaling is followed by the K*0 vy,

The vy (pr) measurement at low-pp compared to hydrodynamic calculations, which
shows that the elliptic flow is developed primarily in early partonic stage and then gov-
erned by QGP evolution [4]. However, the late hadronic in-medium like re-scattering
phenomenon could also contribute to the development of vy [5, 6]. As there are ex-
perimental evidence which shows that K*© gets affected by hadronic re-scattering, so
it would be interesting to measure the K** vy(pr) in order to understand the effect of
re-scattering on K*® v,. In this study, the measurement of K*® v, in Pb—Pb collisions

at \/sxn = 2.76 TeV has been carried out to test the NCQ scaling, understand par-
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ticle production mechanism and study the effect of re-scattering and regeneration on

K*® vy at the LHC energies.

1.6.4 A transport model study of hadronic phase in heavy-

ion collisions using K** and ¢

In this part of the thesis, A Multi-phase Transport Model (AMPT) [74] study is per-
formed to understand the elliptic flow and particle production mechanism of identified
particles with a special focus on resonances (K** and ¢). To describe the dynamics of
heavy-ion collisions, the AMPT model uses HIJING (Heavy-Ion Jet INteraction Gen-
erator) for generating the initial conditions, Zhang’s Parton Cascade (ZPC) model
for partonic scatterings, the Lund string fragmentation or a quark coalescence model
for hadronization. The hadronic matter interaction is described by a hadronic cas-
cade based on a relativistic transport (ART) model. The analysis is performed to
sce the effect of hadronic in-medium effects (re-scattering and regeneration) on the
observable presented here by varying hadronic cascade termination time (1y¢) from
0.6 fm/c to 30 fm/c.

One of the primary conclusion of this thesis is the experimental observation of
the hadronic re-scattering effect of K* resonance. Here, a model study is performed
to understand the hadronic in-medium effects (re-scattering and regeneration) on K*°
and ¢ resonance elliptic flow (vy) and pr-spectra. The resonance flow result is also
compared to corresponding measurements from other identified hadrons. The study
is performed by using string-melting version of AMPT in Pb-Pb collisions at /snx

= 2.76 TeV at mid-rapidity (|Jy| < 1) by varying the hadronic cascade time.
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Chapter 2

Experimental Setup and Analysis

Framework

In the ultra-relativistic hadronic and heavy-ion collisions, sophisticated experimental
apparatus are required not only to create high-energy collisions but also to recon-
struct and identify the particles produced. The complex technology has been used
for building the accelerator and detectors. The detectors present in the Large Hadron
Collider (LHC) at CERN are the scientific-technological wonders of the 21 century.

In this chapter, different aspects of the ALICE detector system which are used
for the data analysis presented in this thesis are described. In the Section 2.1, the
LHC is introduced. A brief description of the ALICE sub-detectors are given in the
Section 2.2, 2.3 and 2.4. The online and offline computing system of ALICE detector
is described in the Section 2.5 and Section 2.6, respectively. The AliRoot framework

is given in the Section 2.7.
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2.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [1] is the world’s largest particle accelerator. It is
based at CERN (the CERN acronym represents in French as “Conseil Europeen pour
la Recherche Nucleaire or European Council for Nuclear Research). It is an accelerator
composed of two rings installed in an underground tunnel having a circumference of

26.7 km at a depth of about 100 m across Switzerland and France border.
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Figure 2.1: CERN accelerator complex showing the locations of the four main LHC
experiments (ALICE, ATLAS, CMS and LHCb) around the LHC ring [2]

The schematic diagram of the LHC (CERN accelerator complex) is shown in
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Fig. 2.1 [2]. The LHC facility consists of both nuclear and particle physics experiments
having four main detectors named as ATLAS, CMS, LHCb and ALICE. ATLAS (A
Toroidal LHC Apparatus) [3] and CMS (Compact Muon Solenoid) [4] are general
purpose detectors. In the present scenario, the main purpose of these detectors are
to search for Super Symmetric particles (SUSY), evidence of extra dimensions and
characterisation of the recently discovered Higgs boson [5, 6], resonances, etc. LHCb
(LHC beauty) [7] is a forward detector placed very close to the beam direction and
is used for the study of CP violation in the b-quark sector. ALICE (A Large Ion
Collider Experiment) [8, 9] is the only detector which is specifically designed to study
evolution dynamics and characterisation of Quark Gluon Plasma (QGP).

As shown in Fig 2.1, the complex CERN accelerator system consists of various
detectors and accelerators. Initially, the protons are accelerated in a linear accelerator
(LINAC 2) which provides energy up to 50 MeV. From the LINAC 2, protons are
injected into Proton Synchrotron Booster (PSB), then further acceleration takes place
in Proton Synchrotron (PS). Before injecting to LHC ring, protons are accelerated in
Super Proton Synchrotron (SPS) where the reach of energy is 450 GeV. Like protons,
lead ions also follow the similar path, but these are accelerated through LINAC 3 and
Low-Energy Ion Ring (LEIR) before being accelerated into PS. The energy reach is
177 GeV per nucleon before injecting them to LHC ring. The maximum centre of
mass energy that can be reached in the LHC for proton beam is 14 TeV and heavy-ion
up to 5.5 TeV per nucleon. More details about the ALICE detector is presented in

the following sections.
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2.2 A Large Ion Collider Experiment (ALICE)

ALICE is the only experiment at LHC which is optimised for the study of heavy-ion
(Pb—PDb) collisions, in order to understand formation and evolution dynamics of the
nuclear matter at high energy density and temperature. The dimension of ALICE
detector is 16 x 16 x 26 m? and approximate weight is 10,000 t. The schematic diagram

of ALICE detector is shown in Fig. 2.2.

ACORDE MUON SOLENOID TRACKING MUON
L3 MAGNET CHAMBER FILTER

TRIGGER
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Figure 2.2: The schematic diagram of ALICE detector [10].

The coordinate system of ALICE is right-handed Cartesian system with origin
(x, y, z) = (0, 0, 0) at interaction point which is the nominally at centre of the
detector. The three axes are orthogonal to each other where the horizontal x-axis is
pointing towards the LHC centre, y-axis is vertically upward and z-axis is along the

beam direction away from the muon arm (pointing left in Fig. 2.2 ). The polar angle,
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0, increases from +z to -z direction and the azimuthal angle, ¢, is 0 along the +x
direction and increases counter-clockwise passing through y-axis (7/2) and then back
to x-axis.

A schematic diagram with most important sub-detector systems are given in
Fig. 2.2. In the following section, a brief description of some of these detectors are

given.

2.3 Central barrel detectors

2.3.1 The Inner Tracking System (ITS)

The Inner Tracking System (ITS) [11] is placed very close to interaction point around
the beam pipe. The main purpose of ITS is to determine the primary, secondary
vertices, particle identification and tracking of low-momentum particles. It is com-
posed of six layers of silicon detector placed radially outward between 3.9 and 43 cm
from the beam line. The first two layers are Silicon Pixel Detectors (SPD) followed
by Silicon Drift Detectors (SDD) and Silicon Strip Detectors (SSD) [11] and each of
these detectors are having two layers.

The SPD consists of two layers of silicon detector, placed very close to beam pipe
in the pseudo-rapidity range || < 2.0. This is the inner most detector and the basic
function is to determine primary and secondary vertices. It is also used as level-2
(L2) trigger [11]. It operates in the region where the radiation level is very high
and the track density exceeds 50 tracks/cm?. The SPD is basically two-dimensional
reverse-biased silicon based p-n junction diode. Each cell on the detector matrix is
connected via a solder ball to a cell of the same size on a front-end CMOS chip, which

contains most of the readout electronics. The information provided is a digital pulse,
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a threshold is applied to the pre-amplified and each cell gives a logical output if the
threshold is exceeded.

The SDD and SPD are also two layered silicon detectors placed just after the
SPD, covers pseudo-rapidity range |n| < 2.0. The inner radius of SDD is 15 ¢m and
hence the track density is relatively less as compared to SPD. The SDD gives good
tracking and PID performance at low-py by measuring the transport time of the
electrons and holes which are created in the process of ionisation while the particle

passes through the 300 mm thick p-n junction.

The two SSD layers start at a radius ~ (Stip ) ( Drift ) ( Pixel )

of 39 cm and it is the outer most layer of
ITS. It consists of 300 mm thick, 40 mm
long, double sided silicon strip sensor with
p~ on one side, and n~ on the other side
with a separation of 95 mm. It provides

a two-dimensional measurement of track

Figure 2.3: The schematic diagram of
matching between the ITS and TPC. ITS [12]

The SDD and SSD provides analogue output, so the particle identification in-
formation is extracted via specific energy loss information (dE/dz) in the silicon

detector.

2.3.2 Time Projection Chamber (TPC)

The ALICE TPC [10] is a large cylindrical gaseous detector placed around the ITS,
aligning the axis with the beams from the LHC. The TPC is mainly used for tracking,

particle identification purpose and also helps in vertex determination. The active
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volume of TPC is close to 90 m® with an overall length along the beam direction
of 500 cm. The inner and outer radius is about 85 ¢m and 250 cm, respectively.
The detector is filled with gas mixture of Ne-COo-Ny (90%-10%-5%) at atmospheric
pressure. A cylindrical conducting electrode is placed at the centre to maintain a
uniform axial electrostatic field of 400 V/cm along the beam direction. A charged
particle passing the detector ionizes the gas, then the free electron drift towards the
endplates of the cylinder under the influence of electric field. The readout chambers
are installed at the two endplates which is based on the Multi-Wire Proportional
Chamber (MWPC) technique with a gain factor of 10*. Figure 2.4 shows some parts
of the ALICE TPC.

— : Gas Volume: 90 m3
End Plate Ne-CO2-Nz (90%-10%-5%) Field Cage

Figure 2.4: An artistic picture of ALICE Time Projection Chamber. Photo (C) Francis
Demange

The TPC has the capability to reconstruct a primary track having momentum
from 100 MeV/c to 100 GeV/c. In addition to tracking capability, the TPC can also
provide particle identification (PID) information via measuring momentum, charge,
and specific energy loss (dF/dx) of the particle. The energy loss, described by the

Bethe-Bloch formula is parametrised for each particle species by a function originally
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Figure 2.5: Specific energy loss (dE/dz) signal as a function of rigidity (p/z) for
different particle and anti-particles in Pb—Pb collisions at /sxny = 2.76 TeV. The
solid line represents the theoritical modified Bethe-Bloch line.

proposed by the ALEPH collaboration [13].

% (P87 —in(Py + @)) (2.1)

where § and v are the relativistic velocity and Lorentz factor and P,_5 are the

f(BY) =

fit parameters. The energy loss distribution for various mass particles are shown in

Fig. 2.5.

2.3.3 Transition Radiation Detector (TRD)

The ALICE TRD [14] is placed outside the TPC within the radial distance of 2.9
to 3.7 m in the pseudo-rapidity range |n| < 0.84. The TRD module consists of
Multi-Wire Proportional Chambers (MWPC) filled with a Xe-CO, gas mixture and

a fibre radiator is placed in front of each MWPC. The radiator is used for electron
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identification via transition radiation and energy deposition. The TRD can separate
electrons from pions very accurately with almost 100% efficiency. The TRD is also

used for triggering and tracking of electrons and jets.

2.3.4 Time Of Flight (TOF)

The TOF [15] is placed around the TRD and having the inner radius of 3.7 m in the
pseudo-rapidity range of || < 0.9. This is a gaseous detector formed of an array Multi-
gap Resistive Plate Chamber (MRPC). Any charged particle passes by, it ionizes the
gas and the avalanche electrons move towards the electrode. The avalanche is stopped
by the resistive plates in each gap. The induced charge gives very fast signal with
overall time resolution for charged particle being about 80 ps. The TOF is mainly
used for particle identification at intermediate momenta where the separation between
pions and kaons with momenta up to 2.5 GeV /¢, and pions and protons up to 4 GeV/c
is good.

The measure of flight times of charged particle between the collision point and
TOF is measured as a difference between the reconstructed times of the hits in the
TOF and TO detectors [16]. The estimation of mass is made from the relationship be-
tween the particle momentum and its velocity. The velocity is inversely proportional

to the time of flight (t70r), which is related to rest mass (mg) as

p

mo

where p is the momentum of the particle, v and ¢ are the Lorentz factor and is
the speed of light respectively. The TOF detector performance is shown in Fig. 2.6 for
Pb—Pb collisions. The measured 3 of each particle is plotted against its momentum

(as measured in the TPC).
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Figure 2.6: Distribution of S as measured by the TOF detector as a function of
momentum for particles reaching the TOF in Pb-Pb collisions at /syn = 2.76 TeV [8].

2.3.5 High Momentum Particle Identification (HMPID)

The HMPID [17] consists of 7 identical RICH (ring-imaging Cherenkov) modules
with a liquid CgFq4 radiator coupled to MWPC based photon detectors with Csl
photocathode and covering 11 m?. The HMPID detector extends charged hadron
identification in ALICE to higher momentum. The identification is based on the
Cherenkov angle measurement produced by charged tracks which emit electromag-
netic radiation in form of a cone. Using HMPID, the charged pions and kaons can be

identified up to 3 GeV/c and 5 GeV /¢ respectively.

2.3.6 PHOton Spectrometer (PHOS)

The PHOS [18] is an electromagnetic calorimeter of high granularity. It is positioned

at a radial distance of 4.6 m, within pseudo-rapidity of |n| < 0.12 and azimuthal
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acceptance of 220° to 320°. It consists of 17280 detection channels of lead-tungstate
crystals, PbWO,. The PHOS is optimised to measure photons (in pr range ~0.5-10

GeV/c), m° (in pr range ~1-10 GeV/c) and n meson (in pr range ~2-10 GeV/c).

2.3.7 Electro Magnetic Calorimeter (EMCAL)

The EMCAL [19] is placed at a radial distance of 4.5 m, opposite to PHOS. It contains
10 supermodules of 48 x24 cells and 2 supermodules of 48x8 cells within |n| < 0.7 and
azimuthal angle of 80° < ¢ < 187°. It identifies electrons by measuring their energy
deposition and comparing it to track momentum (E/p method). The EMCAL enables
triggering and full reconstruction of high energy jets and to measure high momentum

photons and electrons in ALICE.

2.3.8 ALICE Cosmic Ray Detector (ACORDE)

The ALICE Cosmic Ray Detector [20] is positioned on top of the magnet at a radial
distance of 8.5 m, within || < 1.3 and azimuthal angle of 30° < ¢ < 150°. It
is a plastic scintillation detector. ACORDE is mainly used for cosmic-ray studies,

alignment and calibration of different ALICE detectors.

2.3.9 Muon Spectrometer

The ALICE Muon Spectrometer [21] has the pseudo-rapidity coverage of -4 < n <-2.5
with full azimuthal coverage. The primary purpose of ALICE Muon Spectrometer
is to measure spectrum of heavy-quark vector-meson resonances like J/W, W/ YT Y’
along with some low mass resonance like ¢; as these particles decay to u™ p=. Tt
is also used as trigger detector. The highly energetic particles are stopped by the

absorber made of carbon, concrete and steel.
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2.4 Forward detectors

2.4.1 VZERO (V0)

The ALICE VZERO (VO0) [16] is a small-angle plastic scintillator detector installed
on both sides of the ALICE collision vertex. The detector covers pseudo-rapidity
ranges 2.8 < n < 5.1 (VOA) and -3.7 < n < -1.7 (VOC); VOA and VOC are placed

opposite to each other at a distance 328 cm and 88 cm from interaction point (IP),

respectively.
Ay
)
=-1m
Tl TPC !
_ ¢ ;
. s |
ZDC (z=+112.6 m)
ZEM (z=7.35 m) |l ______ / :
&€ wimis e T-._ ........... §??.___; ______ Hadronic %
z = . i
i @
Il 28

| VZERO-A

Figure 2.7: Position of the two VZERO arrays, within the general layout of the ALICE
experiment [22].

This detector is mainly used for triggering and centrality determination for Ph—
Pb collisions. It is also used for multiplicity determination in pp collisions, rejection
of beam gas events from the actual event via its timing information. It has a time

resolution of about 1 ns. The location of two VO arrays inside ALICE is shown in

Fig. 2.7.
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2.4.2 TZERO (T0)

The TZERO (TO0) [16] consists of two arrays of Cherenkov counters with the IP in
between. The distance from the IP to TO-C is 70 cm and TO0-A to the IP is about
360 cm. The pseudo-rapidity range coverage of T0-C is 2.9 < 1 < 3.3 and TO0-A is
4.5 < n < 5. The TO detector is used for ALICE level-0 (L0) trigger [16] and provide
an earlier trigger to the TRD. It is also used to give a start signal with good time
resolution for the Time of Flight (TOF) for particle identification. The location of

the two TO arrays inside ALICE is shown schematically in Fig. 2.8.

/ e . |
T 0_ A ALICE centrel region TO_C

Figure 2.8: Position of the T0 detector inside ALICE experiment [16].

2.4.3 Forward Multiplicity Detector (FMD)

The FMD [16] consists of silicon strip with five ring counters. It is of two types placed
in the rapidity region -3.4 < n < -1.7and 1.7 < < 5.0, which have 20 and 40 sectors
each with full azimuthal coverage, respectively. The main purpose of the FMD system
is to provide (offline) precise charged particle multiplicity as well as event-by-event

determination of the reaction plane.
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2.4.4 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC) [23] of ALICE is used to detect spectator nucle-
ons that leaves the IP along the beam direction. The ZDC are placed on both sides
of the IP at a distance of 116 m from IP. Typically the beams are deflected by dipole
magnets, it also deflects the spectator protons, separating them from the spectator
neutrons which basically fly away at 0° with beam axis. The main function of ZDC
is to determine the centrality and reaction plane of an event in heavy-ion collisions

and it is also used for level-1 (L1) trigger [23].

2.4.5 Photon Multiplicity Detector (PMD)

The PMD [24, 25| is pre-shower detector to measure photons multiplicity on event-
by-event basis in the forward rapidity region (2.9 < n < 3.9). It is also used for
estimation of reaction plane. The PMD is placed at about 3.6 m from IP. It consists
of two identical planes of detectors, separated by a 3X, thick lead converter which
is 1.5 cm lead and 0.5 cm stainless steel. It is made up of gas proportional counters

having a honeycomb structure with wire readout in it.

2.5 ALICE Online system

The detector online control system in ALICE constitute Trigger system (TRG), Data
AcQuisition (DAQ), High Level Trigger (HLT), Detector Control System (DCS), Ex-

periment Control System (ECS) [26, 27].
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2.5.1 Trigger System (TRG)

The ALICE Central Trigger Processor (CPT) [28, 29] is design to select all those
events which suits the physics requirements. There are three different levels of trigger
such as level-0 (L0), level-1 (L1), and level-2 (L2), which have different latencies and
depending upon different arrival times of the trigger inputs and the precise timing
requirements of the detectors. The Low level trigger (L0) combines the information
from the VO (centrality), TOF, T0 (event vertex), SPD, EMCal, PHOS (photon),
MTR (muons) and ACORDE (cosmic rays) all combinedly deliver signal for each
bunch crossing after 1.2 ps. The L1 trigger takes a decision after 6.5 us based on
ZDC (MB interaction), EMCal (photons, neutral jets) and TRD (electrons, high-pr
particles, charged jets) information. The third level (L2) trigger takes the decision
after 100 ms which comes after the end of the the TPC drift time. After the final
trigger decision, the data is recorded via Data AcQuisition (DAQ) system. The data
transfer takes place from the detector to DAQ via Detector Data Links (DDL) with

the help of Front-End Read-Out (FERO).

2.5.2 High Level Trigger (HLT)

The ALICE High Level Trigger (HLT) [30] collects information from all major de-
tectors and processes it. The HLT decides whether the event needs to be accepted
or rejected. It also reduces the size of the event without losing physics information
via compression algorithms (e.g in 2011 the HLT was used to reconstruct the TPC

clusters) on the accepted and selected data.
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2.5.3 Detector and Experiment Control System

The main function of the ALICE Detector Control System (DCS) is to ensure correct
safe operation of the ALICE experiment. The DCS is always operational including
during the shutdown periods. It provides remote control and monitoring facilities of
the experiment. The ALICE Experiment Control System (ECS) is a central control

system where all operations are initiated.

2.6 ALICE offline and Grid computing

The purpose of ALICE Offline project is to develop and make an operational frame-
work for data processing. The task includes simulation, reconstruction, calibration,
alignment, visualisation and analysis.

The Tier computing centers hierarchy and data processing strategy is derived
from Monarch model [31]. During the proton-proton collisions, four activities proceed
in parallel on the RAW data which are given below:

(i) It copies to the CASTOR tapes [32].

(ii) In order to have a second copy on reliable storage media, it exports to Tier-
1 centers for preparing the successive reconstruction passes which will be in Tire-1
centers.

(iii) The processes like reconstruction, production of calibration, alignment con-
stants and scheduled analysis are processed at Tier-0 centres.

(iv) Fast processing of data sets which are selected are done, which mainly in-
cludes calibration, alignment, reconstruction and analysis on the CERN Analysis
Facility (CAF) [33].

As the rate of data acquisition is high for nucleus-nucleus runs,; so an excessive
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amount of computing resources and network bandwidth would be necessary. Hence,
during nucleus-nucleus runs, raw data process follows the steps are given below:

(i) Registration of raw data in CASTOR.

(ii) To allow remote users to examine the data locally, these are exported to
Tier-1 centers.

(iii) First processed partially at Tier-0 centre in order to provide rapid feedback
on the offline chain.

(iv) The calibration, alignment, reconstruction and analysis on the CAF are done
in a fast processing way.

The service of data processing of the ALICE experiment is coordinated by World-
wide LHC Computing Grid (WLCG). The infrastructure of WLCG is highly hierar-
chical by nature. The very first phase of the real data obtain from the experiment get
processed by CERN computing centre called Tier-0. In order to have a safe storage of
the data, large regional computing centres call Tier-1 shares the CERN data. Around
the Tire-1’s, smaller centres called Tire-2 are clustered. Tire-1 is different from Tire-2
with respect to the availability of high-reliability mass-storage media at Tire-1. For

simulation and end-user analysis, Tire-2 plays the major role.

2.7 Aliroot framework

The Aliroot [35] is based on the Object Oriented framework which is used for simu-
lation, alignment, calibration, reconstruction, visualisation and analysis of the exper-
imental data. The basic design features of the AliRoot framework are re-usability,
modularity and reliability. The modularity features of Aliroot allows replacement or
changes of well defined parts of the system with minimal or even no impact on the

rest analysis framework. The re-usability is the protection of the framework made
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programming physicists such that whenever the person wants, he/she can regain the
framework at any time. The framework is kept preserved by designing it as a mod-
ular system and by ensuring that there is maximum backward compatibility while
evolving the Aliroot system. All the features are cross checked and the design feature
is universal, so it is more reliable as compared to personal framework.

The schematic diagram of Aliroot flow of control is given in Fig. 2.9. The frame-
work provides an environment for the development of software packages helpful for
event generation. The example of typical event generators are PYTHIA [36, 37],
PHOJET [38], HIJING [39], etc.

Figure 2.9: Aliroot flow of control [35, 26]

The particles generated from the event generators are propagated through the
detector’s material. The particles are simulated using the Monte Carlo transport
packages GEANTS3 [40], GEANT4 [41], FLUKA [42] etc., where the ALICE detector
is virtually well described. During the propagation, particle undertakes via all physics
interactions like in a real experiment. Each detector stores the hit information, energy

deposition at a given point. The hit information is converted into digits by considering
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the detector and associated electronic response. At the end of the process, each digits
of the corresponding detectors are stored in the specific hardware format as the raw
data.

For the track reconstruction of the raw or simulated data, the very first thing is
to obtain clusters information from the digits. Then from the cluster information,
tracking is performed by combining the most probable path for the particle in the
detector. The basic method of track reconstruction is Kalman filter algorithm [43].
In this method, for each track, a set of initial seeds value for the track parameters
and covariant matrix are required. The seeding is performed twice by using the space
points reconstructed in TPC: (i) assuming that the track originated from the primary
vertex and (ii) assuming that the track originated from elsewhere such as decay,
secondary interaction, etc. In the first pass, the space points are combined which
starts from outermost pad rows using the primary vertex position as a constraint.
This procedure is repeated several times choosing a set of pad rows closer and closer
to the centre of the TPC. In brief, the Kalman filter essentially consists of the following
steps:

(i) It transfers the track parameters and their corresponding covariance matrix
from one pad to next pad rows.

(ii) The above information adds to the inverted covariance matrix. This infor-
mation matrix represents the track parameters at that point and also a noise term
which takes care loss of information via multiple scattering and fluctuations due to
energy loss.

(iii) Then the track information is updated when the filter finds in the new pad
row a space point compatible with the track prolongation.

Then the process of seeding is repeated for the second time without vertex con-

straint. After completing the TPC, the tracks are propagated to the outer layer of
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ITS. Here also similar to TPC refit, two independent passes are done, first constrain-
ing the primary vertex position, and then without this condition. Both I'TS and TPC
are fitted simultaneously for each track and the algorithm uses the seeds from the
already reconstructed tracks and then reversed and proceed outwards. In order to
remove the improperly assigned points, the tracks are re-calculated. After TPC and
ITS tracking, the space points are also extended in different other detectors like TRD,
TOF, HMPID, EMCAL, PHOS, etc. Finally with considering all these detectors si-
multaneously track parameters for track reconstruction using Kalman filter algorithm
are extracted with and without primary vertex.

After the reconstruction, the first version of the data is kept as an Event Summary
Data (ESD), where complete information for each event is stored. A reduced version
of ESD data with relevant information for the analysis called Analysis Object Data
(AOD) is extracted. So, these ESD and AOD data are used for the real physics
analysis purposes.

Out all these detectors, the main detectors which are used for the analysis pre-
sented in this thesis are ITS, TPC, V0. The Inner Tracking System (ITS) is used
for tracking, finding primary vertex and particle identification purpose via average
energy loss (dE/dz). The Time Projection Chamber (TPC) is also used for track-
ing the particle, finding the vertex position and for the identification of particle via
dE/dz. In Pb—PDb collisions, finding the centrality of an event is important and is
performed by the VO detector which is basically consist of two sub-detectors VO-A
and VO-C.
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Chapter 3

Measurement of K*(892)" resonance

production in Pb-Pb collisions at

\/SNN — 2.76 TeV

In this chapter, the production of K** meson in Ph—Pb collisions at /syy = 2.76 TeV
using the high statistic data sets collected in 2011 by ALICE detector at the LHC is
presented.

Resonances by definition are very short lived (~fm/c) particles, so they are used
as a thermometer for the study of properties and dynamics of the QCD medium
formed due to the ultra-relativistic heavy-ion collisions. The QCD medium formed is
called Quark-Gluon-Plasma (QGP) [1, 2]. In order to understanding the hadronic in-
medium phenomenon, various resonance particles yield are measured. In this thesis
the K** resonance is considered because of its lifetime (7-0 = 4.16 4+ 0.05 fm/c [8])
which is comparable to the lifetime of the fireball. Furthermore, the K* contains
strange quark, so it can also give information about strangeness enhancement which

is a signature of QGP formation [4]. The transverse momentum (pr) dependence of
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K*¥ production can also be used to study flavour dependence of the energy loss of the
partons in the QGP medium formed in high energy heavy-ion collisions.

The pr-spectra of K* meson has been measured via their hadronic decay channel
K*0 (K*O) — 7Kt (#7K™) with branching ratio of 66.6% [8]. The pp-spectra reach
of K* mesons has been measured up to pp = 20 GeV/c for finer collisions centrality
classes which enables us to calculate nuclear modification factor (Raa). Measurement
of Raa tells us about the parton energy loss in the medium. The prp-integrated
particle ratios are measured for understanding the hadronic in-medium effects like

re-scattering and regeneration processes in the medium [5, 6, 7, 8, 26].

3.1 Analysis details

3.1.1 Data sample

Summary of event statistics: The high luminosity Pb—Pb collisions data was
taken in 2011. The dataset have VO online triggers with enhanced central 0-10%,
semi central 10-50% and minimum bias (0-80%) events. The summary of different
centrality event classes with corresponding average number of participant ((Npart))
and average number of binary collision ((Neon)) values in Pb—Pb collisions at /snx

= 2.76 TeV are given in the Table 3.1.

3.1.2 Offline event selection

The events used for this analysis are selected using VO online triggers. There were
two triggers named kCentral for 0-10% centrality events and kSemiCentral for 10-50%
centrality class. The number of events distribution for these two trigger classes are

shown in Fig. 3.1. The trigger was 100% efficient for the 0-8% most central Pb—Pb

28



collisions and 80% efficient for 8-10% centrality [10]. The inefficiency for the 8-10%

centrality range has a negligible (<1%) effect on the results presented in this thesis.

In order to remove any centrality bias for 5-10% and 10-20% centrality, a procedure

was used which removed events randomly using a suitable function that described the

centrality distribution properly (right panel of Fig. 3.1).

Centrality (%)

14 16 18 2
Centrality (%)

0

Figure 3.1: Number of events as function of centrality (kCentral and kSemiCentral
trigger) is shown in the left panel. Right panel shows the 5-10% and 10-20% flat
centrality distribution of events in Pb—Pb collisions at /sxy = 2.76 TeV.

Centrality (%)  Events  (Npart) (Neonn)
0-5 5.12x10%  382.7 1685

5-10 5.80x10° 329.4 1316
10-20 2.04x10%  260.1  921.2
20-30 2.35x10° 185.8  556.6
3040 2.35x10% 1285  320.0
40-50 2.34x10%  847.0 171.2

Table 3.1: The total number of events analysed in various centralities and their
corresponding average number of participant ((Npar)) and average number of binary
collisions ({Neon)) values in Pb—Pb collisions at /sxy = 2.76 TeV [12].
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Figure 3.3: The sum of VZERO amplitude distribution of different events. The
distribution is fitted with the NBD-Glauber model shown in red line. The inset
shows a zoom of the most peripheral region [12].

One of the important part of offline Pb—Pb data analysis is centrality determi-

nation. Figure 3.3 shows the VZERO amplitude distribution of different centrality
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event classes in Pb—Pb collisions at /syny = 2.76 TeV. The distribution is fitted with
Glauber-Monte-Carlo model [11], by using this the impact parameter of a collision is
extracted. The method of selecting the centrality is described in Ref. [12]. The anal-

ysis presented in this thesis is performed in various centrality classes such as 0-5%,

5-10%, 10-20%, 20-30%, 30-40%, 40-50%.

3.1.3 Track and PID selection

The maximum TPC coverage for tracking is |n| < 0.9 with full azimuthal acceptance.
For uniform acceptance of TPC, tracks are selected within |n| < 0.8. The reconstruc-
tion primary particles require to have at least 70 pad rows measured along the track
out of a maximum possible 159 with a minimum x? of the fit per crossed rows less than
equal to 4. The contamination from beam-background events and secondary particles
coming from weak decays are reduced by applying distance of closest approach to the
primary vertex in the zy plane (DCAyy) and z direction (DCA,). The standard
values of DC' A,y is required to be less than 7 times its resolution: (DC A, (pr) <
0.0105 + 0.035p;"") cm (pr in GeV/c) and DC A, needs to be less than 2 cm. The
pr of each track is restricted to be greater than 0.15 GeV/c to have higher efficiency
in the reconstruction of the track.

The charged particles are identified using TPC by measuring the specific ioni-
sation energy loss (dE/dx). In the TPC, kaons are distinguished from pions below
momentum (p) < 0.7 GeV/¢, and protons are separated from pions and kaons below
p < 1 GeV/c. The decay daughter of K*° i.e. pion and kaon candidates are required
to have mean values of the specific energy loss in the TPC ((dF/dz)) within two
standard deviations (207pc) of the expected dE/dx values for each particle species
throughout the momentum range. The energy resolution of the TPC is the deviation

of measure dE/dzx from expected dF/dx values which is 6.5% for central collisions.
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Figure 3.4 shows the specific energy loss (dE/dz) of different identified particles.
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Figure 3.4: Specific energy loss (dE/dxz) in the TPC vs. particle momentum in Pb-Pb
collisions at /syy = 2.76 TeV. The lines show the parameterisation of the expected
mean energy loss [13].

3.1.4 Invariant mass reconstruction

The primary pions and kaons are indistinguishable from decay daughters of K*°. So,
the K* signal is reconstructed via the invariant mass of opposite sign pion and kaon

pairs in the same event as given in Eq. 3.1.

M = V/(Ex + Ex)? — (Ipz] + Ipxl)? (3.1)

where, E; = /m2+ |px|? and Ex = /m¥k + |[pk/|?
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Figure 3.5: Same event unlike charge 7K invariant mass distribution using like sign
and mixed event distribution for 40-50% centrality in Pb—Pb collisions at /syn =
2.76 TeV.

Figure 3.5 shows the 7K invariant mass distribution for 40-50% centrality in
Pb—PDb collisions at /sny = 2.76 TeV. The K*0 signal is not clearly visible because
of huge uncorrelated background which are not originating from K*°. The signal is
extracted after subtracting the combinatorial background via event mixing or like
sign technique as described below. The arrow line indicates K* invariant mass peak
position as per PDG.

Event mixing method well reproduces the shape of the background. In this
method, a pool of events are collected which are having similar characteristics. The

event samples are divided into different centrality percentile, event plane angle and
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z-vertex bins. In this analysis, the z-vertex is divided in 20 bins (=10 to +10 c¢m),
similarly the centrality is also divided in 10 bins (0 to 100 %) and event plane angle
(0 to 2) is divided in 12 bins. The continuous event mixing method has been used
where it always ensures the event which are getting mixed are as similar as possible.
The pion and kaon pairs of five different events are mixed. The mixing events have
z-vertex difference less than 1 cm, difference in event plane angle and centrality are
20° and 10%, respectively. As the mixed event statistics is five times higher than the
signal, the former is normalised in the invariant mass region 1.1 to 1.3 GeV /c?, more
than 5" (where I' is full width at half maxima of the Breit-Wigner function as shown
in Eq. 3.5 ) away from the signal where 7K pairs are very much uncorrelated. The
K*Y signal is obtained after subtracting the normalised mixed event invariant mass

distribution from the same event as given in Eq. 3.2.

6
Mo = waK; + Nw;Kf — B x Z(Nﬁ;rKl_ + an—Kj + Nw;Kl* + waKl—) (3-2)
1=2

where, B is the normalization constant and the summation is over the total
number of events mixed.

Like sign method is another technique to subtract the combinatorial background.
In this method, like sign invariant mass pair 7 K* and 77K~ are sampled in the same
event. As the number of reconstructed like sign pair may not be the same as the unlike
sign 77Kt and 77K~ pairs, so to correctly subtract the uncorrelated pairs, the like

sign 7K invariant mass distribution is estimated as in Eq. 3.3,

Niike sign = 2 X \/J\f7r1+K1+ X N, je- (3.3)

The like sign invariant mass spectrum is subtracted from the unlike sign pair:
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NK*O =N ;Kf + warKf - Nlike sign+ (34)

™

3.1.5 Residual background

Although the combinatorial background is subtracted from the signal (unlike charged
kaon and pion distribution ) with uncorrelated background distribution, some amount
of residual background still remains along with the K*¥ signal. The sources of residual
background are,
(i) correlated 7K pairs emitted within jets.
(ii) mis-reconstructed 7K pairs.
(iii) effect of elliptic flow.
There are several particles which decay to kaon and pion pairs such as p° — 7,
K; = Kp — K, K*(1410) — Kp — K7, ete and contribute to residual background.
Mis-identification of daughter particles, for example pion with momentum larger than
0.7 GeV/c may be mis-identified as a kaon and vice-versa, can also contribute to the
invariant mass and this can’t be subtracted, hence it remains as a residual background.
Figure 3.6 shows a typical example of 7K invariant-mass distributions for 0-5%
centrality in Pb—Pb collisions at /sy = 2.76 TeV for 10 < pr < 15 GeV/c. The K*°
signals in different pr bins for various centrality classes which has been analysed here
are shown in the Appendix 3.3. In this thesis chapter, the K** and K™ are averaged
i.e (K +K*)/2 and denoted as K*.
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Figure 3.6: Invariant-mass distributions of 7K pairs for 0-5% centrality in Pb—Pb
collisions at /syy = 2.76 TeV for 10 < pr < 15 GeV/c. Left panel shows the
unlike charge 7K invariant-mass distribution from the same event (red open marker)
and normalised mixed event background (solid black marker) are shown. Right panel
shows the invariant-mass distribution of 7K pair after subtraction of the combinatorial
background. The solid curves represent fits to the distributions and the red dashed
curves are the components of those fits that describe the residual background.

3.1.6 Yield extraction

The K*° signal is reconstructed via hadronic decay channel K** — 7+ K7 with branch-
ing ratio of 66.6%. The invariant-mass distribution of the daughter pairs are con-
structed using unlike-charged kaon and pion pairs. The 7K invariant-mass distri-
bution is fitted with a peak fit function (Breit-Wigner) and a polynomial function
(second order in invariant mass) to account for the residual background. The K*°
M, fit function is

dN Y Iy

- — X + (Am2x + Bmgx + O), 3.5
dmﬂ-K It (m/ﬂK_M0)2_|_Fj ( mak maK ) ( \))

where M, Iy are the rest mass and width of K** invariant mass distribution,
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respectively. The width is fixed to the PDG value 47.4 + 0.6 MeV/c? [8] and YV is

yield of the K*® meson. A, B and C' are the polynomial fit parameters. The difference

in the yield due to keeping the width fix to PDG value and free is considered in the

systematic uncertainty.

While fitting the 7K invariant-mass
distribution with a peak fit function
(Eq. 3.5), the mass parameter was kept
free. The mass extracted for each pr
and centralities classes are shown in the
Fig. 3.7. The measured K* mass is found
to be consistent with PDG value 0.89594
GeV/c? [8]. The K** yield and mass is
measured in different pp (GeV/c) bins
(0.3, 0.7, 1.2, 1.6, 2.0, 2.5, 3.0, 3.5, 4.0,
5.0, 7.0, 10.0, 15.0, 20.0) for each central-

ity class.

3.1.7 Efficiency correction
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Figure 3.7: K*® mass as a function of pr
for different centralities in Pb—Pb colli-
sions at y/sxy = 2.76 TeV. The black dot-
ted line represents the vacuum value of
K*® mass [8]. The bar represents the sta-
tistical uncertainties.

The raw yield is normalized to number of accepted events and corrected for the

branching ratio (BR) of 66.6% [8], detector acceptance (A) and reconstruction effi-

ciency (€rec). A Monte Carlo event generator HIJING and GEANT 4 (to take care

detector geometry) are used for the estimation of the acceptance x efficiency (Ax

€rec). Figure 3.8 shows AX €. for various centrality in Pb—Pb collisions at /syy =

2.76 TeV. The decay products of the generated K** are propagated in GEANT3 [14]

(a MC that simulates the ALICE detector material). The A X €. is the ratio of
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generated to reconstructed K*° after passing through the detector simulation. The

tracks used are subjected to the PID, pair rapidity and track quality cuts as used in

the analysis of real data. The A X €., has a very mild centrality dependence as shown

in Fig. 3.8.
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Figure 3.8: The pp-dependent of acceptance and efficiency of K** for various central-
ities in Pb—Pb collisions at /sxyy = 2.76 TeV.

3.2 Results

3.2.1 Invariant yield distribution of K**

The K** raw yield is extracted by fitting the 7K invariant mass signal by Breit-Wigner

fit function to each pr bin and the process is performed in various centralities. Each

raw spectrum is corrected for the reconstruction efficiency, detector acceptance and

branching ratio as given in Eq. 3.6.
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1 d°N 1 1 dNTY 1

= X X X 3.6
27TpT dyde Nev 27TpT dyde A X €rec X BR ( )

where N, is the number of events used and N™ is the raw K*¥ count.
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Figure 3.9: K** invariant yield in different centralities in Pb—Pb collisions at /Sxx
= 2.76 TeV. Invariant yield is calculated by taking the value of pp at the corre-
sponding bin centre. The bars and boxes are statistical and systematic uncertainties,
respectively [24].

The corrected invariant yield distribution of K** as a function of pr in various
centralities are showed in Fig. 3.9. The spectra are multiplied by different scale factor

for clear visibility.

3.2.2 dN/dy of K*-meson

The dN /dy value of K*¥ is calculated by integrating over pr in the measured region

of the spectra and in the unmeasured region, the integral of the extrapolated Blast-
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Wave [15] fit function is used. The Blast-Wave function has the form given in Eq. 3.7.

1 d?N R sinh mqpcosh
p_Tdyde :/0 rdr mr Io(u) Kl(T—p), (37)

where T}, is the kinetic freeze-out temperature, p is the velocity profile as given

in Eq. 3.8,

p = tanh™(Br) = tanh_l[(%)"ﬁs] (3.8)

and mp = \/m? + p2 is the transverse mass and fr is the radial flow velocity.
K, Iy are the modified Bessel functions, R is the fireball radius, and r is the radial

distance in the transverse plane.
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Figure 3.10: dN/dy of K** meson as function of (Npar) [24] is compared with the cor-
responding measurement done by STAR at lower centre of mass energies [5, 6]. Bars
represent statistical uncertainties and total systematic uncertainties are represented
by empty boxes.
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The low-pr < 0.3 GeV/c extrapolation integral from Blast-Wave is about 5% and
negligible at high-pr (> 20 GeV/c). The dN/dy values of K*° as a function of (N
is shown in the Fig. 3.10 and also compared with the corresponding measurement from
the STAR experiment at lower centre of mass energies [5, 6]. Figure 3.10 also shows
the system size dependence (including the pp collisions) of K** pr-integrated yield.

The dN/dy values increases from peripheral to central collisions and also increases

with increase in centre of mass energies.

3.2.3 (pr) of K*'-meson

The average transverse momentum of K*0 is calculated using Eq. 3.9
T y

_ [ pof(pr)dpr
or) = [ f(pr)dpr (8:9)

For the measured region in pr, f(pr) is given by the data and for the extrapolated
region, the f(pr) is the Blast-Wave function in the calculation of the (pr) value.
The (pr) is also calculated using Lévy-Tsallis function [25] and the difference in the
(pr) values have been considered in the systematic uncertainty. The (py) of K*°
is shown in Fig. 3.11, and compared with the corresponding values from the STAR
experiment [5, 6]. The (pr) values increases with the increase in number of participant
nucleons and then saturates. The (pr) also increases with increase in centre of mass

energies.
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Figure 3.11: (pr) of K**-meson as function of { N, ) is compared with the corre-
sponding measurement of STAR experiment at lower centre of mass energies [5, 6].
Bars and empty boxes represents statistical and total systematic uncertainties, re-
spectively.

Centrality dN/dy K*0/K- (pr) (GeV/c)
0-5% 19.56 + 0.93 &+ 2.48 4+ 0.097 0.180 =+ 0.008 £ 0.026 £ 0.023 1.310 £ 0.023 £ 0.055
5-10% 16.71 £ 0.65 £ 2.08 = 0.083 0.186 4+ 0.007 = 0.026 £ 0.024 1.252 £ 0.023 % 0.055
10-20%  13.65 + 0.63 4+ 1.84 & 0.009 0.200 + 0.009 + 0.026 + 0.023 1.360 + 0.026 + 0.053

20-30%  10.37 4+ 0.50 + 1.38 + 0.010 0.225 4+ 0.011 + 0.025 4+ 0.023 1.322 + 0.028 4 0.053
30-40% 7.35 £0.28 £0.97 £ 0.146  0.245 4+ 0.009 £+ 0.025 £+ 0.021 1.254 4+ 0.023 £ 0.050
40-50% 4.66 £ 0.20 + 0.65 £ 0.111  0.258 + 0.011 £+ 0.025 £+ 0.022  1.220 £+ 0.025 £ 0.050

Table 3.2: The values of dN/dy, ratio to K~ and (pr) for different centrality classes
in Pb—PDb collisions at /syny = 2.76 TeV. In each entry, the first uncertainty is statis-
tical and the second is systematic, excluding the normalization uncertainty. A third

uncertainty is also given i.e normalization and uncorrelated uncertainty for dN/dy
and K*0/K~.
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3.2.4 pr-integrated particle ratio

The dN/dy value of K** for different centrality in Pb-Pb collisions at \/syy = 2.76
TeV is given in the Table 3.2 and this is used for the calculation pi-integrated K*° /K~
ratio. The K**/K~ ratio as function of proxy of system size (d N, /dn)*/? [16] is shown
in the Fig. 3.12. For the calculation of (dNy,/dn) value, the combined information
from ITS and TPC are used [12]. The K**/K~ ratio in Pb-Pb collisions at /sxx
= 2.76 TeV is compared with ¢/K~ ratio along with the corresponding ratios in pp
collisions at /s = 2.76 TeV and 7 TeV. The K**/K~ ratio measured in this anal-
ysis is consistent with the trend observed previously [26] (also shown in Fig. 3.12).
In the most central Pb—Pb collisions, the K**/K~ ratio is suppressed as compared
to pp and peripheral Pb—Pb collisions unlike ¢/K~ ratio. This suppression suggests
that K* decays inside the hadronic medium due to short lifetime (~4.2 fm/c) and
the decay daughters have re-scattered in the hadronic medium which reduces the
measurable K** yield. This aspect is confirmed by thermal model calculations [17],
which over predict the K**/K~ ratio but well predicts ¢/K~ ratio. Thermal model
does not have re-scattering effect included in the calculations. The hadronic cascade
model EPOS3 [18] includes UrQQMD to take care re-scattering and regeneration ef-
fects. EPOS3 reproduces the K** /K and ¢/K ratios trend in Pb—Pb collisions, which
suggests that the observed suppression of K*°/K ratio is due to the re-scattering of K*
decay daughters inside the hadronic medium. However, the model quantitatively fails
to reproduce the data.So, this observation suggests that re-scattering effect is more
dominant over the regeneration in the hadronic medium formed in Pb-Pb collisions

at y/sny = 2.76 TeV, which is consistent with the previous observations [5, 6, 7, 26, 8].
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Figure 3.12: K*/K™ ratio as a function of (dN,/dn)'/3 measured at mid-rapidity [19]
in pp collisions at /s = 2.76 TeV and 7 TeV [20], and Pb-Pb collisions at /sy =
2.76 TeV. Bars represent statistical uncertainties, shaded and empty boxes represent
the uncorrelated and total systematic uncertainties, respectively. The thermal model
prediction at chemical freeze-out temperature of 156 MeV for the central collisions [17]
are shown. The EPOS3 model calculations are shown as violet band for various
centralities [18].

3.2.5 pr-dependent particle ratio

In order to investigate the hadronic re-scattering effect in various pr regions, the

pr-differential resonance to stable particle ratios such as K**/K and ¢/K ratios are
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studied. The K*® and ¢ ratios with respect to kaon are shown in the Fig. 3.13a for
pp and most central (0-5%) Pb-Pb collisions at /syy = 2.76 TeV. In the low-prp
(< 2 GeV/c) region, the K**/K ratio for central Pb—Pb collisions is less than the pp
collisions unlike the case for the ¢/K ratio. The suppression of K**/K is consistent
with the K*¥ re-scattering scenario in the hadronic phase due to which the signal gets
lost and K* yield is reduced whereas ¢ meson yields remain unaffected due to longer

lifetime (10 times larger) than K*°.
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Figure 3.13: pp-dependent particle yield ratios of K** /K and ¢/K in the panel (a) and
K* /7w and ¢/m in panel (b) for pp and Pb-Pb collisions at /sy = 2.76 TeV. The

(K*O-l—K*O), (K*+K7) and (7 +7~) are denoted as K**, K, m, respectively. The bar
and cap on the represents the statistical and systematic uncertainties, respectively.

Similarly, Fig. 3.13b shows the pp-dependent of K**/7 and ¢/7 ratios for pp
and most central (0-5%) Pb—Pb collisions at /sxy = 2.76 TeV. These K*°/7 and
¢/7 ratios saturate at pp ~4 GeV/c for pp collisions unlike Pb—Pb collisions where
the ratios increases up to 4 GeV/c followed by a decreasing trend up to 8 GeV/c
and then it saturates. An enhancement in K*/7 for central Pb—Pb with respect to

pp collisions at intermediate-pp (~3 GeV/c) has been observed. Similar observation
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(meson-to-meson enhancement) has been reported in the reference [21] for K/m ratio
and is attributed to radial flow. In both pp and central Pb—Pb collisions, all these
ratios K* /K, ¢/K, K**/7 and ¢/7 are similar at high pr (> 8 GeV /c), which suggests
fragmentation as the dominant hadron production mechanism in this pp range. These
observations for particle ratios measurement presented here are consistent with the

previously reported p/7 and K /7 ratios [21].
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Figure 3.14: pp-dependent particle yield ratios of p/K*® and p/¢ in the panel are
shown in panel (a) and (b), respectively for pp and Pb-Pb collisions at |/syy =
2.76 TeV [26, 24]. The bar and box on the data point represents the statistical and
systematic uncertainties, respectively.

The p/K*® and p/¢ ratios as a function of pr in pp and Pb-Pb collisions are
shown in the (a) and (b) panel of Fig. 3.14, respectively. The spectral evolution from
pp to Pb—Pb ratios as a function of py for particles having similar masses (p, K*°
and ¢) are shown. The p/¢ ratio shows a weak pr dependence (pr < 4 GeV/c). The
similarity in spectral shape of similar masses particle having different valence quarks
suggest that the shapes are mostly driven by masses as per the hydrodynamic model

expectation [23]. At high-pp (> 8 GeV/c), p/K*® and p/¢ ratios are similar in pp
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and Pb—Pb collisions within uncertainties which indicate the parton fragmentation

dominance in this p region.

3.2.6 Nuclear modification factor (Raa, Rcp)

The nuclear modification factor (Raa ) is defined in Eq. 3.10 which is the ratio between
the yield of particles in heavy-ion collisions to that of pp collisions and scaled with
average nuclear overlap function. Another representation of nuclear modification
factor is also defined as Rgp; C and P stand for central and peripheral collisions,

respectively.

Rep — <N£11>(d2N/dydPT)gA
<N<:%ll>(d2N/dyde)£A

1 % (dQN/dyde)AA
(Tan)  (d?c/dydpr)pp

Ran = (3.10)

where (Thn) = (Neon)/0imel is the average nuclear overlap function. The aver-
age number of binary nucleon-nucleon collisions ({N.qy)) is calculated using Glauber
MC [26] simulations and the inelastic pp cross section (cj,q = 62.8 mb) is from [27].

The Rap is used to study the medium formed in ultra-relativistic heavy-ion col-
lisions. It is sensitive to the density and size of the system formed. The Raa is also
sensitive to the particle production dynamics and the partons energy loss mechanism
in the medium. The nuclear modification factor would correspond to unity at high
pr, if the nuclear collision were a simple superposition of nucleon-nucleon collisions.
Any deviation of Raa from unity indicates the presence of in-medium effects. The
centrality evolution of K*® Ry suggests formation of a dense partonic medium in cen-
tral Pb-Pb collisions at /sxy = 2.76 TeV. In Fig. 3.15, nuclear modification factor of
K* in three different centrality classes as function of pr is shown. The suppression

is maximum for most central (0-5%) collisions as compared to semi central collisions
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(40-50%). A centrality evolution of K*® Ry, is observed.
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Figure 3.15: Transverse momentum (pr) dependent of ks Raa is shown for three
different centrality classes in Pb—Pb collisions at \/syx = 2.76 TeV. The bars and grid
boxes represents the statistical and systematic uncertainties, respectively. The boxes
around unity is the uncertainty on the Raa normalization (see Tab. 3.2) including

the (Tha) uncertainty.

The K* Rpa in various centralities from most central 0-5% to 40-50% in Pb—Pb
collisions at y/sxy = 2.76 TeV is shown in Fig. 3.16 and are compared with the charged
hadrons and ¢ Ras. The Raa of K* is found to be lower than unity for pr > 8 GeV/c
in most central and semicentral Pb—Pb collisions. For py < 2 GeV /¢, the Rya of K*O
is found to be less than ¢ and the charged hadron Ras and the magnitude of this
additional suppression reduces as one goes from central to peripheral collisions. This
change is consistent with re-scattering scenario in Pb—Pb collisions which is maximum

for central Pb—Pb collisions [26]. The Raa of all the identified particles such as K*°,
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¢ and charged hadrons are observed to be similar at high-pr (> 8 GeV/c) and the

magnitude of Raa increases from most central to peripheral collisions.
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Figure 3.16: pp-dependent of K*® meson Raa for various centrality classes in Pb-Pb
collisions at /syn = 2.76 TeV. The a4 is also compared with ¢ and charged hadrons
Raa [28]. The bars and boxes represents the statistical and systematic uncertainties,
respectively. The boxes around unity is the uncertainty on the R normalization
(see Tab. 3.2) including the (Txa) uncertainty.

The comparison of K*® Rxa with other identified particles like ¢, 7, K and p [21]
for 0-5% is shown in Fig. 3.17. For py range of 2-6 GeV/c, the K*® Ry, is found to
be similar to kaon. Although ¢ and proton have similar masses, they have different
Raa trend. The difference in Raa of proton and ¢ at RHIC was thought to be the
effect of hadronisation via parton recombination [29, 30, 31]. But, in central Pb—Pb

collisions at LHC, the p/¢ ratio is observed to be flat for pr < 4 GeV/c (see also
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Fig. 3.14b). This suggests that shape of the pr spectra is determined by mass, so
may not be necessary to invoke recombination model. At high-pt (> 8 GeV/c), K*°
along with pion, kaon, proton [21] and ¢ Raa show similar suppression within the
uncertainties. This observation has ruled out all models where suppression of different
light flavoured species are considered to be dependent on their mass and it has also
applied a stringent constraint on the models which deals with the fragmentation and

energy loss mechanisms [32, 33, 34].
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Figure 3.17: The Raa for K* meson as a function of py is compared with ¢ and ,
K and p [21] Raa for 0-5% centrality in Pb-Pb collisions at /sy = 2.76 TeV. The
bars and boxes represents the statistical and systematic uncertainties, respectively.
The boxes around one is the uncertainty on the Raa normalization (see Tab. 3.2)
including the (Tha) uncertainty.
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Figure 3.18: The Rcp for K* meson as a function of pp is compared with the corre-
sponding value of K§, ¢ and A [24] Rxa in Pb—Pb collisions at \/sxy = 2.76 TeV. The
bars and boxes represents the statistical and systematic uncertainties, respectively.

For Rcp measurement the pp reference is not used unlike the Ra4. In the nuclear-
nuclear collisions, the Rcp is calculated by taking the particle yield ratio between
the central and peripheral collisions scaled with the corresponding binary collisions
(Eq. 3.10). The Rcp of K* is compared with the Rep of K&, ¢ and A in Pb-Pb
collisions at \/syy = 2.76 TeV and is shown in the Fig. 3.18 [22]. The suppression of
K* as observed in Raa is approximately 2.5 times more than the corresponding Rcp
measurement at low-pp. This significant difference between the K*® Ry and Rcp is
might be due to pp reference rather than nuclear effects. At low-py (< 2 GeV/c),
the similar mass particle have similar value of suppression. The peak value in the
Rcp of A is observed at relatively higher pr as compared to K** and K$. The peak

shift might be due to the radial flow of the particle which is more for the higher mass
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particle.

3.2.7 Systematic uncertainty study

The systematic uncertainty study is performed using the procedure described in
Ref. [35] and shown in the Fig 3.19. In this procedure, a test commonly known
as “Barlow test” is performed. Let us consider an example, one measurement is per-
formed with default settings and the yield is denoted as Yy and the corresponding
statistical uncertainty is oqef. Another measurement with some systematic variation
(e.g. signal peak fitting range variation) is performed and the yield and statistical
uncertainty are Yy and ogys, respectively. A ratio is defined as R = (Yaer-Yays)/ A,
where A = /o3 — 02; and when R < 1, then it is rejected and not considered for
systematic error because the measurement is consistent within the statistical uncer-

tainties. For other cases, it is considered as a source of systematic uncertainty. The

main sources of systematic uncertainties with a brief description are given below.

3.2.7.1 Uncertainties due to signal and yield extraction method

The invariant mass distribution of pions and kaons are fitted with a Breit-Wigner
along with a polynomial function to take care the remaining residual background as
describe in the section 3.1.5. The shape of the remaining residual background are
different for each p bin and centrality classes which affect the raw yield extraction
of K**. Hence, different methods of signal extraction as given below has been studied
and used to extract the systematic uncertainty in K*° yield.

(i) The K** peak and residual background fit range variations. The default range of
fitting the 7K invariant mass is 0.77-1.03 GeV/c? and the variation for systematic
studies are 0.78-1.06 GeV/c?, 0.76-1.04 GeV/c? and 0-75-1.05 GeV /2.

(ii) Normalization of mixed event background range variations. The default normal-
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ization range is 1.1-1.3 GeV /c? and for systematic study the variation includes 1.1-1.5
GeV/c% 1.2-1.3 GeV/c?, 1.0-1.1 GeV/c? and 0.7-0.8 GeV /c?

(iii) The second order polynomial is taken as the default function to describe the
residual background and polynomial of third order is considered for the systematic
study.

(iv) In the default setting, the K*® raw yield is extracted by keeping the width of Breit-
Wigner function fixed to K*® PDG value and then the width is freed to consider the

changed in yield for the systematic study.

3.2.7.2 Uncertainty due to mis-identification of particles

The pions and kaons are selected using the TPC average energy loss ((dE/dx)) within
two standard deviation (o). For the systematic variation the o is varied on both side

of the default cut, i.e (i) |[No| < 1.5 and (ii) |[No| < 2.5.

3.2.7.3 Uncertainty due to track selection and cut variations

The details about the good quality track selection is described in the section 3.1.3.
The uncertainty in global tracking is 5% for the single track. As the K*O is recon-
structed from it’s two decay daughter (pion and kaon) tracks, so the global racking
efficiency of 10% has been used in this analysis. For the systematic checks of different
track selection cuts such as minimum number of TPC crossed rows, the minimum
crossed rows to findable cluster ratio, the distance of closest approach in z (DCA,)
and xy (DCA,y) directions are varied. The systematic uncertainty varies from 3 to

6% depending on pr and centralities.
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K*¥ in Pb—Pb collisions at /syy = 2.76 TeV

Systematic variation Uncertainty in %
Global tracking efficiency 10
Track selection 3-6
Particle identification 4-8
Material budget <1
Yield extraction 4-15
pr-spectra extrapolation 5)
Total 12-21

Table 3.3: Systematic uncertainties in the yield of K*¥ measurement for Pb—Pb colli-
sions at y/syn = 2.76 TeV. Where a constant value is given (global tracking efficiency),
it is pr independent. The values given in ranges are minimum and maximum uncer-
tainties depending on pr and centrality classes.

3.2.7.4 Uncertainty due to material budget

The tracking of the particle is affected by the detector material. As the energy loss
of the particles depends on the type of detector material used and hence it needs
to be taken into account. The uncertainty associated to ALICE material budget is
about 1% for low-pr (< 2 GeV/c) and negligible at high-pp. The detailed study is

performed in the reference [37] and the uncertainty values have been taken from it.

3.2.7.5 Estimation of total systematic uncertainty

In the Fig. 3.19, pr-dependent systematic uncertainty summary details with individ-
ual contributions for various centralities are given. The individual contributions of
fractional systematic uncertainties are added in quadrature to get the total systematic

uncertainties.
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Figure 3.19: Summary of fractional systematic errors (in %) of K*® pp-spectra in
different pr bins for 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50% centralities

in Pb—PDb collisions at /sy = 2.76 TeV. Various sources of error are represented by
different colour lines.
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3.2.8 Summary

The K*° resonance production in Pb-Pb collisions at /sxy = 2.76 TeV using the
high statistics data collected in 2011 by the ALICE detector at LHC has been stud-
ied. The spectra are measured in finer centrality classes with a high-pp reach up
to 20 GeV/e. The pr-integrated resonance to stable particle ratio K**/K shows a
decreasing trend with the increase in system size, unlike ¢/K. This observation is
understood by considering the lifetime of these resonance particles. The K*¥ decays
inside the medium and hence the decay daughters (pions and kaons) re-scatter with
other medium particles by changing their momentum. So, the reconstruct of parent
K*Y via decay daughters invariant-mass can not be done and hence the K** signal is
lost unlike ¢ which decays outside the medium. When the system size is bigger, i.e. in
central collisions, the re-scattering effect is more prominent as compared to peripheral
Pb—Pb and pp collisions. The presence of the re-scattering effect is further confirmed
the Thermal and EPOS3 model calculations. The Thermal model over predicts the
K*%/K ratio and well describes the ¢/K ratio and this is because of the re-scattering
effect is not included in this thermal model. EPOS3 which includes re-scattering
effect, well predicts the observed decreasing trend of the K*/K ratio qualitatively.
For further understanding of particle production mechanism in different pr re-
gions, pr-dependent particle ratios has been extracted. In central Pb—Pb collisions,
the pp-dependent K**/K ratio is suppressed for pr < 2 GeV/c with respect to pp
collisions, indicating the dominance of the re-scattering effect at low-pp. The pp-
dependent K**/K and K*° /7 ratios in central Ph—Pb collisions show an enhancement
at pr ~ 3 GeV/c as compared to pp collisions, indicating strong radial flow at LHC
energies. The nuclear modification factor R, of K*O is observed to be less than unity

at high-pp (> 8 GeV/c) for central collisions indicating the partonic medium forma-
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tion at LHC energies. The Raa of K*0 is also compared to other identified particles
such as ¢, 7, K, p and at high-pr (pr > 8 GeV/c) the suppression of all these particles
are found to be of the similar order. The particle ratios such as K*/r, K** /K, ¢/m
and ¢/K are found to be of similar order for pp and Pb—Pb collisions in this pp range.
These observations indicate the partonic energy loss is particle species independent
for light quark flavors (u, d, s) and particle production mechanism is dominated by
fragmentation in vacuum in this kinematic regime. This also rejects all those models

where the energy loss mechanism depends on light quark content and hadron masses.
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3.3 Appendix

In the Table 3.43.5, the following abbreviation has been used.
X = pr range in GeV/c
Y = 4 x —EN__ i (GeV/c) 2

Nevn 2mprdydpr

where, N, is the number of events analysed. The corresponding figure to the data
table is Fig. 3.9. In this Tab. 3.43.5, both the statistical and systematic uncertainties
of the measured K** invariant mass spectra for all centralities are given here.

The K* signal for various pr bins in different centrality classes in Pb—Pb collisions
are shown in the Fig. 3.20 to 3.25. The solid red line is the peak fit function as describe
in Eq. 3.5, and blue dotted line represents the remaining residual background function

(quadratic function in 7K invariant mass).
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0-5% x 10° 5-10% x 10? 10-20% x 10
X Y stat syst Y stat syst Y stat syst

0.3-0.7 2698.3 293.23 480.64 292.940 39.903 50.374 17.86500 2.36550 3.14770
0.7-1.2 1939.6 274.84 307.47 158.050 10.486 26.812 11.83200 1.74260 1.98080
1.2-1.6 970.24 61.684 147.62 84.3570 4.4728 13.192 7.159900 0.57519 1.15170
1.6-2.0 543.50 38.989 78.043 39.3220 2.1396 6.1988 4.145300 0.29186 0.68289
2.0-25 255.71 12.743 38.148 21.1640 0.93412 3.5209 2.249200 0.11936 0.38348
2.5-3.0 98.770 6.7795 15.704 6.55920 0.37946 1.0639 0.703700 0.048024 0.11452
3.0-35 40.790 3.0986 6.3241 2.31830 0.17231 0.37652 0.256750 0.021029 0.042817
3.5-4.0 15.303 2.1604 2.4230 0.80289 0.10391 0.1179 0.145700 0.010707 0.023737
4.0-5.0 3.2128 0.4695 0.47492 0.36163 0.026458 0.054698 0.024697  0.0033447  0.0038079
50-7.0 0.50652 0.071982 0.084587 0.030666 0.004475 0.0052474 | 0.002498  0.00035394  0.00043276
7.0-10.0 | 0.042681 0.0055399  0.0076242 | 0.0039573  0.0005803G  0.00068814 | 0.0004951  6.8255¢-05  8.9332¢-05
10.0 - 15.0 | 0.0085528 0.00125 0.001713 | 0.00053862 7.95690e-05  0.00010196 | 6.2846e-05 8.13190e-06 1.24710e-05
15.0 - 20.0 | 0.00081244 9.61140c-05 0.00017125 | 6.7849c-05  9.4618c-06  1.45900c-05 | 1.0008c-05 1.58790c-06 2.32160c-06

Table 3.4: The values of 1/Ney, d2N/(27prdydpr) (GeV/c)~? with statistical and
systematic uncertainties in different pr bins for 0-5%, 5-10% and 10-20% centrality
classes in Pb—Pb collisions at y/syy = 2.76 TeV.

20-30% 30-40% x 107! 40-50% x 1072

X Y stat syst Y stat syst Y stat syst

0.3-0.7 1.478100 0.235240 0.259110 | 0.1226800000  0.0156920 0.021506 0.0078693  0.0011549 0.001473
0.7-12 0.952140 0.129260 0.155890 | 0.0730710000  0.0059182 0.011963 0.0046880  0.00036727  0.00079668
1.2-16 0.563630 0.037055 0.095009 | 0.0343360000 0.0024130 0.005788 0.0024397  0.00014948  0.00039591
1.6-20 0.293130 0.018433 0.044263 | 0.0191640000 0.0012813  0.0028939 | 0.0011356  7.0044c-05  0.00018821
2.0-25 0.135730 0.007522 0.021783 | 0.0088669000 0.00048586  0.0014230 | 0.00047266  2.7585e-05 8.17610e-05
2.5-30 0.049627  0.0029874  0.0073671 | 0.0032041000 0.000193G1 0.00047564 | 0.00016584  1.2171c-05  2.49100c-05
3.0-35 0.020007  0.0014179  0.0033616 | 0.0010153000 8.3756e-05  0.0001706 | 6.6318e-05  9.5856e-06  1.07090e-05
3.5-4.0 0.0071236  0.0010241  0.0011119 | 0.0005005600 7.0987e-05  7.8129e-05 | 3.1073e-05 4.27910e-06  4.78320e-06
4.0-5.0 0.0021271  0.00017586  0.00032783 | 0.0001164400 1.6958e-05  1.7946e-05 | 8.7459¢-06  1.2399e-06  1.34860e-06
5.0-7.0 ]0.00024941 3.7029e-05 4.18690e-05 | 2.33260e-05  3.322e-06  3.9159e-06 | 1.415e-06  2.05510e-07  2.49200e-07
7.0-10.0 | 3.5941e-05 4.9479e-06 5.57210e-06 | 3.06320e-06  4.1095¢-07  4.7490e-07 | 1.637e-07 2.324e-08  2.67470e-08
10.0 - 15.0 | 5.4210e-06  7.5735e-07  9.87960e-07 | 2.84480e-07  3.6161e-08  5.1846e-08 | 1.953e-08  2.64940e-09  3.65340e-09
15.0 - 20.0 | 6.8555¢-07  7.2754e-08 1.45590e-07 | 3.24470e-08  4.460e-09  6.89080e-09 | 2.843e-09 4.853e-10  6.23060e-10

Table 3.5: The values of 1/Ney, d?N/(2nprdydpr) (GeV/c)™2 with statistical and
systematic uncertainties in different pr bins for 20-30%, 30-40% and 45-50% centrality
classes in Pb—Pb collisions at /sy = 2.76 TeV.
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Figure 3.20: The K*° signal in different pr bins for 0-5% centrality in Pb—Pb collisions
at A/SNN — 2.76 TeV.
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Figure 3.21: The K*° signal in different pr bins for 5-10% centrality in Pb—Pb colli-
sions at /syy = 2.76 TeV.
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Figure 3.22: The K*¥ signal in
collisions at /syn = 2.76 TeV.
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Figure 3.25: The K* signal in different pr bins for 40-50% centrality in Pb-Pb
collisions at /syn = 2.76 TeV.
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Chapter 4

Multiplicity dependence of K*(892)"
resonance production in pp

collisions at /s = 7 TeV

At the LHC energies, one of the most intriguing questions is to address the possi-
ble presence of collective effects in high-multiplicity pp or p-Pb collisions. Recently,
several phenomena have been observed in these collision systems which resembles
the observation that is attributed to the creation of a medium in Pb—Pb collisions.
These includes, the observation of (i) two-particle correlation study: double ridge
structures on the near and away side in p-Pb collisions [1] and in high multiplicity
pp collisions [2], (ii) multi-particle cumulant study: a non-vanishing elliptic flow (v,)
coefficients [3], (iii) identified particle pp-spectra study: mass dependent hardening of
identified particle pr-spectra [4, 5] and the consistency of the integrated particle yield
ratios with the thermal model expectations at high multiplicities [6] and (iv) multi-
plicity dependence study: strangeness enhancement in high multiplicity pp collisions

at /s = 7 TeV [7].
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In this chapter, a comprehensive study of event multiplicity dependence of K*°
resonance production in pp collisions at /s = 7 TeV is presented. The pr-spectra
of K*® resonance are measured via its hadronic decay channel K* (K*O) — 7 KT
(7tK7). The pr-spectra are measured in various multiplicity event classes. The K*°
dN/dy and (pr) values are extracted and compared with different identified particles
to understand the particle production mechanism. The pr-integrated K*¥/K ratio in
various multiplicity event classes are also obtained and compared with ¢/K ratios to
understand the possible hadronic in-medium effects like re-scattering and regeneration

in high multiplicity pp collisions at /s = 7 TeV.

4.1 Analysis details

The K* production in high multiplicity pp collisions at /s = 7 TeV analysis details

are given in the following sub-sections.

4.1.1 Data sets and event selection

In this analysis, the data used are collected by ALICE in the LHC pp run of 2010. In
total, about 93 million good events have been used for this analysis. This minimum
bias trigger requiring a hit either in the VZERO (VO0) or in the SPD, in coincidence
with the arrival of proton bunches from both directions are collected. By using
the VO timing information (time resolution better than 1 ns), contamination from
background events are removed offline. The background events are also rejected by
studying the correlation between the number of pixel hits and the number of SPD
tracklets (short tracks with a hit in each of the SPD layers pointing to the primary
vertex). Furthermore, the events used for the data analysis are required to have a

reconstructed primary vertex within |V,| < 10 cm as shown in Fig. 4.1 (left panel).
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The events containing more than one vertex are tagged as pileup events and those

events are rejected in this analysis.
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Figure 4.1: The z-position (V,) vertex distribution of events in pp collisions at /s
= 7 TeV (Left panel). VOM multiplicity event class distribution percentile for pp
collisions at /s = 7 TeV (Right panel).

The VO estimators are used for event classification according to hadronic activity
based on VO amplitudes, similar to what is done in Pb—Pb collisions [8]. The V0
amplitude has been estimated using the signals from both VOA and VOC denoted by
VOM. The right panel of Fig. 4.1 shows the VOM multiplicity event class distribution
in percentile for pp collisions at /s = 7 TeV.

Figure 4.2 shows the charged particle multiplicity distribution in different VOM
event classes as a function of number of tracks within |n| <0.5. The average number of
charged particle multiplicity corresponding to each multiplicity event classes are also
mentioned. A summary table for the corrected averaged charged particle multiplicity
density within |n| < 0.5 in different multiplicity event classes are given in Table 4.1.
The second and third value represents the statistical and systematic uncertainties,

respectively.
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(dNen/dn) <05 (Corrected)

Sr. No. | Event Class (%) | Roman letter
1 0-1 I
2 1-5 II
3 5-10 111
4 10-20 v
5 20-30 A%
6 30-40 VI
7 40-50 VII
8 50-70 IX
9 70-100 X
10 0-100 -

21.294 £ 0.038 £+ 0.639
16.513 4+ 0.010 £ 0.495
13.457 4+ 0.010 &£ 0.404
10.793 £ 0.010 £+ 0.324
8.447 £ 0.000 £ 0.254
6.724 £ 0.000 £ 0.207
5.398 £ 0.000 £ 0.173
3.897 £ 0.000 £ 0.143
2.261 £ 0.000 £ 0.117
5.964 £+ 0.002 + 0.230

Table 4.1: The summary of different VOM multiplicity event classes (%) and their
corresponding average number of charged particle multiplicity density with n < 0.5.

Number of Events
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Figure 4.2: The charged particle multiplicity distribution in different VOM multiplic-
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4.1.2 Track cuts and particle identification

The charged particles are identified by using the information from both the TPC and
the TOF detector. In order to select the good quality of tracks (within |n| < 0.8),
a set of optimised track cuts are applied. The track must pass at least 70 out of
maximum possible 159 rows in the TPC and the ratio between the crossed rows to
findable cluster must be larger than 0.8. A pr-dependent 7o DCAy, (< 0.0182 +
0.0350/pk; pr in GeV/c) and DC' A, < 2 cm are applied to reduce the contamination
from beam-background events and secondary particle coming from weak decays. Each
track is restricted to pp greater than 0.2 GeV/e. The decay daughters of K* (pion and
kaon) are identified by measuring the specific ionization energy loss (dE/dx) using
the TPC and time-of-flight information from the TOF detector (Fig. 4.3) . When the
track has both the TPC and TOF information available then |[NPC| < 2 and |NI°F]|
< 3 is applied and without the availability of TOF information only |NIF€| < 2 is

applied.

o 200 T

—_
@
o

ALICE E
pp, /s =7TeV

-
[
o

_ o o
o o N »
o O O O
T P TTT T T TTTTTTT

dE/dx in TPC (arb.units

(2]
o

N
o

10 5 -4 - -
p (GeV/c) p/z (GeV/c)

Figure 4.3: Distribution of dE/dz of charged particles as a function of momentum
in the TPC (Left panel) and particle velocity 3 measured by the TOF detector as a
function of the rigidity p/z (z is the charge of the particle) in pp collisions at /s =
7 TeV (Right panel).
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4.1.3 K signal extraction

The unlike-sign kaon and pion are paired by using the invariant-mass formula as
describe in section 3.1.4 to construct the K** signal. The 7K invariant-mass for 1-5%
and 50-70% VOM multiplicity event classes in pp collisions at /s = 7 TeV are shown
in Fig. 4.4. In the upper panel of Fig. 4.4, the K*° signal is not clearly visible due to

the huge combinatorial background.

4.1.4 Reconstruction of combinatorial background

The uncorrelated combinatorial background is subtracted using the event mixing tech-
nique. The event mixing method used in this analysis is similar to that described
in Pb—Pb analysis in section 3.1.4 with the similar event mixing criteria such as the
number of event mixed, z-vertex difference between the events. In addition a multi-
plicity difference between the event mixed should be less than 5 is also applied unlike
the centrality difference condition of Pb—Pb collisions. The open marker in the upper

panel of Fig. 4.4 represents the normalised mixed event background.

4.1.5 Residual background

The combinatorial background is subtracted from the signal with uncorrelated back-
ground distribution. However, due to the correlation of particles, some of residual
background still remains with the K*© signal. The main sources of correlation could
be due to mis-reconstructed Km pairs, effect of elliptic flow, correlated Kn pairs,

correlated K7 pair emitted within jets.
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Figure 4.4: Kr invariant-mass distribution in pp collisions at /s = 7 TeV for VOM
multiplicity class II (1-5%) and IX (50-70%). The upper (lower) panels are the Km
invariant mass distribution before (after) mixed event background subtraction.

4.1.6 K* raw yield

The reconstructed K*¥ signal is fitted with a Breit-Wigner along with a quadratic

function in invariant mass to account for the remaining residual background (Eq. 4.1)

as done in Pb—Pb analysis. The residual background function is also varied and the

difference in the extracted raw yield of K*° is considered in the systematic uncertainty.
dN Y Iy

= x AM?_ + BMy. + C), 4.1
dMy, 2n (MKW_MO)HFH( ir + BMyr + O) (4.1)

a4
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where M, and I'g are the reconstructed mass and width, respectively. Y is the

yield of K**; A, B and C are the polynomial fit parameters. The width of K*¥ is

fixed to vacuum value (47.4 £+ 0.6 MeV /c? [8]) while extracting the raw yield. The

difference in the yield due to keeping the width fixed and free is considered in the

systematic uncertainty.

The K*¥ invariant mass is also an-
other free parameter of the Eq. 4.1 which
is shown in Fig. 4.5 for different pr bins
in various multiplicity event classes for pp
collisions at /s = 7 TeV. The K** mass is
found to consistent with the vacuum value
0.8959 GeV/c? [8] (represented by black
dotted line) within the statistical uncer-

tainties at high-pp.

/GO‘QSjL\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
N L VOM Event Classes (%) K* pp, Is=7TeV
[0 - e 0-100 © 20-30
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Figure 4.5: K* mass distribution as a
function of pr for various VOM multiplic-
ity event classes in pp collisions at /s =
7 TeV.

4.1.7 Acceptance x Efficiency (A X €pc)

The A X € calculation procedure is similar to Pb—Pb analysis discussed in 3.1.7

except that for pp collisions one uses Monte Carlo event generator PYTHIA 6.4

instead of HIJING. Figure 4.6 shows the K* A X €. for various VOM multiplicity

event classes at mid-rapidity (|| < 0.8) in pp collisions at /s = 7 TeV.

There is a mild multiplicity dependence in A X €, as function of pr. The corrected

pr-spectra are obtained by using the 0-100% A X €. to correct each VOM multiplicity

event class in pp collisions at /s = 7 TeV. The raw yield is corrected for detector
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A X € and also normalised to number of analysed events and branching ratio (BR)

66.6% [8] as given in Eq. 4.2.
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Figure 4.6: Acceptance x Efficiency (A X €xc) calculation for 0-100% multiplicity
event classes at mid-rapidity (|| < 0.8) in pp collisions at /s = 7 TeV.

4.2 Results

4.2.1 pr-spectra

The K** raw is yield extracted from 7K invariant mass by fitting with the Eq. 4.1 for
each pr bin in various VOM multiplicity event classes. The raw yields are corrected
for number of analysed events, reconstruction efficiency, detector acceptance and

branching ratio as given in Eq. 4.2 for each multiplicity event classes.

d®N 1 dNTY 1

= X X
dy de Nevt dy de A X €rec X B.R

(4.2)

where Nyt is the number of events for different multiplicity classes used in the
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analysis and N*™ is the K*® raw yield counts. The pp-spectra is further corrected

for event counter loss and signal loss as shown in Eq. 4.3. To calculate the event and

signal loss correction factor Pythia 6.4 simulation has been used as described in [10].

In this analysis an event class requiring at least one charged particle in the pseudo-

rapidity interval |n| < 1 (INEL > 0) are used and denoted as Ngyents in Eq. 4.5. The
aceepted

accepted events (Neents ) Were required to have a reconstructed vertex and at least

one tracklet with |n| < 1 and z-vertex range |V,| < 10 cm.

accepted
1 dearticles (p ) o 1 dearticles p €events (4 3)
T) — ted T ; .
N, events de N :\fggfs ¢ de Eparticles (pT)
where, €qvents accounts for the event counter loss and given as

accepted
_ N events 4.4
€events — N 9 ( . )

events

The event loss correction factors used in different multiplicity classes are listed

in Table 4.2. €particles accounts for the signal loss and given as

Waer (applied event selection)

dpr
daen (INEL > 0)
pT

(4.5)

€particles (pT) =

The numerator and denominator of Eq. 4.5 corresponds to the generated particles
after and before the event selection, respectively.

Fig. 4.7 shows the pr dependent signal loss correction K** in different VOM mul-
tiplicity classes.

The corrected K*O pp-spectra measured in various multiplicity VOM event classes
at mid-rapidity (|n| <0.8) in pp collisions at /s = 7 TeV are shown in Fig. 4.8. The

pr-spectra are scaled with different numbers for clear visibility. The lower panel of
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Fig. 4.8 shows that pp-spectra ratios with respect to 0-100% multiplicity event class.

The pr-spectra get harder with the increase in multiplicity event class.
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Figure 4.7: The €pgrticies as function of pr for K* in different VOM multiplicity event
classes in pp collisions at /s = 7 TeV.

Sr. No. | VOM event classes | €cpents
1 0-1% 0.999
2 1-5% 0.999
3 5-10% 0.999
4 10-20% 0.997
5 20-30% 0.993
6 30-40% 0.984
7 40-50% 0.972
8 50-70% 0.945
9 70-100% 0.877

Table 4.2: The event counter loss correction, €gyenss in different VOM multiplicity
event classes for pp collisions at /s = 7 TeV.
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Figure 4.8: The K*® pr-spectra measured at mid-rapidity (|n| <0.8) in various VOM
multiplicity event classes (INEL>0) in pp collisions at /s = 7 TeV are shown with
0-100% event class (without) in left (right) panel. The line and boxes represent the
statistical and systematic uncertainties, respectively.

4.2.2 dN/dy and (pr)

The integrated K** yield (dN/dy) and (pr) are extracted from data by fitting the

corrected pr-spectra with Levy-Tsallis function [11, 12] as given in Eq. 4.6

d®’N dN (n—1)(n—2)

dppdy br dy . nT'[nT + m(n — 2)]

(4.6)

e

nT
Where m is the mass of the resonance and mp = \/m is the transverse mass
and n, T (effective temperature) are the free parameters.

Figure 4.9 shows the K*¥ dN/dy (left panel) and (pr) (right panel) as function
of (ANen/dy)yj<o.5 for different VOM multiplicity event classes at mid-rapidity (|n| <
0.8) in pp collisions at /s = 7 TeV. The dN/dy and (pr) values increases with
increase in multiplicity event classes. The (pr) increases with multiplicity indicating

the hardening of pr-spectra in pp collisions at /s = 7 TeV.
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Event Class (%)

dN/dy

{pr) (GeV/c)

0-1
1-5
5-10
10-20
20-30
30-40
40-50
50-70
70-100
0-100

0.3478 £ 0.0185 £ 0.0404 £ 0.0230
0.2730 £ 0.0078 £ 0.0328 £ 0.0183
0.2348 £ 0.0058 £ 0.0293 £ 0.0190
0.1950 £ 0.0045 £ 0.0230 £ 0.0125
0.1568 £ 0.0027 £ 0.0197 £ 0.0110
0.1313 £ 0.0032 £ 0.0157 £ 0.0093
0.1080 £ 0.0025 £ 0.0129 £ 0.0070
0.0809 £ 0.0013 £ 0.0107 £ 0.0053
0.0510 £ 0.0007 £ 0.0074 £ 0.0039
0.1127 4+ 0.0007 £+ 0.0136 + 0.0128

1.3074 £ 0.0381 £ 0.0432 +£ 0.0432
1.2952 £ 0.0222 £ 0.0350 £ 0.0350
1.2109 £ 0.0183 &£ 0.0366 £ 0.0367
1.1500 £ 0.0159 £ 0.0325 £ 0.0345
1.0639 = 0.0111 £ 0.0311 £ 0.0325
1.0140 £+ 0.0151 £ 0.0292 £ 0.0311
0.9556 £+ 0.0134 £ 0.0283 £ 0.0292
0.8655 £ 0.0088 £ 0.0245 £ 0.0283
0.7184 £ 0.0057 £ 0.0244 £ 0.0245
1.0227 £ 0.0038 £ 0.0305 £ 0.0305

Table 4.3: The dN/dy and (py) of K** in different VOM multiplicity event classes
(%) at mid-rapidity (|n| < 0.8) for pp collisions at /s = 7 TeV. The first, second
and third uncertainty represents the statistical, total systematic and uncorrelated
systematic uncertainties, respectively.
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Figure 4.9: pr-integrated K*° yield (left panel) and (pr) (right panel) as function
of average charged particle multiplicity for various VOM multiplicity event classes at
mid-rapidity (|n| < 0.8) in pp collisions at /s = 7 TeV.

The dN/dy and (pr) values of K** for different event classes in pp at /s = 7

TeV are given in Table 4.3. The K*® pp-spectra starts from zero, so the systematic

uncertainty due to extrapolation at high-pr is negligible.
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The (pr) of various identified parti-
cles (7, K, K&, K*, p, ¢, A, = and Q) in
pp collisions at /s = 7 TeV are shown in
the Fig. 4.10. The Logarithmic fit func-
tion (dotted line) are shown to guide the
eye. The (pr) of m (small mass hadron)
is having a lower value than heavier mass
particles like €2 indicating the mass order-
ing of (pr). However, resonance such as
K* and ¢ violates the mass ordering na-
ture of (pr) in pp collisions which is de-

picted in Fig. 4.11 more clearly.
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Figure 4.10: The (pr) comparison of var-
ious identified particles as a function of
change particle multiplicity (|n| < 0.8) in
pp collisions at /s = 7 TeV.

The (pr) of similar mass particles (K*°, p, ¢) are compared for different colliding

systems such as pp, p—Pb and Pb-Pb at /syn = 7 TeV, 5.02 TeV and 2.76 TeV,

respectively, in Fig. 4.11. On the both side of the Fig. 4.11, proton (pr) is compared

with K*¥ (left panel) and ¢ (right panel). The (pr) of K**, p and ¢ approaches similar

values from mid-central to central Pb—Pb collisions. In small colliding systems (pp,

p-Pb), the (pr) of K*® and ¢ are different than the proton (pr) values. The rate of

increase of (pr) values with multiplicity in pp and p—Pb is more than Pb—Pb and

the (pr) values are also larger for smaller system (pp, p—Pb) than Pb—Pb for similar

multiplicity event classes.
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Figure 4.11: (py) of K** (left panel) and ¢ (right panel) with proton as a function of
proxy of system size [13] at mid-rapidity (|n| < 0.8) for pp, p-Pb and Pb—Pb collisions
at \/sny = 7 TeV, 5.02 TeV and 2.76 TeV, respectively [15, 16].

The left panel of Fig. 4.12 shows the (pr) of identified particles as a function of
mass scaled with the number of constituent quark (ncq, 3 for baryon and 2 for meson)
of the hadrons in various multiplicity event classes for pp collisions at /s = 7 TeV. A
mass and multiplicity dependent increase of the (pr) values are observed. However,
the resonances (K** and ¢) (pr) values do not follow the general trend as guided by
a dotted line. The right panel of Fig. 4.12 shows the (pr) different identified hadrons
scaled with the mass of the particle as a function of multiplicity density for pp, p—Pb
and Pb-Pb collisions at /sy = 7 TeV, 5.02 TeV and 2.76 TeV, respectively. At a
given multiplicity density, the (pr)/M values of identified particles in pp and p—Pb
collisions are found to be similar but the corresponding value in Pb—Pb collisions are

different.
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Figure 4.12: Left panel shows the (pr) as function of mass (M) of the particle scaled
with number of constituent quark (ncq) for various event classes in pp collisions
at /s = 7 TeV. The dotted line is drawn to guide the eye. Right panel shows
(pr)/M as a function of average number of charged particle for different identified
particles in pp, p—Pb and Pb-Pb collisions at /sxx = 7 TeV, 5.02 TeV and 2.76
TeV, respectively [15, 16, 17].

4.2.3 Particle ratios

The particle ratio having similar strange quark (s) content like K**/K (resonance to
stable particle) as a function of average charged particle multiplicity measured at
mid-rapidity (|n| <0.8) in pp collisions at /s = 7 TeV is shown in the Fig. 4.13. The
multiplicity dependence of K**/K ratio values are consistent with the corresponding
measurement from inelastic (INEL) pp collisions at 7 TeV [14]. The K*°/K ratio

shows a decreasing trend with multiplicity with a non-zero slope.
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Figure 4.13: The pr-integrated K*°/K ratio as function of average charged parti-
cle multiplicity for various VOM multiplicity event classes and the in-elastic (INEL)
measurement at mid-rapidity (|n] < 0.8) in pp collisions at /s = 7 TeV [14].

The resonance to stable particle (K*°/K, ¢/K) in various colliding systems (pp,

13]

p—Pb and Pb-Pb) as a function of proxy of system size ((dNuy,/ dnlab>|1n/l 3b| <o) |

measured at mid-rapidity (|n| < 0.8) are shown in Fig 4.14. The decreasing trend of
K*0/K unlike ¢/K ratio (which remains almost independent with respect to system
size) is understood by in-medium re-scattering effect in Pb—Pb collisions. A similar
trend is also observed in small colliding systems like p—Pb and pp at /syn = 5.02

and 7 TeV, respectively.
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Figure 4.14: The particle ratios to K [without (with) ¢/K ratio in pp /s =
7 TeV as shown in left (right) panel] as a function of proxy of system size
((chh/dmab>|m J1<0.5) [13] at mid-rapidity (|n| < 0.8) for pp, p~Pb and Pb—Pb col-
lisions at \/sxy = 7 TeV, 5.02 TeV and 2.76 TeV, respectively [15, 16, 18]. The
thermal model calculation of K*/K and ¢/K with chemical freeze-out temperature
of 156 MeV for the most central Pb—Pb collisions at /sy = 2.76 TeV are shown [19].
The prediction of EPOS3 model for the K*¥ /K ratio is shown in violet band for various
centrality intervals in Pb-Pb collisions at /syy = 2.76 TeV [20]

4.3 Systematic uncertainty

The study of different sources of systematic uncertainty for the K*® meson in pp
collisions at /s = 7 TeV is similar to the Pb-Pb analysis as described in the sec-
tion 3.2.7. The procedure followed is similar to described in the Ref. [21]. A test
commonly known as “Barlow test” [21] is performed to separate the statistical effect
while estimating the systematic uncertainty. Let Yy be the measured yield of K*°
with default setting and the corresponding statistical uncertainty is oqef. Another
yield of K*® measured with some systematic cut variation (e.g. signal peak fitting

range variation) is performed and the yield and statistical uncertainty are Yy,4 and

Ogys. Tespectively. A ratio is defined as R = (Yger-Yays)/ A, where A = /o3 — USQyS,
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and when R < 1 for a particular systematic variation, then that yield measurement
is rejected and not considered for systematic because the measurement is consistent
with the statistical uncertainties. For other cases, it is considered for systematic un-
certainties. A brief description the main sources of systematic uncertainties are given

below.

4.3.1 Signal extraction

The shape of the residual background is different for each pr bin and centrality classes
as describe in the section 4.1.5. It affects the raw yield value of K* and hence different

method have been used to include the changes as systematic uncertainties.

e The fit range variation of K*® invariant mass peak with the corresponding resid-

ual background.
e Normalization range variation of the same and mixed event 7K distribution.
e The width (') range of K** invariant mass distribution variation.

e Residual background function of K** invariant mass variation from quadratic

to a cubic function.

4.3.2 Mis-identification of particles

The pion and kaon are selected using the TPC average energy loss ((dE/dx)) and
measurement of the time-of-flight of particle using the TOF. When both the TPC
and TOF information are available, |NJP¢| < 2 and |NJOT| < 3 else only |[NTP¢| < 2
is applied for kaon and pion selection. For the systematic variation the N, is varied

from default to |[NXP€| < 1 and |[N1OF| < 2.
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4.3.3 Track selection and analysis track cut variations

A detail description for the selection of good quality track can be found in the sec-
tion 4.1.2. The ITS-TPC matching uncertainty is 3% for a single track, so for the K*°
(re-constructed from two pion and kaon tracks) an uncertainty of 6% (an uncertainty
of 3% is associated with each decay daughter) is considered. For the estimation of sys-
tematic uncertainties, different track selection cuts such as minimum number of TPC
crossed rows, the distance of closest approach, TPC y?/NDF cuts are varied. The
systematic uncertainty variation is about 1-4% depending on the pr and multiplicity

cvent classes.

4.3.4 Material budget and hadronic interaction

The tracking is performed via the energy loss of the particle while transversing in the
detector material. Hence, the kind of detector material used affects the tracking of
the particle and it needs to take into account. The pr-dependent material budget
uncertainty of single K and 7 tracks are estimated using PYTHIA 6.4 simulation. In
this simulation, for a given pr, the material budget uncertainty associated with pion
and kaon (decay daughters of K*) are estimated and their average value is taken
as the material budget uncertainty for K**. The uncertainty due to material budget
varies from 1-4% for low-pr (< 2 GeV/c) and negligible at high-py. The systematic
uncertainty associated with the hadronic interactions with detector material is studied
by GEANT4 simulation. The uncertainty due hadronic interaction is about 1-2% for

pr < 2 GeV/c and negligible at high-py.
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4.3.5 Total systematic uncertainty

A summary of pp-dependent systematic uncertainties with individual contributions

for various multiplicity event classes are given in the Fig. 4.15 and Fig. 4.16. The

individual contributions of fractional systematic uncertainties are added in quadrature

to get the total systematic uncertainties.
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Figure 4.15: Summary of different sources of systematic uncertainties in the K* yield
extraction for 0-100%, 0-1%, 1-5% and 5-10% VOM multiplicity event classes in pp
collisions at /s = 7 TeV.
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Figure 4.16: Summary of different sources of systematic uncertainties in the K*°
yield extraction for 10-20%, 20-30%, 30-40%, 40-50%, 50-70% and 70-100% VOM
multiplicity event classes in pp collisions at /s = 7 TeV.
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4.3.6 Multiplicity uncorrelated systematic uncertainties

A study is performed in order to extract the component of uncorrelated systematic
uncertainty of K*° yield across different multiplicity event classes. As systematic
uncertainties are largely correlated across multiplicity, so any type of systematic vari-
ation will cause a similar amount of deviations from the default value across different
multiplicity event classes. However, a fraction of the total error could be dependent
on the multiplicities considered. Here the procedure to isolate multiplicity uncorre-
lated systematic uncertainty is performed. The procedure adopted is similar to the
p—Pb [23] and pp [24] analysis. The ratio given in Eq. 4.7 determines the uncor-
related component of the total systematic uncertainty for each selection cut of the

corresponding multiplicity event class ¢ :

R =

YMultBin—i YINEL>O
modi fied—cut modi fied—cut (4 7)

YMultBin—i YINEL>O
default—cut de fault—cut

Where Y%gﬁ;ﬁg__jw and Ynié\;ffegdo_cut are the spectra with the modified cut for multi-
plicity event class ¢ and INEL>0 (0-100% VOM multiplicity event class), respectively.
This ratio R sorts out the part of systematic uncertainty which is uncorrelated over
pr. For each source of systematic uncertainty discussed above, the R factor is evalu-
ated and the quadratic sum of all the contributions gives the fraction of systematic
uncertainty which is uncorrelated over multiplicity.

The main contribution of multiplicity uncorrelated systematic uncertainties are
from yield extraction and the cut variations are (i) fitting range, (ii) normalization
range, (iii) free width and (iv) residual background variations. Details variation of

multiplicity uncorrelated systematic uncertainty for the K*° yield in different event

classes is given in the Fig. 4.17, Fig. 4.18 and left pane of Fig. 4.19.
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Figure 4.17: Relative error as a function of py for different sources of uncorrelated
systematic uncertainties for K** in 0-1%, 1-5%, 5-10%, 10-20%, 20-30% and 30-40%
VOM multiplicity event classes in pp collisions at /s = 7 TeV.
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Figure 4.18: Relative error as a function of py for different sources of uncorrelated
systematic uncertainties for K** in 40-50% and 50-70% VOM multiplicity event classes
in pp collisions at /s = 7 TeV.

The fraction of uncorrelated systematic uncertainty in different VOM multiplicity

event classes are compared with the total systematic uncertainty for INEL>0 (0-100%

event class) as shown on the right panel of Fig. 4.19.
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collisions at /s = 7 TeV (right panel).
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4.4 Summary

The measurement of charged particle multiplicity dependence of K** pr-spectra for
various VOM multiplicity event classes in pp collisions at /s = 7 TeV has been
carried out in this thesis. The hardening of high multiplicity pr-spectra as compared
to low multiplicity event class has been observed. The increase of K* (py) with
increase in charged particle multiplicity also suggests hardening of pr-spectra for
high multiplicity event classes relative to low multiplicity event classes. The (pr) of
K*® and ¢ resonance deviates from the general trend of mass ordering of identified
particles in pp collisions at /s = 7 TeV. For a similar value of charged particle
multiplicity , the (pr) scaled with mass of the identified particle is found to be of
similar order for small colliding system pp and p—Pb but have different magnitude
for Pb-Pb collisions. The pp-integrated K*°/K yield ratio in pp collisions shows a
decreasing trend with respect to system size and have a non zero slope, unlike ¢/K
ratio which is independent of system size. The observation is similar to p—Pb and Pb—
Pb collisions. The decreasing trend in Pb—Pb collision is attributed to re-scattering

effect in the hadronic medium.
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4.5 Appendix

The 7K invariant mass distribution for various VOM multiplicity event classes at

mid-rapidity (|n| < 0.8) in pp collisions at /s = 7 TeV are shown in the Fig. 4.20 to

Fig. 4.25.
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Figure 4.20: The 7K invariant mass for 0-100% VOM multiplicity event classes in pp
collisions at y/s = 7 TeV. The blue line is the BW with quadratic function (red line)
in invariant mass and magenta line is the only BW function.
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Figure 4.21: The 7K invariant mass for 0-1% (upper panel) and 1-5% (lower panel)
VOM multiplicity event classes in pp collisions at /s = 7 TeV. The blue line is the
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Figure 4.22: The 7K invariant mass for 5-10% (upper panel) and 10-20% (lower panel)
VOM multiplicity event classes in pp collisions at /s = 7 TeV. The blue line is the
BW with quadratic function (red line) in invariant mass and magenta line is the only
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Figure 4.23: The 7K invariant mass for 20-30% (upper panel) and 30-40% (lower
panel) VOM multiplicity event classes in pp collisions at /s = 7 TeV. The blue line
is the BW with quadratic function (red line) in invariant mass and magenta line is
the only BW function. 130
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Figure 4.25: The 7K invariant mass for 70-100% VOM multiplicity event classes in
pp collisions at /s = 7 TeV. The blue line is the BW with quadratic function (red
line) in invariant mass and magenta line is the only BW function.
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Chapter 5

Elliptic flow of K*(892)" in Pb—Pb
collisions at ,/syy = 2.76 TeV

Elliptic flow (vy) measurement provides information about the equation of state and
the transport properties of the QGP medium created by relativistic heavy-ion colli-
sions. Anisotropic particle production in the azimuthal direction is the experimental
signature of collective flow in heavy-ion collisions [28, 30, 3]. This flow is mainly
caused by the asymmetries in the non-central heavy-ion collision geometry.

The vy(pr) measurement at low-pr compared to hydrodynamic calculations shows
that the elliptic flow is developed primarily in early partonic stage and then governed
by the QGP evolution [4]. However, the late hadronic in-medium effects like re-
scattering phenomenon could also contribute to the development of vy [5, 6]. As
there are experimental evidence which shows that K** gets affected by hadronic re-
scattering, so it would be interesting to measure the K* vy(py) in order to understand
the effect of re-scattering on K** flow.

The number of constituent quark (NCQ or ng i.e nqy = 2 and 3 for mesons and

baryon, respectively) scaling of vy is a signature of collectivity developed in the par-
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tonic level [4]. There are experimental evidence from recent highest energy RHIC and
LHC precision measurements which show that NCQ scaling is not universal [7, 8].
The study of K*® v, might give us the idea about the collectivity developed in the
partonic level and can help to understand the violation of NCQ scaling at LHC ener-
gies. This study includes the measurement of K* v, in Pb-Pb collisions at /sy =
2.76 TeV to test the NCQ scaling to understand particle production mechanism and
effect of hadronic re-scattering and regeneration on K* flow at the LHC energies.
In this chapter, the K*® v, measurement in various centrality classes at mid-
rapidity (|| < 0.8) for Pb—Pb collisions at /sxy = 2.76 TeV are presented. A
detail of the event plane angle (¢)) calculation is given at the beginning. Then, two
different standard methods of extracting vy, one using the event plane method with
(¢—1)) binning procedure and other using the invariant mass fit method is performed.
The results have been compared with the corresponding measurements from other
identified hadrons (7, K, K2, p, ¢, A, 2, ) to test the mass ordering hypothesis of
v9 at low-pr and baryon-meson effect at intermediate-pr and number of constituent

quark scaling.

5.1 Data set and analysis cuts

The analysis is based on the Pb-Pb data at /sny = 2.76 TeV collected by the
ALICE experiment at LHC in the year 2010. The analysis track cuts are the same
as described in the section 3.1.3. Furthermore, a minimum transverse momentum
(pr) and pseudo-rapidity (n) cuts of pr > 0.15 GeV/c and |n| < 0.8, respectively are
applied. A pair rapidity cut of |yp,| < 0.5 is applied to select K** resonance.

The daughter tracks of K* (pions and kaons) are identified using both TPC and

TOF detector. The particle identification in TPC is based on the specific energy loss
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(dE/dz) in the gas medium of the TPC and using the time of flight information from
TOF detector. When the information from both the TPC and TOF are available,
the pion and kaon are selected using a PID cut of [NIF€| < 2.0 and |[NI°F| < 3.0.
For the tracks without the availability of TOF information, a cut of |[NITC| < 2.0 is

applied.

5.2 Significance (S/v/S + B) of K* signal

The K** signal reconstruction and |m F ;
& @ 7o K Pb-Pb |sy = 2.76 TeV
yield extraction procedure is the same &5 " 0-80% :12%_.%%«)/2,
- * 30-40%
as described in the sub-sections 3.1.4 500 . gg'ggz’
and 3.1.6, respectively. The significance 401
is defined as S/v/S + B, where S and B 30?
20—
are the signal and background calculated g
10
in the 5T range. Figure 5.1 shows the K*° 05‘HIHH_m_m_m_m_m‘”H_m,m
1 15 2 25 83 35 4 45 5
significance as a function of py for various p, (GeVic)

centralities in Pb-Pb collisions at y/sxy' Figure 5.1: Significance of K*© signal in

- . different pp bins for various centralities in
= 2.76 TeV. The K* signifi 1 ‘ -
¢ ¢ SISRIcance vatue 1s Pb—Pb collisions at /syny = 2.76 TeV.

the highest for minimum bias.

5.3 Anisotropic flow

Two nuclei are approaching towards each other in ultra-relativistic speed are Lorentz
contracted along the direction of motion (as shown in the introduction section 1.4.2.1,
Fig. 1.7). Due to the collision of nuclei, a large number of particles get produced and

they are subsequently detected in various sub-detectors. One of the direct experi-
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mental evidence of QGP comes from the measurement of flow which is the azimuthal
anisotropy in the momentum distributions of particles correlated with reaction plane.
The reaction plane is constituted by the impact parameter and beam direction (z)
(see Fig. 1.7 of the collision geometry section of the introduction chapter). A conve-
nient way of characterising the different pattern of anisotropic flow is via a Fourier

expansion of the invariant yield differential distributions as given in Eq. 5.1.

14 20,co8[n(p — ¢w)] (5.1)

n=1

3 2
SN 1 dN[

dp*  2mpy dprdy
where E is the energy of the particle, 1)r denotes the reaction plane angle, ¢ is the
azimuthal angle. Due to the reflection symmetry with respect to reaction plane, the
sine terms vanishes. The Fourier coefficients are pr and rapidity (y) dependent as
given by

vn(pr,y) = (cos[n(¢ — ¥r)]) (5.2)

The angular bracket represents the average over the particles and summed over all
events in a given (pr, y). The first harmonic coefficient (v;) and second harmonic
(v9) are called as directed flow and elliptic flow, respectively. In order to measure the
elliptic flow, ¥ has to be estimated event-by-event. As impact parameter is not an
experimentally measurable quantity, so reaction plane can’t be determined and hence
an estimated reaction plane angle from observed event place angle is calculated. The

event plane angle is calculated using the event flow vector @,, defined as:

Qnz = Qncos(nyy,) = ZWICOS ng;), Qny = Qusin(ny,) = Zwlsm ng;) (5.3)

where w; is the weight factor and the summation is over the number of particles
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used in the determination of the event plane angle. The event plane angle is calculated

using the Eq. 5.4.

Yy = %[tan_l <%>} (5.4)

We have estimated event plane angle using VO detector. The V0 detector cali-
bration is performed in two steps (i) Gain equalisation and (ii) Recentering of flow

vector [9].

(i) Gain equalisation: The gain g
T —#— before gain eq.
equalisation is done separately for each - - e
4 Py s o
ring of the VO detector to account for "t
) ) 150%:,59;,%%'
the different acceptance using the Eq. 5.5. . —_—
Figure 5.2 shows the RMS of the multi- 100~ O
plicity distribution for each VO channel 50:_ el
before and after gain equalisation. The L '
| EPEN I SPUSUUETN I BRI R
gain equalisation not only flattens the . » = N o N it

RMS but also makes the mean multiplic-  Figure 5.2: RMS of the multiplicity distri-
bution before (black) and after (red) gain

ity the same for all cl Is f ing. .
ity the same for all channels from one ring cqualisation [9].

M = M;/(M;) x M, (5.5)

where M; is the multiplicity of the i** channel of the VO detector in the event analysed,
(M;) the mean multiplicity of the i*® channel from all good events, M is the gain factor
fixed to the multiplicity of the first channel from each ring.

(i) Recentering of flow vector : The recentering is performed in 1% central-
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ity bins using the following equations:

cor __ Qn,w - <Qn,1‘> cor __ Qn,y - <Qn,y>

- ) n,y - 7

n,x
O-Qn,m UQn.y

(5.6)

where (Q),) and o, are the mean value and the width of the @, (Q,) distribution
from the data sample under study.

After applying the gain equalisation and recentering to the data sample, the VOC
event plane angle for various centralities are calculated and shown in the Fig. 5.3. The
distributions are fitted to a function po[l + picos(2¢)) + pasin(2¢))], where po, p; and
po are free parameters. The fit is performed in order to understand bias on the vy due
to event plane angle. The values of p; and p, are 0.02% and 0.01%, respectively for
minimum bias collisions. The value of p; and p, parameters are suggesting that the

bias due to non-flatness of event plane angle, 1) on the final v, result is negligible.

5.3.1 Event plane resolution

The finite number of particles in an event (which are available for calculating the

event plane) leads to a limited resolution in the measured event plane angle. So to

obs

find the flow coefficient, v,, with respect to the event plane, the measured v;> is

divided by a resolution correction factor R,.

v = 02"/ Ry, (5.7)
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Figure 5.3: Event plane angle (1) distribution in different centrality using VOC de-
tector in Ph—Pb collisions at 1/Snn = 2.76 TeV. The blue line is the fit function 4%

dp
= poll + p1cos(2¢) + pasin(2¢))].

Three sub-event technique is used to calculate the event plane resolution and the
detectors used for this purpose are TPC, VOA and VOC. The resolution of a given
detector (VOC) is defined from the correlation between each detector pair as given in

Eq. 5.8 [14].

(cos2(5 — ¥3)) (cos2(yy — 9F))
(cos2(yp3 — v5))

Resolution, Ry =

(5.8)
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where A, B and C represents VOC, VOA and TPC detectors, respectively. 13" is

the event plane angle for which the resolution is calculated i.e for VOC and B, C are

for other sub-detectors.

The event plane resolution depends
on the number of particles and magnitude
of flow, so it varies as a function of central-
ity and attains a maximum value in mid-
central (20-30%) and then degrades with
more peripheral collisions as shown in
Fig. 5.4. As the event plane is calculated
using the anisotropic flow of the event it-
self, for more central collisions the resolu-
tion also becomes poorer since the shape
of overlap region becomes less elliptical.
The second order event plane resolution
obtained using TPC, VOC and VOA de-
tectors are consistent with the published

results within 5% [14].

L B
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Figure 5.4: The second order event plane
resolution as function of centrality in Pb—
Pb collisions at /sxy = 2.76 TeV for
TPC, VOC and VOA compared with the
published results [14].

In this analysis, the event plane resolution is calculated in various centrality

classes i.c 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, 70-80%.

For minimum bias (0-80%), the combined resolution is calculated using weighted

average procedure where the K* raw yield is used as the weight factor for each

centrality.

There are various techniques to calculate the flow such as event plane, invariant

mass technique, scalar product, two particle cumulant, four particle cumulant ete.
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For this analysis, the invariant mass method and event plane method with (¢ — 1))
binning are used to estimate the elliptic flow of K** meson. However, invariant mass

method is taken as the default method to calculate K*® vy in various centralities.

5.4 Elliptic flow extraction method

In this analysis, two different methods are used to extract the K**-meson elliptic
flow namely event plane method with (¢ — ) binning [11] and the invariant mass
fit method [15]. The details of elliptic flow extraction methods are described in the

following sub-sections.

5.4.1 Event plane method

The event plane method [11] needs decomposition of the K** signals and background
in different (¢-1) bins for each pr bin and centrality classes. The K*? signal extracted
in a different (¢ — 1) bins are fitted to the following function:

dN

6-9) = po[l + 2v5%cos(p — 1)] (5.9)
obs

where py and v$® are the fit parameters. The measured v3* values are divided or
corrected by appropriate event plane resolution correction factor (Fig. 5.4) to obtain
the final vy. For a given centrality class, the process is performed for different pr
intervals and then the pr-dependent K** flow is obtained as shown in the Fig. 5.5 for

0-80% centrality.
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Figure 5.5: (¢ — 1) distribution of K*® meson in different pr bins for 0-80% centrality
at mid-rapidity (|n| < 0.8) in Pb—PDb collisions at \/sxy = 2.76 TeV.

In case of resonances like K*°, typically the signal consists of a resonance peak
sitting above the large combinatorial background (i.e. the signal to background ratio
is less than unity), so it is a humongous task to extract raw yields in different (¢ — 1))
bins in each pp-intervals. So when a single py bin is decomposed into different (¢-1))
bins, the signal quality also decreases and even signal couldn’t be extracted in some
cases and this stringent process of signal extraction leads to large systematic error
as the fits to the invariant mass peak are difficult to constrain. However, the event
plane method doesn’t need the assumption of a background v, shape and hence it
has some advantage for the case like K** when the signal to background ratio is poor

as compared to invariant mass method as described in the next section.

142



5.4.2 Invariant mass fit method

This method of calculating vy is proposed in Ref. [15]. The invariant mass method is
primarily useful for those particles which are reconstructed from their decay daughters
(e.g ¢ — K+TK™). The additive nature of flow allows us to decompose the anisotropic
flow v,, of a short-lived particle from that of all possible daughter pairs as a function
of invariant mass. For extracting the v, of the K** meson, it utilises the fact that the
vy of 7K pairs is composed of the v, of the K*® meson and the v, of the combinatorial

background. The invariant mass distribution can be decomposed into:

NP9 (Myy) = N (Miny) + N(Min,) (5.10)

Where N59+B9 ig the total number of pairs, N°¥ is the number of signal pairs
(number of real particles) and NP9 is the number of combinatorial background pairs.

The invariant mass method involves estimating the event plane angle the same
way as before and then measuring the vy = (cos2(¢ — 1)) of all same-event combina-

tions of 7K pairs as a function of invariant mass.

U5 (My) = (cos[n(6 — i) = AMi )03 + [1 = A(Mi)}od?  (5.11)

where 059" P9(M;,,,,) is the vy of same-event 7K pairs which includes the signal and

background, v5" is the v, of the K** meson, v4” is the effective v, of the combinatorial
background and A(M;,,) = N9 (M;,,)/ N59+B9(M,,,) is the ratio of the K** signal
to the sum of the background and K*° signal M;,, distribution. The signal count
of the ratios are obtained by fitting the mixed-event background subtracted signal
with a Breit-Wigner (to describe peak) convoluted with a polynomial function (to

parameterise the residual background shape). The background counts are obtained
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from mixed event distribution.
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Figure 5.6: The vy distributions (black line) in different pr bins for (0-80%) cen-
trality as a function of M;,, at mid-rapidity (|n| < 0.8) in Pb—Pb collisions at y/syy =
2.76 TeV. The distributions are fitted with Eq. 5.11. The red and blue line represents
the first and second part of Eq. 5.11.

Figure 5.6 shows the UQS 959 distribution as a function of invariant mass, M.,
in different py intervals for 0-80% centrality in Pb—PDb collisions at /sxy = 2.76 TeV.
Assuming the background contribution to ’U2B 9 (the second part on the right side of

Eq. 5.11) as a smooth function M;,,, a polynomial function of 3" order is used to

9

parameterise the background vf . The free parameter, v;g " is obtained by fitting

UQS B9 Gersus My, by Eq. 5.11 for each pr bin in a given collision centrality. The

Si . L .
vy? value obtained from the fit is then corrected by the event plane resolution to

obtain the final K** v,.

144



5.4.3 Comparison of two methods

Two standard methods of calculating
vo has been used in this analysis as de-
scribed in the section 5.4.1 and 5.4.2. The
upper panel of Fig. 5.7 shows the K** v,
obtained using (i) event plane and (ii) in-
variant mass method for 0-80% centrality
in Pb-Pb collisions at /sxy = 2.76 TeV
and the corresponding ratio is shown in
the lower panel. The K** vy comparison
obtained using two different methods are
consistent within 5%. The invariant mass
method is used for obtaining K*® vy in var-

ious centralities as discuss below.

5.5 Ko,

L B B R
Pb-Pb, {5y, = 2.76 TeV, [y <0.5 ]
0.4} Centrality: 0-80% K*O {
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Figure 5.7: pr dependent K*® v, for 0-80%
centrality in Pb—Pb collisions at /sy =
2.76 TeV. The box (line) represents the
systematic (statistical) uncertainty.

The pp-dependent (pr-integrated) K* v, measured using the invariant mass method

for different centralities are shown on the left (right) panel of Fig. 5.8. The statistical

(systematic) uncertainty is represented by bars (box and cap). The value of K*°

vy progressively increases from central (10-20%) to peripheral (40-50%) collisions.

So, there is reasonable centrality dependence of K*® v, even though statistical and

systematic uncertainties are larger. This observation is consistent with the notion

that initial collision geometry (higher eccentricity for peripheral collisions) is the

main driving cause for final state anisotropy. For all centralities, K** v, increases
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linearly upto pr = 3 GeV/c? and then decreases.
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Figure 5.8: The pr-dependent (left panel) and pr-integrated (right panel) K*¥ v, in
various centralities at mid-rapidity (|n| < 0.8) in Pb-Pb collisions at /syy = 2.76
TeV. The vertical line and box (cap for the left figure) represent the statistical and
systematic uncertainties, respectively.

The pr-dependent K*° v, is also is compared with other identified particles (m, K,
p, K&, ¢, A, Z, Q) in various centralities are shown in Fig. 5.9 i.e from top left 10-20%
to bottom right 50-60% centralities. The K** v, trend seems to follow mass ordering
at low-pr (< 3 GeV/c), similar to other hadrons. However, the v, of K** seems to be
high at about 3 GeV/c although the error bars are large. This increase might be due
to hadronic re-scattering effect, which tries to increase the K*@ v,. The mass ordering
nature of identified hadrons v, at low-pr is an interplay between radial and elliptic
flow [16, 17, 18]. Due to radial flow, particles with low-pr values gets pushed towards
the high-pr values creating a depletion in low-pr region. This process increases with
increase in particle masses and transverse velocity. This radial flow when introduced
to a system that exhibits azimuthal anisotropy, the depletion becomes larger in-plane
than out-of-plane and it reduces the vy. As a result of these, heavier particles flows

less as compared to lighter hadrons at a fixed value of py.

146



In the intermediate-pr, the vy values tends to group as per their hadron type
i.e baryons and mesons [19, 20]. It was also reported that when both vy and pr are
scaled by ng, the different identified hadron species approximately follow a common
trend [19, 20]. The scaling properties is also extended by taking transverse kinetic
energy (KEr = \/mt — mg, where mp = \/M) instead of pp. This baryon
and meson scaling behaviour is successfully explained by models which invoke quark
coalescence as the dominant hadronization mechanism at intermediate-pr [21, 22, 23].
So, NCQ scaling of vy is an evidence that quark degrees of freedom dominate in the

early stage of heavy-ion collisions, when collectivity develops [21, 22].

T T
Pb-Pb, {5, = 2.76 TeV
ly] <0.5

F oK UKS 0Q+Q

1+ *0 OK'+K  *A+A 1
N N ot

"p+p oM+ #E+E

[ e K**: Invariant Mass Method ]
A b b b b b 1]

50-60%

Figure 5.9: K** vy as a function of pr compared with other identified hadrons in
various centralities in Pb—Pb collisions at \/sxy = 2.76 TeV [8].

Figure 5.10 shows the vy/nq as a function of (my —myg)/n, for different identified

hadrons including the K*® in various collision centralities. The scaling is observed
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to be approximate at LHC energies [8]. After adding the K*° v,, the scaling gets
even worsen although the uncertainties are larger. This imply that K** vy in Pb-Pb
collisions at /syn = 2.76 TeV is not following the scaling behaviour. However, more

statistics is needed to conclude firmly.

Pb-Pb, {5, = 2.76 TeV

ly| <0.5 ]
foe 4T vp+p _
E 0K 4K %A+A .
F o K*O o E-+§+

(m-mg)/n, (GeV/c?)

Figure 5.10: vy/ng as a function of (mr — mg)/nq of identified hadrons in various
centralities in Pb—Pb collisions at /sy = 2.76 TeV [8].

The pr-integrated K** v, in different centralities are calculated as given in Eq. 5.12.

_ Juef(pr)dpr
[ flpr)dpr

Where the f(pr) is the pp-spectra [24]. Let a = [ vof(pr)dpr and b= [ f(pr)dpr,

(v2) (5.12)

then for the uncertainty on (vy) is calculated as by using error propagation formula

O = (a/b)x+/(da/a)? + (6b/D)?
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5.6 Systematic uncertainty study

A detail systematic study of K** signal and v, extraction is performed in this analysis.
The study of systematic uncertainty calculation due to K* signal extraction procedure
is similar to that described in sub-section 3.2.7.1.

The systematic study is performed by measuring the change in K*® v, value by
varying one parameter at a time. The main sources of the systematic uncertainties
can be combined in four groups such as (i) Signal extraction, (ii) Analysis track cut,

(iii) PID selection and (iv) Global Tracking efficiency.

(i) Signal extractions (Ejyge,): To estimate the systematic uncertainties due
to signal extractions, we have varied mixed event background normalization range,
residual background function, invariant mass fitting range, width of the K*° signal

peak. The details of these variations is given below:

e Mixed event background normalization: The mixed event background
is normalised in the region of invariant mass between 1.1 to 1.15 GeV/c? as a
default range which is more than 50 away from the K*° peak. For the systematic
study, the variation in the normalization range is performed on the right side,1.1-

1.5 GeV/c?, and on left hand side 0.7-0.8 GeV /c? of the K*° peak value.

e Residual background function: The default function used for the estimation
of residual background is 2" order polynomial function in 7K invariant mass.
The change in the K* yield due to consideration of 3™ order polynomial is

taken as the systematic uncertainty:.

e Invariant mass fitting range: The default value of invariant mass fit range

is 0.77-1.03 GeV/c? and for systematic study the range variations are 0.72-1.07,
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0.78-1.01 GeV/c2.

e Width of K** signal peak: The width of K*° is freed from default fixed valued

and the change in yield is considered in systematic uncertainty.

(ii) Global Tracking efficiency (E,;«): The global tracking efficiency un-
certainty shows the difference in TPC-ITS matching probabilities between data and
simulation. As a result it should be applied only once, either in reconstruction effi-
ciency or in data. We assign this as an additional systematic uncertainty of 6%.

(iii) Analysis Cuts (Egnacue): In this analysis, the tracks are selected which
pass a set of standard cuts. For the systematic study, some of the standard cuts are
varied. The variation of analysis cuts w.r.t. to default one is shown below:

— Minimum number of crossed rows in TPC: 80 (70 is default)
— DCA,,: 9 sigma (7 sigma is default)

- DCA,: 3 cm (2 cm is default)

— x?/NDF in TPC: 6 (4 is default)

(iv) PID selections (E,;;): When the TOF information of a particle is available
then |[Norpc| < 2 and |Noror| < 3, but without TOF information only |Norpc| < 2
cut is considered as the default cut. However, for systematic study two other PID
cuts are taken: (i) when the TOF information is available then |[Noppc| < 1 and

|NO’TQF| < 2; else |N0'Tpc| < 1 and (ll) |N0’Tpc| < 2.

Total Systematic Uncertainty (FEyyq): The total systematic uncertainty is

the quadrature sum of all above mention sources.

Etotal = \/Egige:ct + Eczmacut + E[%Ld + E;t'f’k‘ (513)

Barlow test [25] has been performed to ensure that the measured systematic
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uncertainty is not due to a statistical fluctuation.

Barlow Test: Study of statistical effect on systematic uncertainty

Let a default or central value of a measurement with statistical uncertainty is denoted

by (F.=+0.). The measurement for systematic studies are indicated by (F; 4+ 0;), then

one can define Ao; (Eq. 5.14).

(5.14)

Ao; = /|o? — 2|

Then we calculate R; = AF;/Ao;
(Fig. 5.11), where AF;, = |F, — F;|. If
R; < 1.0 then the effects are due to
the statistical fluctuation otherwise there
is a systematic effect which means that
the two measurements are not compatible

within the statistical errors.

2 7F
% £ PID Variation
O B Mean:-0.50
o E  Sigma:-1.12
5t
4
1 N N
AU | 01 111
-10 -5 0 5 10

R

Figure 5.11: The R = AF/Ac, where AF
is the vy (PID cut) - vy (default PID cut)
and Ao are the corresponding statistical
errors distribution for PID cut in 0-80%
centrality at mid-rapidity (|| < 0.8) in
Pb-PDb collisions at /syx = 2.76 TeV.

In ideal case, when two measurements are statistically consistent then R; distri-

bution should have the criteria: (i) Mean ~ 0 and (ii) RMS ~ 1. As the number of

entries are less, so the criteria for passing the Barlow check we choose any of the 3

conditions out of the 4 criteria : (i) Mean ~ 0 (ii)) RMS < 1.1, (iii) within |R;| < 1.0

there will be ~58 to 68 % of counts and (iv) within |R;| < 2.0 there will be ~85 to

95 % of counts.

The measurements which passed the Barlow check are not used to determine the

systematic uncertainty. When Barlow check fails, then the measurement has been
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considered for the systematic.

1 I\2
0F,, = \/ﬁ Z(F —F) (5.15)

Here N is the total number of available measurements including F,. and F' is the
average value of the measurements. Whenever only two measurements were available

and did not pass “Barlow” check, zero systematic uncertainty has been assigned to

the value.
Centrality (%) | Syst. uncert. (%)
0-80 19-25
10-20 19-24
20-30 20-23
30-40 19-23
40-50 18-24
50-60 20-25

Table 5.1: The range of systematic uncertainties (%) for different centralities.
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Figure 5.12: Summary of different sources of systematic uncertainties in the measure-
ment of K** v, as a function of pr for 0-80% and 10-20% centralities at mid-rapidity
(Inl < 0.8) in Pb—PDb collisions at /sy = 2.76 TeV.

The summary of systematic uncertainties in various centralities are given in
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Fig. 5.12 to Fig. 5.14. The total systematic uncertainties varies from 18-25% de-

pending on the pr and centrality classes as given in the Table 5.1.

0.5

0.4

Relative Error

0.3

0.2

0.1

—
C . . o
[ — Signal Extraction Centrality: (20-30)% LE
[ —— Analysis Track Cut o
L —PD =
C o]
IERNEEEEE Global Tracking Eff. o)
r — Total =
S e EE e —
Coo e
L1 N I R Ll s
1 2 3 4 5 6
P, (GeV/c)

[ — Signal Extraction Centrality: (30-40)%
0.5 — Analysis Track Cut
- —PD
0.4 L - Global Tracking Eff.
E — Total
0.3
02 TI—._I—l_I—'—
L -
—  — =
0.1~
m—
I W anmasead
Lol P P P P |
1 2 3 4 5 6
P, (GeV/c)

Figure 5.13: Summary of different sources of systematic uncertainties in the measure-
ment of K** v, as a function of pr in 20-30% and 30-40% centralities at mid-rapidity
(Inl < 0.8) in Pb—PDb collisions at /sy = 2.76 TeV.
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Figure 5.14: Summary of different sources of systematic uncertainties in the mea-
surement of K*O v, as a function of pr in 40-50%, 50-60% centralities at mid-rapidity

(In] < 0.8) in Pb—Pb collisions at \/syx = 2.76 TeV.
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5.7 Summary

The measurement of K* vy at mid-rapidity (|n| < 0.8) in Pb-Pb collisions at /syn
= 2.76 TeV using ALICE detector has been reported. The K** v, for minimum bias
(0-80%) is calculated using two different methods (event plane with (¢ — ) bin and
invariant mass fit) and compared. The results using both the methods are consistent
within 5%. The invariant mass method has been used for vy calculation in various
centralities. A centrality dependence of K** v, is observed. The v, of K*¥ is compared
with other identified hadrons (7, K, p, K%, ¢, A, Z and Q) which suggest that mass
ordering hypothesis is respected by K*® vy at low-py. For pr > 3 GeV/c, the trend of
K*? v, is observed to be high as compared to other mesons in different centralities even
though the uncertainties are larger. This increase of K*¥ v, around mid-pr might be
due to the hadronic re-scattering effect which increases the flow value. One observes
a violation of NCQ scaling by K* vy although error bars are very large. However,

more statistics are needed for further confirmation of this effect in future.
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Chapter 6

A transport model study of hadro-
nic phase in heavy-ion collisions

using K* and ¢

According to quantum chromodynamics (QCD) at very high temperature and/or
at high density, a de-confined phase of quarks and gluons, known as quark-gluon
plasma (QGP) is expected to be formed. In the heavy-ion experiment, the study
of QCD matter is performed by colliding nuclei at ultra-relativistic velocity. A hot
and dense medium with color degree of freedom which is short lived (~5-10 fm/c) is
created in the heavy-ion collisions. This is followed by hadronic phase. The resonances
K*0 and ¢ are considered as a good probe due to their unique properties to study the
QCD matter created in relativistic collisions [1, 2, 3, 4, 5, 6, 7]. The ¢ is a vector
meson, which is the lightest bound state of s and § quarks and has a lifetime of 46.3
+ 0.4 fm/c [8]. Because of long lifetime (relative to fireball lifetime) the ¢ meson
mostly decay outside the fireball and hence its daughters do not have much time

to re-scatter in the hadronic medium. The hadronic interaction cross-section of ¢

157



is expected to have a small value and hence seems to freeze out early compared to
other lighter hadrons [1, 2, 3, 4, 5, 6, 7]. On the other hand, K** meson has mass of
896 MeV /c? which is comparable to the mass ¢ (1020 MeV/c?). The lifetime of K*°
meson is 4.16 + 0.05 fm/c and it mostly decays inside the medium [8]. Therefore,
the decay daughters of K* are suffered by the interactions in the hadronic phase
of the QCD medium. The momentum of these decay daughters may get changed if
they re-scattered by other hadrons present in the medium [9, 10, 11]. This would
lead to a loss in the reconstruction of the parent resonance. On the other hand,
after chemical freeze-out, pseudo-elastic interactions could regenerate resonances in
the medium leading to enhancement in their yields. The amount of loss or gain could
depend on the lifetime of hadronic phase, hadronic interaction cross section of decay
daughters, particle density in the medium. Study of the yield and flow coefficient of
K* and ¢ simultaneously in heavy-ion collisions might help us to better understand
the late stage hadronic effects.

In this part of the thesis, a multi phase transport (AMPT) model study in Pb—
Pb collisions at /sy = 2.76 TeV, in mid-rapidity (|y| < 1) is performed by varying
hadronic cascade termination time () from 0.6 fm/c to 30 fm/c to see the in-
medium (re-scattering and regeneration) effects on the pr-spectra and v, of K* and

¢ resonances.

6.1 A Multi Phase Transport (AMPT) model

In this analysis, the string melting version of AMPT model (2.25t9b) [12, 13, 14, 15]
is used. The AMPT model has four main stages: (i) the initial conditions, (ii)
partonic interactions, (iii) the conversion from the partonic to the hadronic matter,
and (iv) hadronic interactions. The first stage i.e initial conditions are obtained from

the HIJING model [16]. Zhang’s parton cascade (ZPC) takes care the scatterings
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among parton) [17]. The parton-parton interaction cross section is taken to be 3
mb. Hadronization is done via a quark coalescence model. The subsequent hadronic
matter interaction is described by a hadronic cascade, which is based on a relativistic
transport (ART) model [18]. The termination time of the hadronic cascade is varied
from 0.6 to 30 fm/c to study the effect of the hadronic phase on the observables
presented in this analysis [21]. For our study, approximately 150 thousand events
for each hadronic cascade time are generated for minimum bias Pb—Pb collisions at
V5NN = 2.76 TeV.

The K* and their anti-particles are included implicitly via elastic mK scattering
having a Breit-Wigner form of cross section [18] and explicitly by adding them in
the hadronic phase of AMPT model [22]. In addition to scattering of 7K, the K*
scattering with other mesons such as p, w and 7 are also included using 10 mb cross
section (the same cross section is used for kaons). The reaction channels such as
(mn)(pw) <+ K*K or K*K and 7K <+ K*(pw) are also included as they also contribute
to the formation and decays of K* resonances.

The ¢ meson formation and decays to K K pairs are also included in the AMPT
model and the formation cross section is given by Breit-Wigner form [23]. In-
elastic reactions i.e baryon-baryon [(NAN*)(NAN*) — ¢NN] and meson-meson
[(mp <> ¢N)|, where the forward-going cross section is taken from one-boson-exchange
model [24] are also included. The baryon-meson reactions of the ¢ meson include
K(AY) <> ¢N with cross section from kaon-exchane model [25]. Some other reac-
tions of ¢ with pseudo-scalar (7w, K) and vector mesons (p, w and K*) i.e ¢(mpw) <>
(KK*)(KK*) and ¢(KK*) + (mpw)(K K*) are included with cross sections obtained
from the partial collisional widths taken from the Ref [19]. The elastic cross section

of ¢ meson with nucleon and meson is set to be 8 mb and 5 mb, respectively [25, 20].
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6.2 Results

6.2.1 Transverse Momentum Spectra

The pr-spectra of produced (prod) and reconstructable (reco) K* and ¢ for three
different lifetime, 7, (0.6, 15 and 30 fm/c) of hadronic phase are obtained in Pb—Pb
collisions at mid-rapidity (|y| < 1) Fig. 6.1. The reconstructable K** and ¢ are those
for which the each component of decay daughter’s momentum remains unchanged
during the system’s evolution. The 7,, = 0.6 fm/c represent particle productions
from quark coalescence without hadronic interactions. A higher value of hadronic
cascade time reflects larger hadronic re-scattering and regeneration. The pp-spectra
of all produced and reconstructable particles are shown by solid and open mark-
ers, respectively. The ratio between produced and reconstructable K* (and ¢) at
corresponding 7, are shown at the bottom of Fig. 6.1. The left panel of Fig. 6.1
shows number of reconstructable K* decreases with increasing lifetime of hadronic
phase. This is due to the effect of hadronic re-scattering for which momenta of decay
daughters gets changed and this lead to loss in the reconstruction of the parent res-
onance. The re-scattering effect is found to be more dominant at low-pp. There are
experimental evidences which show a prominent hadronic re-scattering effect of K*°
at low-pr [26, 27]. The right panel of Fig. 6.1 shows the hadronic re-scattering effect
on ¢ mesons which is significantly smaller than that of K*°. This is due to the small
hadronic interaction cross-section of ¢ meson and also due to the long lifetime of ¢ me-

son for which its daughters do not have much time to re-scatter in the hadronic phase.

Fig. 6.2 shows pr integrated yield (dN/dy) of K* and ¢ for different 7., of

hadronic phase. The change in dN /dy between produced and reconstructable hadron
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Figure 6.1: pr spectra of K* (left panel) and ¢ (right panel) for different hadronic
cascade, T, values in minimum bias measured at mid-rapidity (Jy| < 1) in Pb-Pb
collisions at /sy = 2.76 TeV (AMPT-SM).

at a fixed 7,, gives loss due to re-scattering. Whereas change in dN/dy of pro-
duced hadron between two different 7, gives amount of regeneration. The dN/dy
of K*¥ increases with increasing the hadronic cascade time because K*© is added in
the hadronic phase as a effect of regeneration [13]. In case of ¢, we observe a small
change in dN/dy with increasing 7,,.. Table 6.1 lists dN/dy values of K* and ¢ at
different 7, and the fraction of resonances re-scattered at 7y = 15 and 30 fm/c are
shown in Tab. 6.2. The re-scattered fraction percentage is the ratio between all recon-
structable to produced resonance for corresponding 7,,. The effect of re-scattering

increases with increase in 7, however re-scattering effect is more dominant for K*°

HC)

than ¢.
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Figure 6.2: dN/dy of K** (left panel) and ¢ (right panel) as function of 7, minimum
bias Pb—Pb collisions at /syx = 2.76 TeV (AMPT-SM).

Figure 6.3 shows the resonance to sta-
ble particle ratios as function of as func-
tion of average number of charged parti-
cle ({N.,), obtained with |y| < 0.5) for
= 30 fm/c¢ in Pb-Pb collisions at

7-H C

VNN = 2.76 TeV. It is observed that
the K*/K (reco) ratios decreases while
moving peripheral (low (N.,)) to central
(high (N.,)) collision unlike ¢/K ratio.
This decreasing trend is attributed to re-
scattering effect of K** daughter particles
in the hadronic medium in Pb-Pb colli-

sions at /sy = 2. 76 TeV.

P ooty o,
o048~ V=276 eV ) 3
© [ m¢/K (prod) @ K*/K (prod) B E
00'1 6r 00K (reco) O K*/K (reco) e ™ 30 fmic
So.14f =
C -———.\I ]

50.1 2r ]
(%} C ]
O 0.1+ Er/g 8
oc r ]
0.08[ ‘\\\\\\\\\'¥;“‘*¥““_¥* =
0.06F .
0.041 =
0.02f G‘R“““9~—44—~4———~—%>g
.o v by by by by 1

GO 200 400 600 800 1000 1200

(N_)

Figure 6.3: Resonance to stable particle
(kaon) ratio as function of average num-
ber of charged particle, (N,), for 7, =

30 fm/c in Pb—Pb collisions at /sxy =
2.76 TeV (AMPT-SM).
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Tye = 0.6 fin/c Tye = 15 fin/e Tye = 30 fin/e

produced | reconstructable | produced | reconstructable | produced | reconstructable

AN /dy of K | 047 0.47 2.74 1.28 48 14

dN/dy of ¢ 9.98 9.98 10.17 9.45 10.97 8.27

Table 6.1: pr integrated yield (AN /dy) of K* and ¢ for different 7, of hadronic
phase.

Tye = 15 fm/c Tye = 30 fm/c

re-scattering (%) | re-scattering (%)

K*0 53.3 70.8
b 7.0 24.6

Table 6.2: Fraction of K* and ¢ re-scattered at different 7, of the hadronic phase.

6.2.2 Elliptic Flow (vy)

The elliptic flow (v3), a measure of the azimuthal anisotropy in the momentum space
is considered as a sensitive probe of the early stages of heavy-ion collisions [28, 29, 30].
This flow parameter v, is extracted by studying the correlation of produced particles

with respect to the reaction plane (V) as

vy = (cos[2(P — W)]) (6.1)

where @ is the azimuthal angle of the produced particles [31]. The reaction plane
angle, U is taken as zero in this analysis which produces within AMPT. Figure 6.4
shows vy of K** and ¢, as a function of pr, at different 7, in Pb—Pb collisions at V/SNN
= 2.76 TeV. We see that the vy of K* largely depend on 7, and this is because of
the fact that the flow is developed during the late stage of the hadronic phase due to

interactions of K*® with other hadrons. The interaction cross-section of ¢-meson with
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other hadrons is very small, hence its flow is not affected significantly with change in

as shown in the right panel of Fig 6.4.
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Figure 6.4: vy of K*¥ (left panel) and ¢ (right panel) as a function of pr in different
Tye for minimum bias Pb-Pb collisions at /sy = 2.76 TeV (AMPT-SM).

We have compared vy(pr) of K* and ¢ with other identified particles (m, K,
p) at different 7, in Pb-Pb collisions at /syy = 2.76 TeV using AMPT model as
shown in Fig. 6.5. The left, middle and right panel of Fig. 6.5 shows comparison at

T

we = 30, 15 and 0.6 fm/c, respectively. We have seen a mass ordering in v, at low

pr and a clear baryon-meson separation at intermediate pr among m, K, p and ¢ for
all values of 7, .. However, K** vy does not seems to follow similar trend as other
mesons. At 7, = 0.6 fm/c, it is found that K** vy does not follow mass ordering
at low pp as well as baryon-meson separation at intermediate pp. This is a striking
observation. At 7, = 0.6 fm/c, v, of hadrons are just after the quark coalescence and

there is no hadronic interaction. Therefore, one should expect that all hadron’s v,
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should follow baryon-meson separation (base line for number-of-constituent scaling)
at intermediate pr. However, we have seen that K* vy in AMPT model does not
follow the expectation. With increasing 7., K** vy increases and at 7, = 30 fm/c,
K*? v, follows the mass ordering (at low pr) and other mesons a intermediate pp. This
observation from AMPT model tells us that the hadronic interaction is needed for
K*9 v, to follow number-of-constituent quark scaling, which is against the expectation

from a quark coalescence model.
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Figure 6.5: vy of identified hadrons (7, K, p, K*® and ¢) as a function of py for 7,
= 30 fm/c (left), 15 fm/c (middle) and 0.6 fm/c (right) in minimum bias Pb—Pb
collisions at /sy = 2.76 TeV (AMPT-SM).

6.3 Summary

We have studied the effect of late stage hadronic interaction on the production of
K* and ¢ meson using the string melting version of AMPT model at mid-rapidity
(Jy| < 1) in Pb-Pb collisions at y/Sxny = 2.76 TeV. The pp-spectra of reconstructable
K*Y decreases as the hadronic cascade time increases, whereas for ¢ mesons this change

is much smaller. Increasing the hadronic interaction (re-scattering and regeneration)
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by increasing the hadron cascade time period does not change the vy of ¢ mesons. In
contrast to ¢ mesons, the vy of K*¥ increases with increase in hadronic interaction.
It was found that the hadronic interaction is needed for K*® v, to follow number-of-
constituent quark scaling, which is against the expectation from a quark coalescence
model. The violation of number of constituent quark scaling in Pb—Pb collisions at

/SN = 2.76 TeV is also not explained by hadronic cascade time variations.

166



Bibliography

[1] M. Nasim, Phys. Rev. C, 89, 034909 (2014).
[2] M. Nasim, B. Mohanty and N. Xu, Phys. Rev. C, 87, 014903 (2013).
[3] B. Mohanty and N. Xu, J. Phys. G, 38, 124023 (2011).
[4] (STAR Collaboration) M. M. Aggarwal et al., Phys. Rev. C, 84, 034909 (2011).
[5] (STAR Collaboration) B. I. Abelev et al., Phys. Rev. C, 78, 044906 (2008).
[6] (STAR Collaboration) (J. Adam et al.), Phys. Rev. C, 71, 064902 (2005).
[7] A. Shor, Phys. Rev. Lett., 54, 1122 (1985).
[8] (Particle Data Group) K. A. Olive et al. , Chin. Phys. C, 38, 090001 (2014).
[9] R. Rapp and E. V. Shuryak, Phys. Rev. Lett., 86, 2980 (2001).
[10] C. Song and V. Koch, Phys. Rev. C, 55, 3026 (1997).

[11] J. Rafelski, J. Letessier and G. Torrieri, Phys. Rev. C, 64, 054907 (2001);
Erratum-ibid. C, 65, 069902 (2002).

[12] Zi-Wei Lin, C. M. Ko, Phys. Rev. C, 65, 034904 (2002).

[13] Zi-Wei Lin, C. M. Ko, Bao-An et al., Phys. Rev. C, 72, 064901 (2005).

167



[14] Lie-Wen Chen et al., Phys. Lett. B, 605, 95 (2005).

[15] Z. W. Lin, S. Pal, C. M. Ko, et al., Phys. Rev. C, 64, 011902 (2001).
[16] X. N. Wang and M. Gyulassy, Phys. Rev. D, 44, 3501 (1991).

[17] B. Zhang, Comput. Phys. Commun., 109, 193 (1998).

[18] B. A. Li and C. M. Ko, Phys. Rev. C, 52, 2037 (1995).

[19] L. Alvarez-Ruso and V. Koch, Phys. Rev. C, 65, 054901 (2002).

[20] H. J. Behrend et al., Phys. Lett. B, 56, 408 (1975).

[21] S. Singha, B. Mohanty and Zi-Wei Lin, Int. J. of Mod. Phys. E, 24, 5 1550041
(2015).

[22] G. E. Brown, C.M. Ko, Z. G. Wu et al., Phys. Rev. C, 43, 1881 (1991).
[23] S. Pal, C. M. Ko, and Z. W. Lin, Nucl. Phys. A, 707, 525 (2002).

[24] W. S. Chung, G. Q. Li, and C. M. Ko, Nucl. Phys. A, 625, 347 (1997).
[25] C. M. Ko and B. H. Sa, Phys. Lett. B, 258, 6 (1991).

[26] (ALICE Collaboration) B. Abelev et al., Phys. Rev. C, 91, 024609 (2015).
[27] (ALICE Collaboration) J. Adam et al., Phys. Rev. C, 95, 064606 (2017).
[28] J. Y. Ollitrault, Phys. Rev. D, 46, 229 (1992).

[29] H. Sorge, Phys. Rev. Lett., 78, 2309 (1997).

[30] P. Huovinen, P. F. Kolb, U. Heinz et al., Phys. Lett. B, 503, 58 (2001).

[31] S. A. Voloshin, A. M. Poskanzer and R. Snellings, arXiv:0809.2949 (2008).

168



Chapter 7

Summary

The thesis deals with the study of K* resonance production as the probe to under-
stand the novel QCD matter produced in the Pb—Pb collisions at LHC. Resonances
by definition are very short-lived (~ fm/c) particles and hence they are very useful to
study the in-medium dynamics of the strongly interacting QCD matter. The K*° is
one of the best suited resonance particle for this purpose because of its lifetime (~4.2
fm/c), which is comparable to the timescale of the hot and dense matter produced. As
K*0 contains strange (s) quark, so it may also give information about the mechanism
and dynamics of strange particle production in the medium. Specifically, we measured
the nuclear modification factor (Ras, Rep) of K*O at high transverse momentum (pr)
to understand energy loss of parton in strange sector. The azimuthal anisotropy or
elliptic flow (vy) of K*¥ is also measured in various centralities to understand the
in-mediums dynamics and particle production mechanism.

In this thesis, a comprehensive study of the K*O resonance production in Ph-Pb
collisions at \/syy = 2.76 TeV using the high statistics data set collected in the year
2011 with the ALICE detector is performed. The K*O signal is reconstructed via its

hadronic decay channel K*° (K*O) — 7~ KT (#7K7) having branching ratio of 66.6%.
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The K*¥ pp-spectra is measured in finer centrality classes with high-pr reach up to 20
GeV/c. The pr-integrated K*° yield is also calculated and resonance to stable particle
(K*/K) ratio is obtained. The K*°/K ratio decreases as a function of system size,
unlike ¢/K ratio. This observation is understood by considering the lifetime of these
resonance particles i.e 4.16 4+ 0.05 fm/c and 46.3 + 0.4 fm/c for K** and ¢, respec-
tively. The K** decays inside the hadronic medium and the decay daughters (pions
and kaons) re-scatter with the other medium particles by changing their momentum.
Due to this momentum exchange, the parent K** can’t be reconstructed from its de-
cayed daughters’ energy and momentum information via the invariant mass method.
So the K* signal is lost because of re-scattering of decay daughters in the medium.
The system size and also the dense medium formation is more in central as compared
to peripheral Pb—Pb collisions and hence the loss of K*¥ signal in central Pb-Pb colli-
sions is more prominent. However, ¢ decays outside the medium and hence the effect
of re-scattering is not reflected in the ¢/K ratio. The presence of the re-scattering
effect is further confirmed by comparison of the measurement to the Thermal and
EPOS3 model predictions. The Thermal model over-predicts the K**/K ratio and
well describes the ¢/K ratio as the re-scattering effect was not incorporated into the
thermal model. EPOS3 which includes re-scattering effect reproduces the observed
trend of the K*°/K ratio qualitatively. The pr-dependent K*°/K, K**/m, ¢/K and
¢/ ratios are also measured for understanding the particle production mechanism
in different py regions. The pp-dependent K*/K and K*¥ /7 ratios in central Pb-Ph
show an enhancement at pr ~ 3 GeV/c as compared to minimum bias pp collisions,
indicating the presence of strong radial flow effect at LHC energies. In central Pb—Pb
collisions, the pp-dependent K*°/K ratio is also suppressed for py < 2 GeV/c with
respect to pp collisions, indicating the dominance of the re-scattering effect at low-p.

The nuclear modification factor (Raa) is defined as the ratio yield of particles

170



in heavy-ion collisions to that in elementary pp collisions, scaled with the average
nuclear overlap function. The R measurement is sensitive to the dynamics of
particle production, in-medium effects and the energy loss mechanism of partons in
the medium. If a nuclear collision were simply a superposition of nucleon-nucleon
collisions, the Raa would be equal to unity at high-pp. Any deviation of the Raa
from unity at high-pt may indicate the presence of in-medium effects. The Rxa of
K* is compared to other identified particles such as 7, K, p and ¢. The Ry of K*°
is found to be less than unity for central collisions as was observed for other hadrons
indicating the dense medium formation at LHC energies. At low-pr (< 2 GeV/c), the
K*® Rax is smaller than the ¢ meson and the charged hadron Ra,. This additional
suppression of K*¥ at low-pr with respect to ¢ is reduced as one goes from central to
peripheral collisions, consistent with the expectation of more re-scattering in central
Pb—PDb collisions. At high-pr the suppression (Raa value) of all these particles are
found to be of similar order. This indicates that the energy loss mechanism for all light
flavour hadrons are similar and rejects those models where the energy loss mechanism
depends on light quark content (u, d, s) and hadron masses.

The nuclear modification factor, Rcp, measurement does not require the pp ref-
erence unlike the R, are also presented in this thesis. It is defined as the pr-spectra
ratio between the central and peripheral collisions scaled with the corresponding bi-
nary collisions. The Rcp of K** is compared with K%, ¢ and A in Pb-Pb collisions
at /snn = 2.76 TeV. The suppression of K* as observed in Raa is approximately
2.5 times more than the corresponding Rcp measurement at low-pr. This significant
difference between the K*® Rya and Rcp is might be due to pp reference rather than
nuclear effects. At low-pr (< 2 GeV/c), particles with similar mass are found to
have a similar value of suppression. The peak value in the Rcp of A is observed at

relatively higher pr as compared to K** and K%. This peak shift might be due to the
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radial flow of the particle which is more for a heavier mass particle.

The measurement of K** meson elliptic flow at mid-rapidity (|| < 0.8) in Pb-Pb
collisions at y/sxy = 2.76 TeV using ALICE detector has been performed. The K*°
vy for 0-80% is calculated by using two different methods (event plane with (¢ — )
bin and invariant mass fit) and compared. The results using both the methods are
consistent within 5%. The invariant mass method has been used for vy calculation in
various centralities. The centrality dependent on K*® v, is observed. The vy of K*0 is
compared with other identified hadrons (7, K, p, K%, ¢, A, = and Q) which suggest
that mass ordering hypothesis is supported by K** v,. At about pr = 3 GeV/c, the
trend of K* v, is seemed high as compared to other hadrons in certain centralities
although the larger uncertainties do not allow a firm conclusion. This increase of K*°
v9 around mid-pp might be due to the hadronic in-medium effect which increases the
flow value. One observes a violation of NCQ scaling by K*® v, although error bars
are very large. So, more statistics is the need of the time for further confirmation and
conclusions.

A detailed study of event multiplicity dependence of K*® production in pp colli-
sions at y/s = 7 TeV is carried out in this thesis. In the recent LHC measurements,
some collective features similar to Pb—Pb collisions have been observed in high mul-
tiplicity pp and p—Pb collisions. From the two-particle correlation study, there is
an indication of a flow-like effect in high-multiplicity pp and p-Pb collisions which
resembles to the observation in Pb-Pb. The particle ratios such as K*°/K in p-Pb
show some analogous features to Pb—Pb collisions. In order to understand the origin
of these features a comprehensive study of a fundamental observable like pr-spectra
of K** is performed in pp collisions for various multiplicity classes of events. The
pr-spectra are measured in different VOM event multiplicity classes. A spectral mod-

ification is observed when the ratios of pr-spectra in different multiplicity classes with
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respect to 0-100% multiplicity event class is calculated. The pp-spectra get harder
with increasing multiplicity event classes. This indicates the presence of radial flow
effect in high multiplicity event classes measured in pp collisions at /s = 7 TeV. A
mass ordering of (pr) value is observed for different identified particles, but, when
the K* (and also ¢) (pr) is compared, there observed a deviation from the trend
of mass ordering. The reason for this deviation still needs to be understood. The
pr-integrated K*°/K ratio shows a decreasing trend, having a non-zero slope with
respect to the average charged particle multiplicity, this feature is similar what ob-
served in p—Pb and Pb—Pb collisions systems. The decreasing trend of K**/K ratio in
Pb—PDb collisions are attributed to hadronic re-scattering effects. A similar decreasing
trend in high multiplicity pp collisions at LHC energies might indicate the onset of a
small-medium formation or the effect of multi-partonic interaction.

A major conclusion of the thesis is an experimental demonstration of the re-
scattering effect in the QCD medium formed at LHC using K** hadron. In order
to get a better understanding of the effect, a simulation study is performed in the
last part of the thesis. The late stage hadronic interaction on the production of
K*® and ¢ meson using the string melting version of AMPT model at mid-rapidity
ly] < 1) in Pb-Pb collisions at /syy = 2.76 TeV is performed. The pp-spectra of
reconstructable K*® decreases as the hadronic cascade time increases, whereas for ¢
mesons this change is much smaller. Increasing the hadronic interaction (re-scattering
and regeneration) by increasing the hadron cascade time period does not change the
vs of ¢ mesons. In contrast to ¢ mesons, the v, of K*¥ increases with increase in
hadronic interaction. It was found that the hadronic interaction is needed for K*°
vy to follow NCQ scaling, which is against the expectation from a quark coalescence
model. The violation of NCQ in Pb-Pb collisions at /sy = 2.76 TeV is also not

explained by the variation of hadronic cascade time.
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Appendix A. Supplementary Information
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Figure A.1. ESR spectrum of Copper- Chlorophyllin at 100 K in methanol. Arrows
represents the hyp[erfine splitting in g region.
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Figure A.2. 500MHz 'H NMR spectrum of ICps-Cu
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Figure A.3. Magnetic resonance (T2-weighted) images of sample tubes which were
filled with tissue phantom (solidified gelatin-agarose) containing 0, 0.1, 1.0 and 10
micromolar iodo-chlorin p6 copper complex. (a) Experimental setup of MRI imaging
setup (b) The circular spot represents cross section image (slice) of each
tube.[Source: Indian patent application No. 4912/MUM/20135, filed on 29 Dec. 2015:
A Metal complex of chlorophyll derivative for magnetic resonance imaging and

photodynamic therapy.]
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Synthesis and characterization of photodynamic
activity of an iodinated Chlorin pg copper complext
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We report the synthesis of a new iodinated Chlorin pg copper complex (ICpg—Cu) and its efficacy for
photodynamic treatment (PDT) of cancer cells. The metal complex is obtained by reacting Chlorin pg
(Cps) with copper iodide (Cul). The complex formation results in a shift in the Q absorption band of Cpg
from 663 nm to 634 nm and X-ray fluorescence of the complex showed the presence of both copper
and iodine. FTIR and EPR spectroscopy suggests that the copper is attached to Cpg at the two adjacent

carboxylic groups. Studies on the photochemical generation of singlet oxygen (*O.) and other reactive
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Accepted 3lst July 2016 oxygen species (ROS) using fluorescence probes revealed that ICpg—Cu acts predominantly through the
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DOI: 10.1039/c6ra14026b cm™?) led to ~90% phototoxicity. Furthermore, in contrast to Cps, the phototoxicity induced by ICpg—
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Introduction

Photodynamic therapy (PDT) of cancer utilizes a photosensitive
drug referred to as a photosensitizer (PS) and irradiation with
light of appropriate wavelengths to induce tumor damage via
generation of ROS."* The absorption of light by the PS results in
its excitation to a singlet excited state (‘PS*) which undergoes
inter system crossing (ISC), to form a relatively long lived
excited-triplet state (°PS). The *PS can undergo two types of
reactions defined as type I and type II process. In type I process,
the *PS reacts with surrounding substrates involving transfer of
hydrogen atom or electron to result in formation of ion radicals
or ROS such as superoxide (O," ") and hydroxyl radicals ("OH).
In type II process, *PS reacts directly with 0, through transfer
of energy to result in formation of *0,.% It is generally accepted
that the "0, is the major species responsible for PDT efficacy of
most PSs.? Although, PSs which acts via type I process have also
been considered useful for PDT.*

Currently, PSs such as Photofrin, ALA, Foscan and Verte-
porfin have been clinically approved and some more PSs are
under clinical trials." For improving, the tumor selectivity and
efficacy of PDT, PSs complexed to metal ions have been actively

“Homi Bhabha National Institute, Raja Ramanna Centre for Advanced Technology,
Indore 452013, India

*Laser Biomedical Application and Instrumentation Division, Raja Ramanna Centre for
Advanced Technology, Indore 452013, India. E-mail: okdube@rrcat.gov.in; Tel: +91
731 2488437

T Electronic supplementary information (ESI) available: Table S1: percent
cytotoxicity of ICps-Cu in dark at 10-15 pM concentration; Fig. S1: absorption
spectra of ICps—Cu in buffer and methanol; Table S2: Absorption characteristics
of ICps—Cu in methanol and buffer; Table S3: octanol/water partition coefficient
of Cpe and ICps—Cu. See DOI: 10.1039/c6ra14026b
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Cu is not significantly affected under hypoxic conditions.

explored.’ The insertion of metal in PS provides two significant
advantages. First, the metal through heavy atom effect can
enhance triplet state yield of the PS and second because of
cationic charge the PS can accumulate more efficiently in cancer
cells.*® In addition, metal based PS have received considerable
attention for potential use as multimodal agents in tumor
imaging and therapy such as magnetic resonance imaging
(MRI), positron emission tomography (PET) imaging,”® X-ray
photon activation therapy (PAT),>" and radiotherapy of
cancer."

Our earlier studies in hamster cheek pouch model have
shown that Cps, a water soluble chlorophyll derivative is
a promising PS for PDT of tumors."** Cps is anionic due to the
presence of carboxylic groups in the molecule. For further
developing its use as a multimodal agent for PDT and PAT, we
have explored the possibility to obtain its metal complex by
chelation of metal ion at the carboxylic groups. We choose Cul
to prepare complex with Cps because of several considerations;
copper complexes are potential agents for chemo and radio-
therapy of cancer,"® iodinated compounds are useful for PAT
and contrast imaging,'”*® the radioisotopes of both copper and
iodine can provide modality for PET and single-photon emis-
sion computed tomography (SPECT) imaging of tumor,'*** and
both copper and iodine are considered to be relatively well
tolerated metabolically because these are required as trace
elements.” In this report, we describe the synthesis of an
iodinated-Chlorin ps copper complex (ICps-Cu) and its char-
acterization as a PS. Unlike the tetrapyrrole copper complex
reported in literatures which are metallated at the pyrrole NH,
the copper in ICps—Cu is attached to the carboxylic groups.
Studies on 'O, and ROS generation showed that ICps-Cu
predominantly acts through type I photochemical pathway and

This journal is © The Royal Society of Chemistry 2016
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as compared to Cp, it is more effective for PDT of cancer cells
under hypoxic condition.

Results and discussion
Formation of complex of Cps with Cul

The changes in the absorption spectrum of Cps upon addition
of different concentrations of Cul are shown in Fig. 1a. With the
increase in the concentration of Cul, the absorbance of Q band
at 663 nm gradually decreases with concomitant appearance of
a new band at 634 nm. This is also accompanied by a decrease
in absorbance at the Soret band (400 nm) and the minor Q band
(500 nm). Beyond 5 pM concentration of Cul which is equi-
molar to Cpg, no further changes were observed. This indi-
cates that the complex formation between Cps and Cul is
completed at 1 : 1 stoichiometry. Complex thus formed displays
a Soret band with sharp peak at 408 nm with a shoulder at 380
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Fig. 1 (a) Changes in absorption spectra of 5 uM Cpg solid line (black)
with subsequent increase in concentration of Cul in methanol; 1 pM
(red), 2 uM (blue), 3 uM (purple), 4 uM (pink), 5 uM (orange), 10 uM
(green). (b) Fluorescence spectra (Aex = 400 nm) of Cpg (solid line) and
ICps—Cu (dashed line) in methanol.
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Fig. 2 XRF spectrum of ICpg—Cu showing characteristic X-ray emis-
sion lines for copper and iodine (inset). X-ray emission lines for copper
at 8.03 keV (K,) and 8.9 keV (K1) and for iodine at 3.97, 4.25, 4.5, 4.81
keV (L,1, Lpi L2, Ly1). The peak at 2.97 keV and 3.2 keV is due to
atmospheric argon and the peak at 1.75 keV is due to silicon wafer on
which powdered sample is deposited.

nm, a minor Q, band at 500 nm and the major Q) band at 634
nm. The molar extinction coefficient (¢) of the complex at Q,
band is almost same (24 000 M~" cm ™) as that for Cps, whereas
at the Soret band the ¢ is ~30% lower (63 000 M~ cm ™). In
Fig. 1b the fluorescence spectra of Cps and ICps—Cu complex are
shown. As compared to Cps, the fluorescence yield for ICps—Cu
is reduced by a factor of ~16. This is because of insertion of
paramagnetic copper in Cps and is consistent with the
quenching of fluorescence reported for copper complex of some
chlorophyll derivatives.?* X-Ray fluorescence (XRF) spectrum of
the complex (Fig. 2) shows the characteristic X-ray emission
lines for copper at 8.03 keV (K,) and 8.9 keV (Kg,) and for iodine
at 3.97,4.25, 4.5, 4.81 keV (L4, Lg1, Lgs, Lyq)- This also confirms
the presence of both copper and iodine in the complex.

Position of copper and iodine in the complex

Generally, metallation of tetrapyrrole compounds leads to
insertion of metal atom in the centre of the tetrapyrrole ring by
substitution with two hydrogen at the pyrrole NH. However for
tetrapyrrolic compound containing carboxylic groups, it has
been reported that the insertion of metal ion at pyrrole NH is
not favoured due to preferential binding of metal ion at the
carboxylic groups through coordination.*® Cps contains three
carboxylic groups, one is as propionate side chain at C17 posi-
tion and remaining two are adjacently attached at C13 and C15
position.

To confirm the coordination site of copper in ICps—Cu, its
Electron Paramagnetic Resonance (EPR) spectrum was
measured at 100 K in methanol (Fig. 3). The spectrum is
anisotropic with characteristic intense absorption in high field
region and well resolved hyperfine splitting in low field region.
It is important to mention that the EPR spectra of copper

RSC Adv., 2016, 6, 7578275792 | 75783
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Fig. 3 EPR spectrum of ICpg—Cu at 100 K in methanol.
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complexes of porphyrin and chlorophyll derivatives show
characteristic multiple super hyperfine splitting in g, region
due to interaction of unpaired electron of metal with neigh-
bouring nitrogen nucleus.>* Such hyperfine splitting is absent in
the EPR spectrum of ICps—Cu which suggests that copper is not
coordinated to pyrrole nitrogen. This is in agreement with
a previous report on platinum(m) complex of hematoporphyrin
where the EPR spectra of the complex having platinum attached
to tetrapyrrole ring and the one in which platinum is attached to
side chain carboxylic groups show similar difference.”® Further,
the value of g-tensor and hyperfine splitting can be used to infer
the coordination of copper with oxygen, nitrogen or sulphur
based on the Peisach-Blumberg correlation.>® The value of g
(2.27) and A (174 x 10~* em™") obtained from the EPR spec-
trum are within the range of copper coordinating with oxygen
atom. These findings unequivocally confirm that copper is
attached to carboxylic groups. The nature of metal ligand bond
can be predicted by calculating covalency parameter o” from the
following equation.

acy® = —(4)/0.036) + (g — 2.003) + 3/7(g; — 2.003) + 0.04

Avalue of o* = 0.5 indicates complete covalent nature and if
the value is 1.0 it indicates ionic bonding.?” The value of &* for
ICps—Cu is 0.82 which indicates that the nature of bonding
between ligand and copper has some covalent character.
Moreover, the value of o is higher than that reported for copper
chlorophyll derivatives for Cu-N bond (0.63-0.68). This also
suggests that the nature of copper-ligand bond in ICp¢—Cu is
significantly different.>*

In Fig. 4, we show the FTIR spectra of ICps—Cu and Cps.
The FTIR spectrum of Cpg is very similar to the FTIR spec-
trum of Chlorin e6 reported by Gladkova et al.?® This is to be
expected because the chemical structure of Ce6 is similar to
Cps except the presence of one extra methylene (-CH,-)
group at C15 position. The FTIR spectra of Cpg in the region

75784 | RSC Adv., 2016, 6, 75782-75792
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Fig.4 FTIR spectra of Cpg (black) and ICpg—Cu (red) plotted in the range
of (a) 600-1250 cm %, (b) 1300-1750 cm * and (c) 2800-4000 cm %,

from 1300 cm ™" to 1750 cm ™" shows absorption bands due to
C=0 and COO stretching vibrations of the carboxylic groups
(Fig. 4b). The major changes observed upon complex

This journal is © The Royal Society of Chemistry 2016
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formation are as follows (1) appearance of three new bands
for ICpe—Cu, one at 1637 cm™ " which is characteristic of CO-
metal stretch>>* and two prominent bands at 1112 cm ™" and
1203 cm ™' due to CO stretching. In a previous report, the
appearance of later two bands have been shown as direct
proof for the formation of chelate of copper and zinc with
C13 keto group of chlorophyll.*® (2) The COO vibration bands
in Cpg arise as a prominent band resolved into a peak at 1558
cm " and shoulders at 1578 em ™" and 1596 cm ™. This band
in ICpg—Cu is broad and one of the band at 1578 cm ™" dis-
appeared. (3) The CO vibrations of C13 and C15 carboxylic
group (at 1419 cm™ ' and 1321 cm™ ') are shifted to lower
frequency at 1396 cm ™" and 1313 cm ™', respectively. These
observations suggest that the two adjacent carboxylic groups
at C13 and C15 position participate in formation of the metal
coordination complex. The third carboxylic group at C17
propionic side chain is likely to remain attached to sodium
because the region ~1740 cm ™" which is characteristic of
C=Ovibrational band of this carboxylate show no change. In
addition to above noted changes, the FTIR spectrum of ICp¢-
Cu also revealed an intense broad absorption band at ~3400
em™ ! (Fig. 4c) which is expected to appear due to the pres-
ence of water molecules in the co-ordination sphere of
copper.”®

The mass spectrum of ICps—Cu is shown in Fig. 5. The
molecular ion containing copper is identified by the charac-
teristic isotopic splitting at 724.12 m/z and 726.12 m/z which
represent loss of C17 carboxylate from the molecule. The largest
peak observed at 701 m/z shows no such spliting and represents
molecular ion with loss of metal and vinyl side group. This also
rules out the possibility of iodination at vinyl group of Cpe.
Previous reports on iodination of chlorophyll derivatives have

RSC Advances

shown that of the three meso positions at C5, C10, and C20, the
meso position at C20 is relatively more reactive towards halo-
genation.®* The selective iodination of chlorophyll-a derivatives
at C20 position has been reported in several studies.*** The
replacement of meso-H with halogen in tetrapyrrole ring is
identified by disappearance of characteristic proton peak in the
'"H NMR spectrum. However, because the presence of para-
magnetic copper leads to broadening of lines, a well resolved 'H
NMR spectrum of ICps—Cu could not be obtained. Based on
evidence gathered from XRF (Fig. 2), EPR (Fig. 3), FTIR (Fig. 4),
and HRMS (Fig. 5), the proposed chemical structure of ICps—Cu
is shown in Fig. 6. The site of iodination is indicated as most
probable based on literature discussed above and needs to be
confirmed.

N .nH,0

Fig. 6 Proposed structure of ICpg—Cu. The probable site of iodine is
indicated by dashed bond.
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Fig. 5 Mass spectrum of ICpg—Cu in the range 550—800 m/z, showing molecular ion at 701 m/z (after loss of Cu and a vinyl (C,H3) from parent
molecule) and spectrum magnified in the range 720-750 (inset) to show peaks of isotopic ion at 724.12 m/z and 726.12 m/z due to presence of
natural isotopes of copper ®*Cu and ®°Cu (after loss of —COONa from parent molecule).

This journal is © The Royal Society of Chemistry 2016
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0, and ROS generation efficiency of ICps-Cu

The 'O, and ROS generation efficiency of ICps-Cu was
measured using three different fluorescence probes Singlet
Oxygen Sensor green (SOSG), 2',7-dichlorodihydrofluorescin
(DCFH) and 3'-(p-aminophenyl) fluroscein (APF). SOSG is
specific for '0,,>* DCFH detects total ROS* and APF can detect
‘OH as well as '0,.% The 'O, or ROS generated in photochem-
ical reaction converts these probes into highly fluorescent
species. The change in fluorescence intensity (F,/F,) of SOSG
and DCF as a function of irradiation time were plotted to
compare the 'O, and ROS generation capability of Cps (Fig. 7a)
and ICpe—Cu (Fig. 7b). For ICps—Cu, the relative increase in
SOSG fluorescence is ~10 times less than that for Cp, (Fig. 7a
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Fig. 7 Cpg (@) and ICpg—Cu (b) induced photodynamic generation of
10, and total ROS plotted as increase in fluorescence (Fy/Fo) of SOSG
(upside arrow) and DCF (circle), respectively. The solution of PS and
fluorescence probe in phosphate buffer (pH 7.4) was irradiated with
red light (3.5 mW cm™2) for different time periods. Each data point
represents mean + SD value of three independent experiments.
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and b), which suggest that as compared to Cps, the efficiency of
ICpe—Cu to produce 'O, is reduced. It may be noted here that
while the presence of heavy atom in the PS can improve the yield
of 'O, by increasing the efficiency of ISC from 'PS* to the *PS,>*’
any shortening of excited state life time would result in a loss of
0, generation ability of the PS.*® Copper being paramagnetic
results in reduction in excited state lifetime because of which
most of the copper complex of porphyrin and chlorophyll
derivatives reported in literature are photodynamically inac-
tive.>>* In contrast to copper, the presence of iodine on the PS

120 4 (a)
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Fig. 8 Cpg (a) and ICpg—Cu (b) induced photodynamic generation of
ROS plotted as increase in fluorescence (F/Fp) of APF in H,O (square),
D,0 (circle) and in H,O containing NaNsz at 5 mM (upward arrow) and
10 mM (downward arrow) concentration. The solution of PS and
fluorescence probe in phosphate buffer (pH 7.4) was irradiated with
red light (3.5 mW cm™2) for different time periods. Each data point
represents mean + SD value of three independent experiments.
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usually increase the yield of *PS and results in enhancement in
the '0, yield.***' However, iodine depending on its position on
the PS molecule can also results in shortening of *PS life time
and decrease in '0, yield.”” This is due to the fact that the
orbital overlap between tetrapyrrole ring and iodine atom
facilities non-radiative decay of the *PS.*” Thus the decrease in
10, yield of ICpg—Cu can be attributed to the presence of both
copper and iodine. It is also pertinent to note that PS with short
life time of *PS can be photodynamically active via type I
process. For example, copper octaethylbenzochlorin despite
short ®PS life time induce efficient photosensitization via type I
process and has been found useful for PDT of cancer both in in
vitro and in vivo studies.”

The total ROS generation ability of ICps—Cu was measured
using fluorescence probe dichlorofluorescein (DCF). Fig. 7b
show changes in DCF fluorescence induced by photoactivation
of Cp, or ICps—Cu as a function of irradiation time. Here, the
increase in DCF fluorescence is higher in Cpg than for ICps—Cu.
However, since the yield of 'O, for ICps—Cu is low, the increase

.

% Phototoxicity

3
1

Fig. 9
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in DCF fluorescence is mainly due to generation of other ROS.
Whereas for Cpg, the increase in DCF fluorescence is contrib-
uted predominantly by generation of 0, as seen in SOSG assay
(Fig. 7b). These results show that the generation of other ROS by
ICpe—Cu is substantially higher than the generation of 'O,. To
confirm this, increase in DCF fluorescence was monitored in
the presence of Sodium azide (NaNj;), a quencher of 'O,.
However, it was observed that the addition of NaN; to DCF
solution led to alteration in fluorescence of DCF which inter-
fered with the measurement. In a previous report, fluorescence
probe APF together with NaN; and D,O (enhances life time of
'0,) has been effectively used to distinguish type I or type I
photochemical mechanism of PDT drug.*® For Cps and ICps—Cu,
the changes in fluorescence of APF (F/F,) as a function of
irradiation time is shown in Fig. 8a and b. For Cps, the increase
in fluorescence of APF is inhibited to ~50% and ~90% in the
presence of 5 mM and 10 mM NaNj, respectively and it is
enhanced by a factor of ~4 in D,O (Fig. 8a). These results show
that '0, is predominant species in photodynamic action of Cpg

T T T T T T T

4 8
Light Dose (J/cm?)

(A) Concentration dependent phototoxicity of ICps—Cu in NT8e (open circle) and 4451 (open downward arrow) at fixed light dose of 7 J

cm™2. (B) Phototoxicity of ICpg—Cu in NT8e (open circle) and 4451 (open downward arrow) cell lines as a function of light dose, (C) fluorescence
microphotograph of NT8e and 4451 cells in control (a, c) and at 24 h after PDT (b, d) with light dose of 8 J cm~2 showing live and dead cells after

staining with live/dead fluorescence probe, scale bar — 20 pm.
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which is also consistent with our previous report.** In contrast,
for ICps—Cu induced increase in APF fluorescence is not
significantly influenced by either NaN; or D,O (Fig. 8b). These
results clearly show that the photodynamic action of ICps—Cu is
mediated predominantly via type I process.

Phototoxicity of ICps—Cu in cancer cells

The dependence of phototoxicity of ICps—Cu on the concentra-
tion and the light dose in two oral cancer cell lines (4451 and
NT8e) is shown in Fig. 9A and B, respectively. Treatment of cells
with various concentration of ICps—Cu followed by light expo-
sure at fixed light dose of 7 ] ecm™ > led to concentration
dependent increase in phototoxicity (Fig. 9A). At 10 uM ICpe—Cu,
the phototoxicity was ~80% which increased further upto
~95% at higher concentrations. However, there was also some
(~10%) dark toxicity in both cell lines beyond 10 pM ICps—Cu
(see ESI Table S1t). Based on this, 10 uM concentration of ICp-
Cu was selected to study the dependence of phototoxicity on
light dose. As shown in Fig. 9B, PDT with 10 uM ICps—Cu led to
a dose dependent increase in phototoxicity. The phototoxicity
was ~60% at light dose of 5 ] cm ™2 and increased to ~90% at 12
J em ™2, The changes in cell viability observed after staining with
LIVE/DEAD kit is shown in Fig. 9C. In both NT8e and 4451,
while all cells in control appear green (Fig. 9C(a) and(c)), the
cells after PDT take up the red fluorescence due to loss of cell
viability (Fig. 9C(b) and (d)). The morphological changes in two
cell lines after PDT are shown in Fig. 10A. The cells in control
appear healthy with intact cell membrane (Fig. 10A(a) and (c)).
At 3 h after PDT (LDy, dose), almost all NT8e cells show
formation of membrane blebs whereas, 4451 cells display
damaged plasma membrane and swelling, indicated by arrows
(Fig. 10A(b) and (d)). The percentages of live, apoptotic and
necrotic cells in control and PDT treated cells for the two cell
lines is shown in Fig. 10B. As expected, the mode of cell death in

Fig. 10
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NT8e and 4451 cells occurred mainly via apoptosis and
necrosis, respectively. This is due to the fact that the tumor
suppressor p53 gene responsible for apoptotic death is wild type
in NT8e cells whereas it is mutated in 4451 cells.* These results
are consistent with our earlier report on the mode of cell death
induced by Cpe and its histamine conjugate in these cell lines.*
The influence of quenchers of 'O, (NaNj3, i-histidine) and free
radicals (dimethyl sulfoxide (DMSO), p-mannitol) on ICps—Cu
induced phototoxicity is shown in Fig. 11. As compared to
control, the level of phototoxicity is significantly reduced in the
presence of all the quenchers. Treatment of cells with
quenchers alone under similar conditions did not result in any
toxicity. It is important to mention that NaN; and histidine can
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Fig. 11 Percent phototoxicity induced by ICpg—Cu in NT8e cells in
absence and presence of quenchers of ROS. The cells were subjected
to PDT using light dose of 4 J cm~2 which led to ~50% phototoxicity in
absence of any quencher. Data are mean + SD of three independent
experiments in triplicates.
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(A) Microphotograph of NT8e and 4451 cells in control (a, ¢) and at 3 h after PDT (b, d) showing cell morphology in phase contrast,

magnification 20x, scale bar — 20 um. Arrows showing formation of apoptotic blebs in NT8e (b), and plasma membrane damage and swelling in
4451 (d). (B) Percentage of live, apoptotic and necrotic cells at 3 h after PDT in NT8e (white bar) and 4451 (shaded bar) cell lines. Light dose used in
Aand B, is 8 J cm 2. Data are mean =+ SD of three independent experiments in triplicates.
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also quench "OH radicals.** However, since the rate constant of
NaN; and histidine for reaction with "OH radicals is almost
same, both should lead to inhibition of phototoxicity to the
same extent. In contrast, the inhibition of phototoxicity by NaN;
is higher than that for histidine (Fig. 11) which correlates with
their efficiency to quench '0,.* This suggests that in addition to
free radicals, 'O, also contributes to the phototoxicity of ICpg-
Cu. The contribution of 'O, to the phototoxicity of ICps—Cu was
not expected because studies on ROS generation in aqueous
solution showed that the 'O, generation ability of ICps—Cu is
very low (Fig. 7b and 8b). Here it is pertinent to note that the
efficacy of the PS to generate 'O, also depends on its environ-
ment. In aqueous solution, the PSs with higher hydrophobicity
tend to aggregate and show decrease in 'O, generation effi-
ciency whereas the localization of PS in cellular membrane
results in dis-aggregation and increase in photosensitization via
type II process.*>*” A comparison of the absorption spectra of
ICps—Cu in aqueous medium and methanol (see ESI Fig. S1t)
suggested that it is slightly aggregated in aqueous condition as
indicated by significant blue shift and broadening of soret and
Q bands (see ESI Table S27). Further, the octanol : water parti-
tion coefficient (Log P) of ICps—Cu is 0.94 which is ~2 times
higher than Cps (see ESI Table S31). Therefore due to higher
hydrophobicity, ICpe—Cu can localize efficiently in cellular
membrane.* This and the fact that the life time of 'O, in
cellular environment is considerably longer (10 us) as compared
to that in aqueous media (3.5 ps)* can explain the contribution
of 'O, to the phototoxicity for ICps—Cu.

Phototoxicity under hypoxic conditions

Availability of molecular oxygen is an important factor for the
PDT efficacy of majority of PSs. It has been reported that low
oxygen concentration can reduce the '0, yield and compromise
the PDT efficacy.’*>* Alternatively, studies on PDT of human
tumor xenografts with meta-tetrahydroxyphenylchlorin have
shown that photochemical process leading to radical formation
can work better under hypoxic condition.”> Several recent
studies also showed that PS which act via type I photochemical
mechanism induce better PDT efficacy under hypoxia. For
example, phototoxicity mediated by methylene blue encapsu-
lated in polymer nanoparticle®® and 5,10,15,20-tetrakis(meso-
hydroxyphenyl)porphyrin incorporated in electron-rich poly(2-
(diisopropylamino)ethyl methacrylate) micelles is not affected
under hypoxia.** Similarly, photodynamic release of doxoru-
bicin induced by chondroitin sulfate conjugated Pheophorbide-
a via type I mechanism led to higher toxicity under hypoxic
conditions than that under normoxic conditions.*

The effect of hypoxia on the phototoxicity of ICps—Cu and Cpg
at LD5, and LDg, dose (for normoxic condition) is shown in
Fig. 12. For Cps, hypoxia led to decrease in phototoxicity by
almost 1/2 (~30% and 40%). In contrast, phototoxicity induced
by ICpe-Cu under normoxic and hypoxic condition show no
significant difference. Thus, as compared to Cps, ICps—Cu led to
higher phototoxicity under hypoxic condition. It is important to
mention that hypoxia has also been shown to affect the
phototoxicity of bacteriopheophorbide which acts only via
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Fig. 12 Percent phototoxicity of ICpg—Cu and Cpg in NT8e cells after
PDT under normoxia (white bar) and hypoxia (shaded bar). The light
dose used corresponds to LDsg and LDgq for cells under normoxic
condition. Data are mean =+ SD of three independent experiments in
triplicates.

oxygen radicals, whereas the phototoxicity of Type II PS Npeg
was found to be unaffected.®® The possible reason for PDT
efficacy of Npes under hypoxia was referred to superior ability of
its *PS to interact with oxygen.*® Although in our studies, as
compared to Cpe which also acts mainly via '0,, the ability of
ICps—Cu to act via type I process appear important for its PDT
efficacy under hypoxic condition.

Conclusions

To summarize, we have synthesized iodinated Chlorin ps copper
complex for PDT applications. EPR and FTIR studies suggest
that copper is attached to the two adjacent carboxylic groups
through co-ordination and the site of iodination may be meso
position in the tetrapyrrole ring. Results of studies on the
photodynamic efficacy of ICps—Cu show that it is able to induce
high phototoxicity in cancer cells and the phototoxicity is not
affected significantly under hypoxic condition. In conclusion,
results suggest that the novel copper complex is useful for PDT
of cancer.

Experimental section
Preparation of Cps and ICps—Cu

Chlorophyll-a was extracted from dried spirulina powder and
converted into Cpe following the procedure described by
Hoober et al.*” Cps was converted into ICps—Cu according to our
patent specifications (no. 4912/MUM/2015). In brief, the solu-
tion of Cps and Cul in methanol : acetonitrile (1 : 10 v/v) was
mixed at equimolar concentration at room temperature. The
solvent was partially evaporated to result in precipitation of the
metal complex. The precipitates were collected by centrifuga-
tion (6000g, 10 min). The metal complex was further purified by
silica column chromatography using methanol : acetonitrile
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solvent system. The stock solution of ICps—Cu was prepared in
ethanol : PEG (400) : water (20 : 30 : 50) to prevent aggregation
and contamination of the concentrated solution during
storage.

Spectroscopy

The UV/VIS absorption spectra of the Cps and ICps—Cu were
recorded from 350-750 nm, at 1 nm bandpass on a Cintra-20
spectrophotometer (GBC, Australia). The fluorescence emis-
sion spectra of Cps and ICps—Cu were recorded on a Fluorolog-2
spectroflurometer (Spex, USA) by setting excitation wavelength
at ~400 nm, scan range from 500-700 nm and band pass of
~1.7 nm and ~3.7 nm for excitation and emission slits,
respectively. FTIR spectra were recorded on a spectrometer
model (FTLA 2000 MB 104) using powdered sample deposited
on Zinc Selenide window. The X band EPR spectrum of ICps—Cu
was recorded on Spectrometer model JES - (Jeol, Japan) at 100
K. Methanol was used as solvent.

The X-ray fluorescence of ICp,—Cu was monitored using
microprobe XRF beamline (BL-16) of the synchrotron radiation
source (Indus-2).*® For preparation of sample for XRF, 10 pl
concentrated solution of ICps—Cu in methanol was applied on
a piece of Silicon wafer and air dried. Monochromatic X-ray of
energy 12.0 keV (beam size 4 mm x 4 mm) was used to excite
the fluorescence from the sample. XRF spectra were recorded
using a Vortex energy-dispersive detector (SII NanoTechnology,
USA).

Cell culture

Human oral cancer cell lines NT8e derived from upper aero-
digestive tract (pyriform fossa) and 4451 derived from recurrent
tumor in the lower jaw were obtained from ACTREC, Mumbai
and INMAS, Delhi respectively. Both the cell lines were main-
tained in Dulbecco's Modified Eagle's Medium (DMEM) con-
taining 4.5 g L ™" glucose, 4 mM r-glutamine, 25 mM of HEPES,
antibiotics (streptomycin, nystatin, penicillin) and 10% fetal
bovine serum. The cells were grown at 37 °C in a humidified
incubator (Galaxy R, RS Biotech) under 5% CO, + 95% air
atmosphere. The cells were harvested by trypsinization and
seeded in 35 mm Petri dishes or 96 well plate. After 18 h of
incubation, the cells in exponential phase were used for the
experiments.

Irradiation

For assay of ROS generation and phototoxicity with ICps—Cu, the
irradiation was done using an LED lamp (Dia 4 cm) emitting red
light (630 £ 20 nm). To ensure homogenous illumination,
a diffuser glass plate was placed below the LED lamp. For
similar studies with Cps, a diode laser source (Thorlabs, USA)
emitting red light (660 + 5 nm) was used. Power of light was
measured using a power meter model AN/2 (Ophir) and the
power density was kept nearly same (~3.5 mW cm™ ) for both
the light source.
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Generation of '0, and ROS

To determine the 'O, and other ROS yield for ICps-Cu and Cpe
we used three different fluorescence probes; SOSG and APF both
from Invitrogen (USA) and 2/,7'-dichlorodihydrofluorescin-
diacetate (DCFH-DA) from Sigma, USA. SOSG reacts specifi-
cally with 'O, to result in formation of highly fluorescent
endoperoxide product.** DCFH-DA is a fluorescence probe for
detection of intracellular generation of broad range of ROS such
as 0, and "OH, hydrogen peroxide (H,0,) and 'O,. In cells,
DCFH-DA is first converted enzymatically into DCFH which
upon reaction with ROS is oxidized into green fluorescent DCF.
For detection of ROS in solution, DCFH-DA is chemically con-
verted into DCFH by hydrolysis according to the protocol
described by Bourré et al.** For this, DCFH-DA was mixed with
0.01 N NaOH in absolute ethanol and the solution was kept at
room temperature for 30 min to allow hydrolysis. After
neutralization with 25 mM sodium phosphate buffer (pH 7.4),
the solution was stored on ice in dark until use. The fluores-
cence probe APF has been used to detect ‘OH and 'O, both.*®
APF upon reaction with 'OH and 'O, is converted to a fluores-
cent form due to the cleavage of the aminophenyl ring from
fluorescein ring system.

For monitoring generation of '0, and other ROS, ICps—Cu or
Cpe (5 tM) was added to 3.5 ml sodium phosphate buffer (pH
7.4) in a plastic petridish (3.5 ¢m dia). After addition of the
fluorescence probe, the solution was irradiated with narrow
bandwidth light of appropriate wavelengths 630 = 20 nm or 660
+ 5 nm for photoactivation of ICps—Cu or Cpe respectively, using
light source described in section ‘Irradiation’. The irradiation
was done in diffused dim light and the solution was continu-
ously stirred during irradiation. At different time interval, 200 pl
aliquot was withdrawn and fluorescence was measured on
a spectrofluorometer. The wavelength used for fluorescence
excitation of SOSG, DCF and APF were 485 nm, 488 nm and 490
nm respectively. The change in fluorescence intensity at 530
nm, 525 nm and 515 nm for SOSG, DCF and APF respectively
were plotted as F/F, vs. irradiation time, where F, and F, are the
fluorescence intensity before and after irradiation.

Photosensitizer treatment

The growth medium from 35 mm petri dishes or 96 well plate
containing cell monolayer was removed and replaced with fresh
media containing ICps—Cu. After incubation for 3 h at 37 °C in
a humidified CO, incubator in dark, the growth medium was
aspirated and the cell monolayer was washed twice using plain
medium (DMEM without serum). After adding fresh growth
medium, the cells were subjected to photodynamic treatment.
For concentration dependent PDT experiments, concentration
of ICps—Cu was varied from 2-15 uM and cells were irradiated
with a fixed light dose of 7 J cm 2. For experiments where the
light dose was varied, cells were treated with fixed concentration
of 10 pM and irradiated with different light doses (0-12.7 ]
cm?). For PDT under hypoxia, a fresh growth medium which
was de-oxygenated by bubbling nitrogen gas for 1 h was used.
The de-oxygenated medium was added to the cells after PS
treatment and the cells were transferred to humidified
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incubator (ESCO) under controlled environment (1% O, + 5%
CO,) at 37 °C for 1 h. To maintain the hypoxia during irradia-
tion, the 96 well plate containing cells was placed in a sealed
glass chamber and the chamber was flushed with nitrogen. For
studies with quenchers of ROS (NaNj, histidine, DMSO and
mannitol), the cells prior to the photodynamic treatment were
incubated for 1 h in growth medium containing specified
concentration of each quencher and then irradiated at LDs,
light dose.

MTT assay

The dark and light induced cytotoxicity was determined using
MTT (3-[4,5-dimethylthiazol-2-yl}-2,5 diphenyl tetrazolium
bromide) assay.* Briefly, at 24 h after PDT, the growth medium
of the treated cells was replaced with plain medium containing
0.5 mg ml~ " MTT and the cells were incubated at 37 °C for 3 h in
dark. After incubation, the medium was removed and 100 pl of
DMSO was added and kept for 15 min to solubilise the for-
mazan crystals formed within the cells. A microplate reader
(Power Wave 340, Bio-tek instruments Inc., USA) was used to
read the absorbance of the samples at 570 nm with reference
wavelength at 690 nm. The percent phototoxicity was calculated
with respect to the absorbance value in control samples. The
cells treated with ICps—Cu but not exposed to light were used as
dark control. In each experiment at least four replicates were
used and mean value was used to determine the percent
cytotoxicity.

Cell morphology and viability

PDT-induced cell damage and loss of cell viability was examined
by bright field and fluorescence microscopy at 20x magnifica-
tion using inverted microscope (Olympus, Japan). For cell
viability, the cells after 24 h of PDT were stained with LIVE/
DEAD cytotoxicity kit (Invitrogen, Molecular Probes, Eugene
OR). The kit contains a green fluorescent dye calcein, which is
retained in the cytoplasm by live cells and a DNA binding red
fluorescent dye ethidium homodimer, that enter the cells only
upon loss of plasma membrane integrity. After staining the cells
were washed with phosphate buffered saline (PBS) and observed
under fluorescence microscope using blue (450-480 nm) and
green excitation (510-550 nm).

Assessment of apoptosis and necrosis

To determine the percentage of cells undergoing apoptosis and
necrosis, the cells after PDT were stained with Hoechst 33 342
(10 pg ml™Y) and propidium iodide (PI, 2.5 pg ml ) for 5 min,
washed twice with PBS and observed under inverted microscope
(Olympus, Japan). PI is a cell impairment dye and can only stain
the cells in which plasma membrane integrity is lost due to
necrotic damage. Hoechst 33 342 is cell permeable, which
stains nuclei and allows visualization of chromatin condensa-
tion and fragmentation of apoptotic cells. The blue fluorescence
of Hoechst 33342 and red fluorescence of PI was visualized
using excitation with 380-400 nm, barrier filter 440 nm. Images
were recorded using a color CCD camera model ‘Prog Res
Cfscan’ and a ProgRes Capture Pro Software (Jenoptik,
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Germany). A minimum of 500 cells were counted in each group
and percentage of apoptotic, necrotic and live cells was calcu-
lated from the total number of cells counted.
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We investigated the anticancer chemotoxicity of previously reported iodinated chlorin pg copper com-
plex (ICps-Cu), a novel chlorophyll derivative in which copper is attached to the side chain carboxylate
groups via coordination. Human oral carcinoma cells NT8e, 4451 and the non-cancerous keratinocyte
HacCaT cells were treated with ICpg-Cu for 48 h in dark and cell viability, proliferation and morphological
alterations were examined. ICpg-Cu showed pronounced cytotoxicity in cancer cells with 1C59 ~40 pM,
whereas, the viability of HaCaT cells was not affected. Cell proliferation assay revealed that ICps-Cu at ICsg
concentration led to complete inhibition of cell proliferation in both the cell lines. Cell morphology
studied by confocal microscopy showed absence of cell death via necrosis or apoptosis. Instead, the
treated cells displayed distinct features of non-apoptotic death such as highly vacuolated cytoplasm,
lysosomal membrane permeabilization and damage to cytoskeleton F-actin filaments. In addition, ICpg-
Cu treatment led to time dependent increase in the intracellular level of reactive oxygen species (ROS)
and the cytotoxicity of ICpg-Cu was significantly inhibited by pre-treatment of cells with antioxidants
(glutathione and trolox). These findings revealed that ICps-Cu is a potent chemotoxic agent which can
induce cytotoxic effect in cancer cells through elevation of intracellular ROS. It is suggested that ICps-Cu
may provide tumor selective chemotoxicity by exploiting difference of redox environment in normal and

cancer cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Copper coordination compounds have received significant
attention as promising anticancer agents as these offer some
important advantages over other metal based drugs [1]. Copper
being an essential trace element is relatively less toxic than the
non-essential metals [2—4]. Further, copper complexes due to
different mode of action than the platinum based drugs holds
considerable promise for the treatment of platinum resistant can-
cer cells. While platinum based drugs inhibit DNA replication and
transcription by forming platinum-DNA adduct, copper complexes
exert chemotoxic effect through inhibition of ubiquitin proteasome
activity and/or by augmentation of reactive oxygen species (ROS)

* Corresponding author. Laser Biomedical Applications Section, Raja Ramanna
Centre for Advanced Technology, Indore 452013, India.
E-mail address: okdube@rrcat.gov.in (A. Dube).

http://dx.doi.org/10.1016/j.cbi.2017.09.011
0009-2797/© 2017 Elsevier B.V. All rights reserved.

[1,3]. The later mode of action of copper complexes is particularly
important because it can exploit the metabolic difference of normal
and cancer cells to achieve tumor selective chemotoxicity [5,6].

Since porphyrin and chlorin derivatives can localize preferen-
tially in tumor [7,8], there is considerable interest to synthesize
their metal complexes and explore these as multimodal agent for
combined or synergistic anticancer therapeutics. For example,
tetrapyrrole compounds complexed to platinum (Pt), gold (Au), and
ruthenium (Ru) have been reported which exert anticancer effect
via both chemo as well as phototoxicity [9—19]. Recently, we have
reported a novel iodinated chlorin pg copper complex (ICpg-Cu) in
which copper is attached at the periphery of the chlorin ring
through coordination with the carboxylic groups. ICpg-Cu demon-
strated pronounced photodynamic activity via free radical gener-
ation and induced potent phototoxic effect against cancer cells
under both normoxic and hypoxic condition [20].

In the present study, we have evaluated the efficacy of ICps-Cu to
induce chemotoxicity in human oral cancer cells and non-
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cancerous keratinocytes. The effect of ICps-Cu on cell viability, cell
proliferation and cell morphology has been studied to assess its
cytotoxic potential. The underlying mechanism of cytotoxic action
of ICpg-Cu has been investigated by monitoring the changes in
intracellular ROS levels and the effect of antioxidants on induced
cytotoxicity These studies revealed that ICpg-Cu exert potent anti-
proliferative action against cancer cells through elevation of
oxidative stress.

2. Materials and method

Dulbecco’s Modified Eagle’s Medium (DMEM), DMEM with
Nutrient Mixture F-12 Ham, Tetrazolium salt 3-(4, 5- dimethylth-
iazol-2-yl)- 2,5 -diphenyltetrazolium bromide (MTT), Trypsin/EDTA
and Fetal bovine serum (FBS) were obtained from Himedia, India.
Alexa Fluor 488 phalloidin was procured from Thermo Fisher Sci-
entific, USA. Acridine orange (AO), 2/, 7’- Dichlorodihydro-
fluorescine diacetate (DCFH-DA), Hoechst 33342 (HO), Propidium
iodide (PI) were purchased from Sigma, USA.

ICps-Cu was synthesized from Cpg following the procedure
described in our Indian patent application no. 4912/MUM;/2015.
Stock solution of concentrated ICps-Cu prepared in ethanol: PEG
(400): water (20:30:50) was used for experiments.

2.1. Cell culture

Human oral cancer cell lines NT8e derived from upper aero-
digestive tract (pyriform fossa) and 4451 derived from recurrent
tumor in the lower jaw were obtained from Advanced Centre for
Treatment, Research and Education in Cancer (ACTREC), Mumbai,
India and Institute of Nuclear Medicines and Allied Sciences
(INMAS), Delhi, India respectively. HaCaT, a non-cancerous
immortalized dermal keratinocyte cell line was obtained from
National Centre For Cell Science (NCCS), Pune, India. Oral cancer cell
lines and HaCaT cell line were maintained in DMEM and DMEM/
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Fig. 1. Effect of ICps-Cu treatment (48 h) on the viability of NT8e, 4451 and HaCaT cells.
Percent cell viability was calculated with respect to control (without ICps-Cu treat-
ment). The horizontal dashed line represents 50% growth inhibition. Each data point
represents mean + SD of three independent experiments.

Nutrient Mixture F-12 Ham (1:1), respectively. The growth media
contained antibiotics (streptomycin, nystatin, penicillin) and 10%
FBS. The cells were maintained at 37 °C under 5% CO, + 95% air
atmosphere in a humidified incubator (Galaxy R, RS Biotech). The
cells after 80% confluent growth were harvested by trypsinization
and seeded either in 96 well plates, 24 well plates or 35 mm petri
dishes. After 18 h incubation the cells grown as monolayer were
used for experiments.

2.2. Cell viability assay

The cells were seeded in 96 well plate at a density of
8 x 103 cellsjwell. After overnight incubation, the cells were treated
with ICpe-Cu (10—100 pM) for 48 h, in dark. After incubation, the
cells were washed twice with DMEM (without serum) and the ef-
fect of ICpg-Cu on cell viability was determined by MTT assay [21].
Briefly, the cells were incubated in DMEM (without serum) con-
taining 0.5 mg/ml MTT for 3 h at 37 °C, in dark. Then the medium
was removed and 100 pl dimethyl sulfoxide (DMSO) was added to
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Fig. 2. Time dependent effect of ICps-Cu treatment (10, 20 and 50 uM) on the prolif-
eration of NT8e (a) and 4451 (b) cells. The T/C values represent percent cell prolifer-
ation with respect to a control sample (without ICpg-Cu treatment). Each data
represents mean + SD of three independent experiments.
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Fig. 3. Photomicrographs of HaCaT (a), NT8e (b) and 4451 (c) cells showing fluores-
cence of ICps-Cu. The cells were treated with 10 uM ICpg-Cu for 48 h, in dark. Exper-
iments were repeated three times with similar results and representative images are
shown. Magnification 40x, scale bar 20 um.

dissolve the formazan crystals formed within the cells. The absor-
bance of the samples at 570 nm with reference wavelength at
690 nm was measured on a microplate reader (Power Wave 340,
Bio-tek instruments Inc., USA). The percent cell viability was
determined with respect to the absorbance value of the control
samples (without ICpg-Cu treatment).

2.3. Cell proliferation assay

Effect of ICpe-Cu treatment on proliferation of cancer cells was
determined by multiple time point MTT assay [22,23]. This method
allows determination of growth inhibition (antiproliferative) as
well as cytocidal activity of the test compounds [24]. A similar
method developed by National Cancer Institute in which MTT is
replaced with sulforhodamine B is widely used for the large scale
screening of potential anticancer agents [25]. Briefly, the monolayer
of cells in 96 well plate (8 x 10> cells/well) were incubated with 10,

20 and 50 puM ICpg-Cu in growth media for 3, 6,12, 24 and 48 h, in
dark. For each time point, a set of control without ICps-Cu treat-
ment was used. At the end of incubation, MTT assay was performed
for each set of control and treated cells as described above. The
absorbance value obtained for control at 0 time point (Cp), ICps-Cu
treated cells at various time points (T) and the corresponding
control at each time point (C), were used to obtain percent cell
proliferation using the following equation

T o (T B CO) 0
EM = [m x 100 [%]

The value of T/C % denotes the effect of the compound on the cell
growth where the value of 100% indicates no effect, the values
between 100 and 0% indicates inhibition of cell proliferation
(cytostatic effect) and the value below 0% shows cytocidal effect
[22].

2.4. Confocal microscopy

Intracellular uptake of ICpg-Cu and changes in cellular
morphology after ICpg-Cu treatment was studied by confocal mi-
croscopy using LSM880 confocal microscope (Carl Zeiss, Germany).
For this, the cells were grown on glass bottom cell culture petrid-
ishes and treated with ICpg-Cu for 48 h in dark. The localization of
ICpe-Cu in cells was visualized by excitation with 405 nm Diode
laser and imaging the fluorescence emission above 570 nm on a
high sensitivity GaAsP detector.

To identify necrotic and apoptotic cells, HO and PI double
staining procedure was used. Pl is cell impermeable red fluorescent
dye which enters the cells when membrane integrity is lost due to
necrosis. HO is cell permeable DNA binding dye which gives intense
blue fluorescence upon binding with condensed DNA, a hallmark of
apoptosis. Briefly, the cell monolayer after treatment with ICpg-Cu
was stained with HO (10 pg/ml) and PI (2.5 pg/ml) for 5 min. The
cells were washed twice with HBSS and the fluorescence of HO and
PI was visualized using excitation laser/emission bandpass combi-
nation of 405 nm/420—480 nm and 488 nm/610—680 nm,
respectively. For cell morphology, bright-field DIC images were
captured using transmitted light PMT detector.

To visualize acidic lysosomal compartment, the cell monolayer
after treatment with ICps-Cu was stained with AO (5 uM). After
washing twice with HBSS, the red fluorescence of AO in cells was
imaged using excitation laser/emission bandpass combination of
488 nm/600—660 nm. For confocal imaging of cytoskeleton, the
cells were stained with Alexa Fluor 488 labeled Phalloidin which
binds with F-actin filaments of cytoskeleton. After counter staining
with DAPI (1 pg/ml), the fluorescence of Phalloidin and DAPI in cells
was visualized using excitation laser/emission bandpass combina-
tion of 488 nm/550—660 nm and 405 nm/420—480 nm,
respectively.

2.5. Determination of intracellular ROS levels

The cell monolayers were treated with ICpg-Cu for 3, 6, 12, 24
and 48 h, in dark and the level of intracellular ROS in control and
treated cells was measured by fluorescence spectroscopy using
fluorescence probe DCFH-DA. The non-fluorescent DCFH-DA freely
diffuses in cells and converted into another non-fluorescent prod-
uct 2',7’-dichlorodihydrofluorescin (DCFH) by the enzymatic action
of cellular esterases. In cells, DCFH reacts with ROS and oxidized
into highly fluorescent product dichlorofluoresceine (DCF) [26].
Briefly, the cell monolayers after ICpg-Cu treatment were washed
twice with ice cold PBS and incubated for 30 min at 37 °C in culture
media (without serum) containing 10 pM DCFH-DA. After
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Control

ICps-Cu treatment

Fig. 4. Photomicrographs of control and ICpe-Cu treated (50 uM, 48 h) HaCaT (a—d), NT8e (e—h) and 4451 (i—1) cells. The cells were stained with PI and HO and in each case bright
—field and corresponding fluorescence images are shown. Formation of vacuoles in NT8e cells and loss of cell adherence with ‘rounded shape’ morphology in 4451 cells are
indicated by arrow heads, and arrows, respectively. Experiments were repeated three times with similar results and representative images are shown. Magnification 40x, scale bar

20 um.

incubation, the cells were released by trypsinization, re-suspended
in PBS and the fluorescence of DCF in cells was measured on Flu-
orolog—2 spectroflurometer (Spex, USA) using Aext at 488 nm and
Aemm at 525 nm with ~1.7 nm and ~3.7 nm band pass, respectively.
All the procedures were done in diffused room light. The fluores-
cence intensity of the cell suspension was normalized with cell
number and the values obtained for treated cells were plotted as
fold increase in ROS levels relative to control.

2.6. Statistical analysis

All the experiments were performed in triplicate and repeated
at least three times. The data represent mean + SD of three inde-
pendent experiments. Differences between percent cell viability of
ICps-Cu treated cells in presence and absence of antioxidants were
statistically analyzed by Student's t-test. The value of p < 0.05 was
considered statistically significant.

3. Results
3.1. Cytotoxicity of ICpg-Cu

Fig. 1 shows the effect of ICpsg-Cu treatment on viability of oral
cancer cells (NT8e and 4451) and non cancerous Keratinocytes
(HaCaT). In both cancer cells lines, treatment with ICpg-Cu led to
decrease in cell viability in concentration dependent manner
whereas, no significant change was observed in the viability of
HaCaT cells. The IC5p value determined from the sigmoidal
concentration-response curve was ~36 uM and ~40 uM for NT8e
and 4451, respectively. The metal free Cpg under similar conditions

did not induce significant cytotoxicity in cancer cells as well as in
HaCaT cells (data not shown).

Fig. 2 shows percent cell proliferation (T/C %) in NT8e (Fig. 2 a)
and 4451 cells (Fig. 2 b) that were treated with 10, 20 and 50 pM
ICps-Cu for varying time periods. ICps-Cu at lower concentration
(10 pM) did not show any significant effect on proliferation of
cancer cells. At concentration below ICsg (20 uM), ~20% decrease in
cell proliferation was observed at 48 h. At concentration above ICsq
(50 uM), the inhibition of cell proliferation occurred much earlier
and was more pronounced, as indicated by decrease in the value of
T/C % to ~ 6% at 24 h after treatment. At later time point (48 h) the
value of T/C % did not decrease further.

3.2. Effect of ICps-Cu on cell morphology

Fig. 3 shows the fluorescence photomicrograph of HaCaT (Fig. 3
a), NT8e (Fig. 3 b) and 4451 (Fig. 3 c), cells that were treated with
ICps-Cu (10 uM) for 48 h. In all the cell types, the fluorescence of
ICpe-Cu is localized in the cytoplasm sparing the nucleus. This in-
dicates that there is no cell line specific difference in cellular uptake
and localization of ICpg-Cu.

The confocal microscopic images of HaCaT, NT8e and 4451 cells
in control and ICpg-Cu treated (50 uM, 48 h) monolayers are shown
in Fig. 4. In control, HaCaT, NT8e and 4451 cells appear healthy
indicated by intact cell morphology, absence of PI fluorescence and
no DNA fragmentation or condensation (Fig. 4 a, b, e, f, i & j). After
ICpe-Cu treatment, while HaCaT cells show no change in the
morphology (Fig. 4 c¢), both NT8e and 4451 cells displayed marked
alterations as indicated by highly vacuolated cytoplasm in NT8e
cells (Fig. 4 g) and ‘rounded shape’ morphology and loss of
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ICpe-Cu treatment

Control

Fig. 5. Confocal fluorescence micrographs of control and ICpg-Cu (50 pM, 48 h) treated
NT8e (a, b) and 4451 (c, d) cells showing F- actin filaments of cytoskeleton. The cells
were stained with DAPI and Alexa Fluor 488 Phalloidin. Experiments were repeated
three times with similar results and representative images are shown. Arrow indicates
intact F- actin filaments; arrow heads indicates F- actin aggregates. Magnification 40x,
scale bar 20 pm.

Control ICps-Cu treatment

Fig. 6. Confocal fluorescence micrographs of control and ICpg-Cu treated (50 uM, 48 h)
NT8e (a, b) and 4451 (c, d) cells showing AO stained lysosomal acidic vesicles. Ex-
periments were repeated three times with similar results and representative images
are shown. Arrows indicate intact acidic lysosome, arrow heads indicate weak diffused
lysosome staining. Magnification 40x, scale bar 20 pm.

adherence in 4451 cells (Fig. 4 k). The corresponding fluorescence
images of NT8e and 4451 cells (Fig. 4 h & 1), did not show either PI
uptake and/or DNA condensation or fragmentation indicating
absence of necrotic and apoptotic cell death.

To further verify that ICpg-Cu exerted cytotoxic effect, damage to
F-actin filaments of cytoskeleton and Lysosomal membrane per-
meabilization (LMP) which are major hallmark of non apoptotic
modes of cell death were probed. Fig. 5 shows the photomicro-
graphs of control and ICpg-Cu treated NT8e and 4451 cells after
staining with F-actin specific Phalloidin Alexa Fluor 488 and DAPI.
The cells in control displayed brightly stained intact F- actin fila-
ments (Fig. 5 a & c). In contrast, cells treated with ICpg-Cu lack
intact actin filaments and the fluorescence of Phalloidin is localized
as dotted structures indicating disruption of F- actin filaments
(Fig. 5 b & d).

Fig. 6 shows the photomicrographs of control and ICpg-Cu
treated NT8e and 4451 cells that were stained with AO, a fluores-
cence probe which accumulates in acidic vacuoles and emits red/
orange fluorescence [41]. In the control cells, intact lysosomes in
cytoplasm are clearly visible as discrete vesicles having bright red
punctuate fluorescence (Fig. 6 a & c). In cells treated with ICpg-Cu
(Fig. 6 b & d), the red fluorescence of AO is diminished and the
vesicles with punctuate red fluorescence staining are less or absent.
These observations indicate that ICpg-Cu treatment led to partial or
complete permeabilization of lysosomal membrane in both NT8e
and 4451 cells.

3.3. Effect of ICps-Cu on intracellular ROS levels

Fig. 7 shows changes in intracellular ROS levels in HaCaT and
NT8e cells at different time period after the treatment with 10 uM
and 50 puM ICpg-Cu. In HaCaT cells, ICpg-Cu treatment did not lead to
any significant change in the level of intracellular ROS (Fig. 7 a).
Whereas in cancer cells, the level of ROS was observed to increase
in time dependent manner subsequent to the treatment with
50 uM ICpg-Cu (Fig. 7 b). As compared to control, a maximum in-
crease of ~4 fold was seen at 24 h after the treatment. At lower
concentration (10 M) ICpg-Cu did not cause any change in the level
of intracellular ROS. For 4451 cells, similar increase in ROS level as
observed for NT8e was expected because the cytotoxic effect of
ICps-Cu was almost same in both the cancer cell lines.

To confirm the involvement of ROS in cytotoxic action of ICpg-
Cu, the effect of antioxidants (glutathione and trolox) on ICpg-Cu
induced cytotoxicity was studied. Fig. 8 a & b shows percent cell
viability of NT8e and 4451 cells subjected to ICpg-Cu treatment
(50 pM) for 24 and 48 h, without and with GSH (1 mM) and trolox
(10 uM) pre-treatment (2 h). At 24 h, the percent cell viability in
[Cpe-Cu treated cells that received antioxidant pre-treatment was
significantly higher as compared to cells which received no pre-
treatment. At prolonged treatment time (48 h), antioxidant pre-
treatment did not led to any significant increase in cell viability.
Similarly, the inhibition of cell proliferation induced by ICps-Cu at
24 h was also reduced significantly by pretreatment of cells with
antioxidants (GSH and trolox) and the effect at prolonged time was
less pronounced (Fig. 8 ¢ & d) These results show that pre-
treatment of cells with antioxidants inhibited the cytotoxic effect
of ICpe-Cu at earlier time point but the effect diminished when
ICps-Cu treatment was prolonged.

4. Discussion

Oral squamous cell carcinoma (OSCC) is most prevalent cancer
in India and other Asian countries which accounts for ~ 2% of all
deaths by cancer worldwide [27]. Chemotherapy of oral cancer
with clinically applied chemotherapeutic agents such as cisplatin is
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Fig. 7. Changes in the levels of intracellular ROS relative to control in HaCaT (a) and NT8e (b) cells at different time periods after treatment with 10 uM and 50 uM of ICps-Cu. Data

represents mean + SD obtained from three independent experiments.

associated with the concern of serious side effects and emergence
of resistance after prolonged treatment [28,29]. A promising
approach to improve the selectivity of chemotherapy is to exploit
the difference of redox environment between cancer and normal
cells [30]. In this context, copper complexes due to ability to
enhance the intracellular ROS levels via redox process have
received considerable attention [31].

Using chlorin pg, a chlorophyll derivative that showed consid-
erable tumor localizing property in our previous studies [32], we
synthesized a novel iodinated Cpg-copper complex (ICpg-Cu) for its
potential application as multimodal anticancer agent [patent, 20].
In the present study, we examined the chemotoxic activity of ICpg-
Cu in two human oral cancer cell lines and a non-cancerous kera-
tinocyte cells. Results demonstrate that ICpg-Cu exhibited pro-
nounced cytotoxic action against oral cancer cells and did not affect
non-cancerous human keratinocytes. The IC5p value of ICpg-Cu
(~40 uM) is comparable to that reported for platinum complexes
[33] as well as some copper based anticancer compounds such as
copper (II) complexes of Schiff base, phthalate and dipyridyl [1].
Anticancer agents based on their ability to suppress the growth of
cancer cells or induce cell killing have been categorized as cyto-
static and cytotoxic agents, respectively [34]. Results of multiple
point chemosensitivity assay revealed that ICpg-Cu exhibited pro-
nounced cytostatic effect in both NT8e and 4451 cells (Fig. 2). It is
well known that majority of anticancer agents induces cytostatic
effect and when the cytostasis is prolonged and profound it can
lead to cell death [34]. Staining cells with PI/HO revealed that ICpg-
Cu did not induce either apoptosis or necrosis in both 4451 and
NT8e cells (Fig. 4). Interestingly, the morphological alterations
induced by ICps-Cu treatment, such as formation of large cyto-
plasmic vacuoles in NT8e cells (Fig. 4 g) and rounded shape
morphology in 4451 cells (Fig. 4 k) indicated that apart from the
suppression of cell proliferation, ICps-Cu also exerted distinct
cytotoxic effect. This is further confirmed by observations on
damage to F-actin filaments of cytoskeleton (Fig. 5) and lysosomal
membrane permeabilization (Fig. 6) in ICpg-Cu treated cells. Similar
morphological alteration in cancer cells after treatment with anti-
cancer agents have been reported in several studies and these were
believed to be hallmarks of non-apoptotic mechanisms of cell death

such as autophagy, anoikis and lysosomal membrane per-
meabilization [35]. Although, further investigation is required to
know the exact cell death pathway, here it is important to mention
that anticancer agent, which induce non-apoptotic cell death holds
considerable promise for the treatment of apoptosis resistant tu-
mor [35]. Consistent with this, ICpg-Cu showed almost same
effectiveness against 4451 and NT8e cells, despite the fact that
4451 cell line has defective apoptotic machinery due to mutated
p53 gene [36], whereas, NT8e with wild type p53 is apoptotic
proficient [37].

Results on elevation of intracellular ROS levels by ICpg-Cu (Fig. 7)
and the inhibitory action of antioxidants on ICpg-Cu induced
cytotoxicity (Fig. 8) provided evidence that the antiproliferative
effect of ICpg-Cu is mediated via increase in oxidative stress. This is
also consistent with changes observed in cellular morphology of
treated cells (Figs. 4—6) and further supported by several reports.
For example, enhanced oxidative stress has been shown to induce
cytoplasmic vacuolization [38,39], disruption of actin cytoskeleton
[40] and lysosomal membrane permeabilization [41,42]. Interest-
ingly, as compared to cancer cells the non-cancerous HaCaT cells
did not show increase in ROS levels after ICps-Cu treatment which
explains the absence of its cytostatic effect in these cells. HaCaT
cells have been used in several studies as normal cells to test the
efficacy and selectivity of anticancer drugs [43,44]. The absence of
cytotoxicity of ICpg-Cu in HaCaT cells suggest that it is not likely to
cause any cytotoxic effect in normal cells. Further, it is important to
mention that keratinocytes are the major cell population of the
normal oral tissue. It is well known that the cellular redox ho-
meostasis in normal cells is well regulated through antioxidant
defense mechanism. In contrast, since cancer cells exhibit dysre-
gulated redox homeostasis, they are more susceptible to further
increase in intracellular ROS levels than the normal cells [30,45].
This provides explanation for the difference in sensitivity of HaCaT
and cancer cells to oxidative stress and the observed difference is in
agreement with previous reports [43].

In conclusion, results of our study demonstrated that ICpg-Cu
acts as redox active anticancer agent capable of inducing pro-
nounced chemotoxicity in oral carcinoma through elevation of
intracellular ROS levels. ICps-Cu exhibited potent cytostatic effect
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and prolonged cytostasis led to non-apoptotic cell death charac-
terized by alterations in cellular morphology, cytoskeletal F-actin
architecture and lysosomal membrane permeabilization. Thus,
ICps-Cu could be a potential anticancer agent which may provide
selective chemotoxic effect based on difference in susceptibility of
normal and cancer cells to ROS.
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The combination of synchrotron X-ray radiation and metal-based radio-
sensitizer is a novel form of photon activation therapy which offers the
advantage of treating malignant tumors with greater efficacy and higher
precision than conventional radiation therapy. In this study the anticancer
cytotoxic efficacy of a new chlorophyll derivative, iodinated chlorin ps copper
complex (ICpg-Cu), combined with synchrotron X-ray radiation (8-10 keV) in
two human oral cancer cell lines is explored. Pre-treatment of cells with 20 pM
and 30 puM ICpg-Cu for 3 h was found to enhance the X-ray-induced cytotoxicity
with sensitization enhancement ratios of 1.8 and 2.8, respectively. ICps-Cu
localized in cytoplasm, mainly in lysosomes and endoplasmic reticulum, and did
not cause any cytotoxicity alone. The radiosensitization effect of ICps-Cu
accompanied a significant increase in the level of reactive oxygen species,
damage to lysosomes, inhibition of repair of radiation-induced DNA double-
strand breaks, increase in cell death and no significant effect on cell cycle
progression. These results demonstrate that ICpg-Cu is a potential agent for
synchrotron photon activation therapy of cancer.

1. Introduction

Photon activation therapy (PAT) based on the photoactivation
of a metal complex with synchrotron X-ray radiation is a
promising approach for the treatment of chemo- and radio-
resistant tumors (Adam et al., 2008; Deman et al., 2010; Gil
et al.,2011). Photoactivation of high-Z elements with an X-ray
beam energy higher than the binding energy of the electrons
leads to ionization of the atom or molecule and creation of an
inner shell vacancy. Subsequently, the relaxation of the excited
state results in the generation of photoelectrons and
secondary electrons of very low energies (~20-500 eV) via
radiative and non-radiative processes known as the photo-
electric effect and Auger effect, respectively. Both photo-
electrons and Auger electrons can damage the nearby
biomolecules directly and also cause radiolysis of water
molecules resulting in the generation of cytotoxic free radicals
(Kobayashi et al., 2010). The sensitization effect of metal
complexes results in higher dose deposition in tumor tissue
and, since relatively low doses of radiation are required,
damage to the normal tissue can be reduced significantly.
Owing to this advantage, PAT is actively being investigated
for the treatment of high-grade brain tumors with promising
outcomes. For example, studies in glioma-bearing rats and
mice have shown that administration of iodine or platinum
compounds and their activation with X-rays results in larger
tumor reduction and higher survival compared with radiation
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alone (Biston ef al., 2004; Adam et al., 2006, 2008; Rousseau et
al., 2009; Ricard et al., 2013). Recently, Ceresa et al. (2014)
reported that cisplatin plus irradiation with synchrotron
radiation X-rays produces substantially higher cell killing
compared with conventional X-ray irradiation in highly
resistant glioblastoma multiforme cells. However, the use of
cisplatin is associated with severe side effects which warrant
development of less toxic and more effective agents to fully
exploit the advantages of this therapeutic approach (Astolfi
et al., 2013). Some metal-nanoparticle-based radiation-dose
enhancers such as gold (Hainfeld et al., 2008; Su et al., 2014),
gadolinium (Taupin et al., 2015), iron (Choi et al., 2012) and
tantalum oxide (Engels et al, 2017) have also been investi-
gated for PAT.

The propensity of porphyrin and chlorin derivatives to
accumulate preferentially in tumor has been successfully
exploited for the photodynamic therapy (PDT) of cancer
(Abrahamse & Hamblin, 2016). However, due to the low
penetration depth of light in tissue, PDT is not effective for
deep-seated tumors. Recently, a novel therapeutic approach
that utilizes X-ray radiation to activate photosensitizer (PS)
directly or indirectly through absorption of X-ray energy by
high-Z elements has gained considerable attention (Ishibashi
et al.,2013; Chen et al., 2015; Kascakova et al., 2015; Wang et al.,
2016). One such approach requires activation of PS indirectly
via X-ray-induced luminescence of metal nanoparticles or
lanthanide atoms such as europium or terbium, placed in close
vicinity of the PS (Liu er al., 2008). The efficacy of this
approach depends on several factors such as the effective
energy transfer between PS and the scintillating material, the
cellular uptake of the conjugate, and most importantly the
singlet oxygen yield which in deeper tumor regions will be
limited by hypoxic conditions (Chapman et al., 1991; Moan &
Sommer, 1985; Morgan et al., 2009). Alternatively, a ther-
apeutic approach based on the direct X-ray photoactivation of
metal conjugated PS can be more suitable for the treatment of
deep-seated tumors, because it acts via free-radical generation
which is less likely to be affected by hypoxia. So far, only a few
metal conjugated PSs such as gold complex of chlorin e6
(Tsuchida er al, 2003) and iodinated pyropheophorbide
derivative (Ishibashi ef al., 2013) have been investigated for
the X-ray photoactivation treatment of cancer.

Recently, we have reported a novel metal complex of
chlorin pg referred to as iodinated chlorin pg copper complex
(ICps-Cu) for potential use in PDT of cancer. ICps-Cu
demonstrated pronounced photodynamic activity via free-
radical generation and induced potent phototoxic effect
against cancer cells under both normoxic and hypoxic condi-
tions (Sarbadhikary et al, 2016). The presence of copper and
iodine in ICpe-Cu makes it suitable for X-ray photoactivation
using an X-ray energy of >8.9 keV or >33.2 keV, respectively.
While a lower X-ray energy (~9keV) due to low tissue
penetration (half value layer ~1.0 mm) can be used for
superficial tumors, higher-energy X-rays (~33 keV) due to
better tissue penetration (half value layer ~2.0 cm) can be
exploited for deeper tumor treatment. In the present study we
explored the efficacy of ICps-Cu for X-ray photoactivation-

induced cytotoxicity in two human oral cancer cell lines. The
effects of synchrotron X-ray radiation (8-10 keV) without and
with ICpe-Cu treatment on cell viability and colony forming
ability of cancer cells were examined. Studies on cellular
reactive oxygen species (ROS) levels, intracellular localization
of ICp4s-Cu, DNA damage and cell cycle progression were
performed to understand the mode of ICpgCu-induced
radiosensitization.

2. Materials and methods
2.1. Materials

ICps-Cu was prepared from Cpg following the procedure
described in our Indian patent application (No. 4912/MUM/
2015). Stock solution of concentrated ICps-Cu (molecular
weight 792) was made in ethanol:PEG (400):water
(20:30:50) and used in experiments.

The fluorescence organelle probes mito tracker green, lyso
tracker blue, ER tracker green and Golgi tracker green were
obtained from Thermo Fischer Scientific, USA. 2',7'-Di-
chlorodihydrofluorescin diacetate (DCFH-DA), Hoechst
33342 (HO), propidium iodide (PI), and Dulbecco’s modified
eagle’s medium (DMEM) were purchased from Sigma, USA.
Phosphate-buffered saline (PBS), tetrazolium salt 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
trypsi/EDTA and fetal bovine serum (FBS) were obtained
from Himedia, India. All other solvents and reagents used
were of analytical grade.

2.2. Cell culture

Two oral carcinoma cell lines, NT8e¢ and 4451, obtained
from ACTREC, Mumbai, India, and INMAS, Delhi, India,
respectively, were maintained in DMEM containing anti-
biotics (streptomycin, nystatin and penicillin) and 10% FBS.
Cells were grown at 37°C under 5% CO, + 95% air atmo-
sphere in a humidified incubator (ESCO). The cells after 80%
confluent growth were harvested by trypsinization and plated
either in flat-bottomed 96-well plates, 24-well plates or glass-
bottom pertidishes. The cells were allowed to grow for 18 h
and then used for the experiments.

2.3. Cellular uptake of 1ICps-Cu

The monolayer of cells (~2 x 10> cells) grown in a 24-well
plate were incubated in DMEM medium containing 10, 20 and
30 uM ICpg-Cu for 3 h at 37°C, in the dark. The cells were
washed twice with PBS and solubilized in 200 pl detergent
solution (0.1 M NaOH + 0.1% SDS) by scrapping and re-
peated pipetting. After centrifugation (10000 r.p.m., 10 min),
absorption of the cell extract at 640 nm was measured on
a plate reader (Power Wave 340, Bio-tek instruments Inc.,
USA). The protein content of each sample was determined
by bicinchoninic acid protein assay (Sapan et al., 1999) and a
standard curve of ICps-Cu prepared in NaOH/SDS solution
was used to calculate the amount of ICp4-Cu in cells (nM pg™"
of protein).
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2.4. Intracellular localization of ICpg-Cu

The distribution of ICpe-Cu in various cell organelles was
studied by fluorescence imaging using an LSM 880 confocal
microscope (Carl Zeiss, Germany). The cells grown on glass-
bottom petriplates were incubated with 10 pM ICps-Cu in
DMEM medium for 3 h at 37°C, in the dark. The cells were
then washed twice with PBS and stained with either ER
tracker green, mito tracker green, lyso tracker blue, Golgi
tracker green or HO. The localization of ICps-Cu in cells was
imaged by excitation with a 405 nm diode laser and collection
of the emitted fluorescence using a 570 nm long-pass filter on a
high-sensitivity GaAsP detector. HO and lyso tracker blue
were excited with the 405 nm laser and fluorescence emission
from 420 nm to 480 nm was imaged on a photomultiplier tube
(PMT) detector. Mito, Golgi and ER tracker probes were
excited at 488 nm with argon ion laser and the emitted fluor-
escence emission from 490 nm to 560 nm was recorded on the
PMT detector.

2.5. ICpg-Cu treatment and X-ray irradiation

NT8e and 4451 cells grown in 96-well plates were incubated
in growth medium containing ICp¢-Cu for 3 h, in the dark. The
cell monolayers were washed twice with DMEM (without
serum) and, subsequent to the addition of fresh DMEM, were
exposed to X-ray radiation (8-10 keV) using beamline BL7 of
the Indus-IT synchrotron source at Raja Ramanna Centre for
Advanced Technology, Indore, India. A photograph of the
experimental setup is shown in Fig. 1(a). The X-ray energy was
tuned in the range 8-10 keV (Fig. 1b) by inserting a 396 um-
thick aluminium filter into the beam path. For irradiation, the
96-well plate was mounted vertically on a motorized stage in
front of the source. The beam size was 3.5 mm x 70 mm to
allow simultaneous irradiation of six wells horizontally. The
variation in photon flux of the beam in the horizontal direction
was <7.0%. Further, the stage was translated in the vertical

direction to ensure homogeneous exposure. Absorbed X-ray
doses were determined using the xylenol orange Fricke dosi-
metry method (Gohary et al, 2015). The dose rate computed
from a plot of the change in absorbance of xylenol orange
Fricke solution versus number of scans was ~335 =+
0.6 cGy scan™" (see Fig. S1 of the supporting information). An
X-ray dose of 1-17 Gy was delivered by varying the number of
scans. To take into account the ring current variation, prior to
each exposure (samples in a 96-well plate) the scan translation
speed of the stage was adjusted in the range from 7 mm s~ to
9 mm s~" with respect to the value of the ring current varia-
tion. Further, to minimize the day-to-day variation, the
experiments were performed when the ring current was
between 90 and 120 mA. For this, the time to initiate the
sample preparation was adjusted accordingly. In addition,
prior to each experiment, a 96-well plate containing xylenol
orange Fricke solution was also exposed to X-rays to ensure
that the dose delivered was almost the same in different
experiments.

2.6. Cell cytotoxicity assay

After X-ray irradiation, the cells were washed with DMEM
(without serum) and allowed to grow for 96 h at 37°C under
5% CO, + 95% air atmosphere. Subsequently, X-ray-induced
cytotoxicity without and with ICp4s-Cu pre-treatment was
determined by MTT assay (Price & McMillan, 1990). In live
cells, MTT is converted into dark blue formazan through
enzymatic action of mitochondrial succinate dehydrogenase
and the optical density of the color produced is used to
determine the relative number of viable cells (Mosmann,
1983). To perform this assay, the growth medium from the cells
was replaced with DMEM (without serum) containing
0.5 mg ml~* MTT. After incubation at 37°C for 3 h in the dark,
the medium was removed and 100 pl DMSO was added to
dissolve the formazan crystals formed within the cells. The
absorbance of the samples at 570 nm with reference wave-

length at 690 nm was read using a
microplate reader. The percent cyto-

Figure 1
(a) Experimental set-up at the X-ray lithography beamline (BL7) used for X-ray irradiation of cells
in a 96-well plate. The plate was mounted vertically onto a motorized stage in front of the beam
(beam size of 3.5 mm x 70 mm). (b) Calculated spectrum of synchrotron X-rays in the energy range
8-10 keV.

Energy (keV)

' ®) toxicity was calculated with respect to
2 the absorbance value of the control
: samples.
g S

gi 2.7. Clonogenic survival assay

E E o The sensitizer enhancement ratio

€0 (SER) at 7 Gy was determined by
s clonogenic survival assay. Cells were
§ 20010" seeded in 24-well plates (~100 cells per
2 well) and allowed to attach overnight.
2 Then cells were treated with ICpg-Cu

" T T T T T (10, 20, 30 uM) for 3 h and then irra-

diated with X-rays at a fixed dose of
7 Gy which was predetermined from
cytotoxicity experiments. After irradia-
tion, the cells were washed with DMEM
media (without serum) and allowed to
grow for 10-14 days to form colonies.
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The colonies were fixed in 4% paraformaldehyde, stained with
crystal violet and then counted. The surviving fraction (SF)
was calculated as

SF — mean number of colonies formed after treatment

’

M

number of cells seeded x PE

where PE (the plating efficiency) was determined as

PE — mean number of colonies formed in untreated control

number of cells seeded
x 100, 2)

SF at 7 Gy of radiation alone
SF at 7 Gy of radiation 4+ ICp¢-Cu

SER (7 Gy) = (3)

2.8. Detection of ROS generation

The relative level of intracellular ROS in cells was
measured by fluorescence spectroscopy using the fluorescent
probe DCFH-DA. The non-fluorescent DCFH-DA freely
diffuses in cells and converted into a non-fluorescent product
2/ 7-dichlorodihydrofluorescein (DCFH) by the enzymatic
action of cellular esterases. In cells, DCFH reacts with ROS to
yield a highly fluorescent product dichlorofluorescein (DCF).
The fluorescence intensity of DCF in cells is directly propor-
tional to the level of ROS (Rappole et al., 2012). To perform
this assay, the cells after X-ray irradiation were incubated
at 37°C for 30 min in DMEM (without serum) containing
10 uM DCFH-DA. Cells were released by trypsinization, re-
suspended in PBS and the fluorescence of DCF in cell
suspension was measured on a spectrofluorometer (model
Fluorolog-2; Spex, USA) using a 488 nm excitation wave-
length and 525 nm emission wavelength with a band pass of
~1.7nm and ~3.7 nm, respectively. The fluorescence inten-
sity of DCF in the control and different treatment groups after
normalization with the cell number was used to express the
relative ROS levels.

2.9. y-H2AX immunofluorescence

The effect of X-ray irradiation either alone or combined
with ICp¢-Cu treatment (30 uM, 3 h) on DNA damage and
repair in oral cancer cells was determined by y-H2AX
immunofluorescence, which is a reliable and sensitive
biomarker for the detection of DNA double-strand breaks
(DSBs) (Mah et al., 2010). For this, cells were grown on X-ray
transparent Kapton film and, subsequent to X-ray exposure
(~7.0 Gy), were fixed in 4% paraformaldehyde for 15 min at
room temperature. The cells were washed three times with
PBS, permeablized by treatment with 0.5% Triton X-100 for
5 min. After washing three times with PBS the cells were
treated with 5% BSA solution for 1 h to block non-specific
binding sites. The cells were then incubated with mouse anti-
human y-H2AX antibody (Millipore, dilution 1:200) for 1.5 h,
washed twice with 0.05% Tween-20 in PBS and incubated with
Alexa Fluor 488 labeled rabbit anti-mouse antibody (Invi-

trogen, dilution 1:400) for 1 h. After a final wash with PBS for
10 min, cells were counterstained with DAPT (1 ug ml™") for
5 min and the fluorescence in the cells was examined on a
Zeiss LSM 880 confocal microscope. Alexa Fluor was excited
at 488 nm and its fluorescence was recorded in channel 1 with
a bandpass of 490-560 nm. DAPI was excited at 405 nm and
its fluorescence in the wavelength range 420-480 nm was
recorded in channel 2. Images were captured using 40X
(numerical aperture 1.3) objective and analyzed by Image J
software to count the number of y-H2AX foci in each cell. For
each treatment and control, at least 100 cells were analyzed to
obtain the value of the number of foci per cell.

2.10. Cell cycle analysis

The effect of X-ray irradiation without and with ICp¢-Cu
pre-treatment on cell cycle and cell death was assessed by flow
cytometry. After X-ray irradiation, the cells were allowed to
grow for 24 h and then the non-adherent cells in media were
collected by centrifugation and the adherent cells were
released by trypsinization. The adherent and non-adherent
cells were mixed, washed with PBS, re-suspended in ice-cold
70% ethanol and stored at 4°C until analysis. For flow cyto-
metry measurements, the cells were centrifuged, washed in
PBS and re-suspended in 1.0 ml PBS containing 50 ug ml~" P1.
The cells were kept at 4°C in the dark for ~18 h, and the DNA
content in the cells was measured on a Cyflow cytometer
(Partec, Germany). The percentage of cells in G1, S and G2/M
phases of the cell cycle were analyzed from DNA histograms.
The sub-G1 hypodiploid DNA content peak in the histogram
was used to determine the apoptotic population (Darzynkie-
wicz et al., 2010).

2.11. Statistical analysis

All the experiments were performed at least three times
using three replicates in each experiment. The data obtained
from three independent experiments were plotted as mean +
standard deviation and a Student’s t-test was applied for
comparisons between different treatments. p < 0.05 was
considered to be statistically significant.

3. Results
3.1. Intracellular uptake and localization of 1Cps-Cu

As shown in Fig. 2, both NT8e and 4451 cells accumulated
a significant amount of ICps-Cu after 3 h incubation. The
cellular level of ICpg-Cu was found to increase with concen-
tration and, as compared with NT8e cells, 4451 cells showed
significantly higher accumulation of ICps-Cu at 20 pM and
30 uM. Next, we examined the intracellular distribution of
ICpe-Cu in NT8e cells. In Fig. 3 the confocal microscopic
image of NT8e cells showing the fluorescence of ICps-Cu
together with cell organelle probes ER and lyso tracker are
presented. The red fluorescence of ICps-Cu was observed
mainly in cytoplasm [Figs. 3(a) and 3(d)]. The green fluores-
cence of lyso tracker as well as ER tracker is well demarcated
[Figs. 3(b) and 3(e)] which overlapped considerably with the
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Intracellular uptake of ICps-Cu as a function of concentration in NT8e
and 4451 cells. Data are mean = standard deviation of three independent
experiments.

red fluorescence of ICps-Cu as indicated by yellow regions in
the overlay images [Figs. 3(c) and 3(f)]. With mito and Golgi
specific fluorescence probes, the fluorescence of ICps-Cu did
not show significant overlap (data not shown). These obser-
vations showed that ICpe-Cu localized mainly in lysosomes
and ER.

ICpg-Cu

Lyso

Marker

3.2. ICpe-Cu pre-treatment enhances X-ray-induced
cytotoxicity

The effect of ICps-Cu pre-treatment on X-ray-induced
cytotoxicity in NT8e and 4451 cells is shown in Fig. 4. In both
of the cell lines, X-ray irradiation led to a dose-dependent
decrease in cell viability wherein ~50% and 90% cytotoxicity
was observed at ~10 Gy and ~17 Gy, respectively. In 4451
cells, pre-treatment with 10 pM ICpg-Cu led to a significant
increase in X-ray-induced cytotoxicity at X-ray doses > 7.0 Gy
(Fig. 4b), whereas, in NT8e cells, pre-treatment with 10 pM
ICps-Cu did not lead to any significant increase in X-ray-
induced cytotoxicity at any dose (Fig. 4a). At 20 uM, ICps-Cu
led to a significant increase in X-ray-induced cytotoxicity (p <
0.05) in both of the cell lines, and the magnitude of the effect
was observed to increase further with increase in concentra-
tion of ICps-Cu. At 7 Gy X-ray dose, the loss of cell viability
in 4451 cell was ~38% which increased to ~48%, ~64% and
~78% in cells pre-treated with 10 pM, 20 pM and 30 pM
ICpg-Cu, respectively. In NT8e cells, a similar concentration-
dependent increase in X-ray-induced cytotoxicity was seen but
the magnitude of the effect was significantly lower (p < 0.05)
than that for 4451 cells (Fig. 4c). At 7 Gy X-ray dose, the loss
of cell viability in NT8e cells was ~42% which increased to
~47%, ~56% and ~67% in cells pre-treated with 10, 20 and
30 pM ICpg-Cu, respectively.

Merged

Figure 3

Localization of ICps-Cu in NT8e cells. Confocal fluorescence micrographs of NT8e cells showing red fluorescence of ICps-Cu (a, d), and green
fluorescence of lysotracker (b), ER tracker (e) and the merged image of ICps-Cu and the organelle probes (c, f). Experiments were repeated three times
with similar results and representative images are shown. Magnification 40x; scale bar 20 pm.
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Cytotoxic effects of X-rays without and with ICps-Cu pre-treatment in
oral cancer cells determined by MTT assay. Changes in percent cell
viability in NTS8e (a) and 4451 (D) cells as a function of X-ray dose; the
cells were pre-treated with 10, 20 and 30 pM ICpe-Cu for 3 h. Percent cell
viability was calculated with respect to a control sample (without ICps-Cu
treatment). (c) Percent loss of cell viability in NT8e and 4451 for X-rays
alone and X-rays plus ICps-Cu at 7 Gy X-ray dose. *(p < 0.05), **(p <
0.01), ***(p < 0.005) indicate significant difference. Each data point is
mean = standard deviation of three independent experiments.

3.3. X-ray dose enhancement effect by 1ICps-Cu

The effect of X-rays alone (7 Gy) and ICpe-Cu plus X-ray
treatment on the percent cell survival of NT8e and 4451 cells is
shown in Fig. 5(a). Compared with X-rays alone, ICp4-Cu plus
X-ray treated cells shows a greater decrease in the surviving
fraction and the magnitude of the effect increased with an
increase in the concentration of 1Cps-Cu (Fig. 5a).

The SER obtained from the cell survival data for NTS8e cells
was ~1.0, 1.7 and 2.68 at 10 pM, 20 pM and 30 pM ICp¢-Cu,
respectively (Fig. 5b). Consistent with the MTT assay, the
radiosensitization effect of ICps-Cu was more pronounced in
4451 cells than that for NT8e cells. SER values for 4451 cells
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Figure 5

Radiosensitization effect of ICps-Cu in oral cancer cells determined by
clonogenic assay. (a) Surviving fraction and (b) sensitivity enhancement
ratio (SER) in NT8e and 4451. The cells were treated with ICps-Cu (10, 20
and 30 uM) for 3 h and then irradiated with X-rays at a fixed dose of

7.0 Gy. *(p < 0.05) and **(p < 0.01) indicate significant difference. Data
are mean = standard deviation of three independent experiments.
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were ~1.0,2.23 and 3.4 at 10 pM, 20 pM and 30 pM ICps-Cu,
respectively. At 20 and 30 pM, the values of SER for 4451 cells
are significantly higher than those for NT8e cells (p < 0.05).

3.4. Enhancement in X-ray-induced ROS formation
by ICpg-Cu

The effect of X-ray irradiation on the relative level of ROS
in 4551 and NT8e cells without and with ICpe-Cu pre-treat-
ment is shown in Fig. 6. Results show that, compared with
control, X-ray irradiation alone led to only a marginal increase
in the intracellular level of ROS (p < 0.05) in both of the cell
lines. The level of ROS in the combination group increased
significantly relative to the X-rays alone, with a more
pronounced increase in cells pre-treated with 20 pM and
30 uM ICpg-Cu. These results correlated with the enhance-
ment in X-ray-induced cytotoxicity supporting the radio-
sensitization efficacy of ICp¢-Cu.

3.5. DNA damage induction and repair

The formation of DSBs and its repair play a significant role
in X-ray-induced cytotoxicity. y-H2AX, a DNA damage-
sensing protein, is a most reliable marker for radiation-
induced DNA damage (Mah et al., 2010). Microphotographs
of 4451 and NT8e cells showing the presence of y-H2AX foci
at 30 min, 2h and 24 h after X-ray (7 Gy) irradiation are
presented in Fig. 7. As expected, cells in control and ICps-Cu
treatment did not show y-H2AX foci [Figs. 7(a)-(i) and 7(a)-
(ii)]. In contrast, cells irradiated with X-rays either without or
with ICps-Cu pre-treatment displayed a large number of

y-H2AX foci within 30 min after irradiation. At this time, the
number of y-H2AX foci in X-rays alone and ICp¢-Cu plus
X-ray irradiated cells was almost equal (Fig. 7b) indicating
that pre-treatment with ICpg-Cu did not affect X-ray-induced
DNA damage. At 2 h and 24 h post-irradiation, the number of
y-H2AX foci in X-ray-irradiated cells declined to ~40% and
~15%, respectively, indicating repair of DSBs [Figs. 7(c)-(i)
and 7(¢)-(ii)], whereas in cells treated with ICps-Cu plus X-ray
irradiation the number of y-H2AX foci decreased to a lesser
extent by ~60% at 2 h and thereafter no significant decrease
was observed [Figs. 7(c)-(i) and 7(c)-(ii)]. These results
showed that DNA repair is impaired due to combined treat-
ment. Moreover, the number of y-H2AX foci at 24 h after
combined treatment was higher in 4451 cells than for NT8e
cells (Fig. 7c) which was consistent with the higher radio-
sensitivity of 4451 cells.

3.6. Radiation-induced cell organelle damage

Since ICp¢-Cu localized in lysosomes and ER, the possibi-
lity of damage to these vital organelles was studied by confocal
fluorescence microscopy. In Fig. 8, microphotographs of NT8e
cells in control, ICps-Cu alone, X-ray irradiated and ICpe-Cu
plus X-ray irradiated cells are shown. In control, ICps-Cu
alone and X-ray irradiation, lysosomes are intact as indicated
by well demarcated punctuate fluorescence [Figs. 8(a), 8(b)
and 8(c)]; whereas in cells that received combined treatment
the fluorescence of lysotracker was diffuse and less intense
indicating disintegration of lysosomes [Fig. 8(d)]. X-ray irra-
diation alone or ICpe-Cu plus X-rays led to no significant
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Figure 6

Effects of ICps-Cu and X-ray irradiation on ROS formation. Relative levels of ROS after X-ray irradiation (7 Gy), in NT8e (@) and 4451 (b) without or
with ICps-Cu pre-treatment. Data are mean =+ standard deviation of three independent experiments. *(p < 0.05), **(p < 0.01), ***(p < 0.005) indicate

statistical significance.
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Effect of ICps-Cu and X-ray irradiation on DNA damage determined by y-H2AX immunostaining.
(a) Representative immunofluorescence images of NT8e (i) and 4451 (ii) cells treated without
(upper panel) or with (lower panel) 30 pM ICp¢-Cu at various time points post-irradiation (7 Gy).
Images show cell nuclei in blue and y-H2AX foci in red. () Number of y-H2AX foci at 30 min post-
irradiation (7 Gy) in NT8e and 4451 cells without or with ICps-Cu treatment (30 pM). (c) Changes
in percentage of y-H2AX foci in NT8¢ (i) and 4451 (ii) cells treated with or without 30 pM ICps-Cu
at different time periods post-irradiation (7 Gy), indicating repair kinetics of DSBs. Data represent
mean =+ standard deviation obtained from three independent experiments. *(p < 0.05), **(p < 0.01)
indicate statistical significance between X-rays alone and ICps-Cu plus X-ray treatment.

X-rays in combination with ICp4-Cu
treatment led to no change in the frac-
tion of cells in S and G2/M which
suggested that these treatments have no
effect on cell cycle distribution, i.e. no
cell cycle arrest. In addition, results also
revealed that, compared with X-rays
alone, the combined treatment led to
a significant increase in apoptosis as
indicated by the ~15% increase in sub-
G1 population (p < 0.05) [Fig. 9(b)].

4. Discussion

ICps-Cu is a novel chlorophyll-based PS
recently reported by us for potential
application in the PDT of cancer
(Sarbadhikary et al, 2016). The moti-
vation to synthesize ICpe-Cu was to
exploit the tumor-localizing property of
chlorin for multi-modal cancer therapy.
One such modality is X-ray photon
activation therapy, which in comparison
with light-based PDT offers the advan-
tage that the tumor in a deep tissue
region can also be treated. Use of metal-
based porphyrin can provide an impor-
tant advantage that the damage to
surrounding normal tissue can be mini-
mized due to its selective accumulation
in tumor and subsequent localized dose
enhancement effect of X-ray photo-
activation. Thus, the combined treat-
ment approach may possibly be
employed for the treatment of oral
cavity cancer where sparing normal
tissue architecture and function is
important. With this motivation we
explored the efficacy of ICps-Cu for
X-ray photoactivation-induced cyto-
toxicity in oral cancer cells. Results of
our study show that ICp4-Cu combined
with  synchrotron X-rays induced
significant radiosensitization in the two
oral cancer cell lines. At present, the
X-ray photoactivation of ICpsCu is
performed using an X-ray energy above
the K-edge absorption of copper

change in ER structure (Fig. S2 of the supporting informa-
tion).

3.7. Cell cycle distribution and induction of cell death

Fig. 9 shows the effect of X-ray irradiation without and with
ICps-Cu treatment on the cell cycle distribution in NT8e and
4451 cells. As compared with the control, ICps-Cu treatment
alone showed no effect on the cell cycle. X-rays alone and

(>8.9 keV). Based on the linear absorption coefficient of the
soft tissue (Boke, 2014), the estimated half value layer for
9 keVis ~1 mm (the depth in tissue where the fluence reduces
by 50%) which is suitable for only superficial small tumors.
The sensitivity enhancement ratio at 20 pM ICps-Cu was >1.0
and increased further at higher concentration [Fig. 5(b)] due
to an increase in cellular uptake (Fig. 2). Interestingly, the
radiosensitization effect of ICps-Cu was more pronounced in
4451 cells compared with NT8e cells. An important difference
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Figure 8

Confocal fluorescence micrographs of NT8e cells showing the effect of
ICps-Cu-induced radiosensitization on the integrity of lysosomes. Cells
were stained with lysosome-specific lysostracker probe. (a) Control, (b)
ICpg-Cu (30 pM) treatment alone, (¢) X-ray (7 Gy) treatment alone and
(d) ICps-Cu (30 pM) plus X-ray (7 Gy) treatment. Experiments were
repeated three times with similar results and representative images are
shown. Arrows indicate intact lysosome; arrow heads indicate weak
disintegrated lysosomes. Magnification 40; scale bar 20 pm.

A (i) Control ICps-Cu Xray

between the two cell lines is the status of the pS3 gene, i.e. cell
line 4451 has the mutated p53 gene (Zolzer et al, 1995)
whereas NT8e has wild-type p53 (Mulherkar et al, 1997).
However, the difference in their sensitivity to radio-
sensitization cannot be attributed to the difference in the
status of p53, because the sensitivity of the two cell lines to
X-rays alone was almost similar (Fig. 4). The relationship
between p53 status and radiosensitivity is not well understood
and there are several conflicting reports on radiosensitivity
versus pS3 gene mutation (Anderson et al., 2014; Takahashi
et al., 2004; Zhang et al., 2015). As shown in Figs. 2 and 6, the
intracellular level of ICps-Cu and the relative level of ROS are
significantly higher in 4451 cells than for NT8e cells. These
results correlated with the higher sensitivity of 4451 cells to
ICpe-Cu-induced radiosensitization and further substantiate
the role of photoactivation-induced ROS generation in the
radiosensitization effect of ICpg-Cu. The results are also in
agreement with the fact that ROS generated via radiolysis of
water plays a major role in X-ray-induced cytotoxicity, and the
presence of X-ray absorbing metal can further enhance this
process (Kobayashi et al., 2010). Here it is important to note
that the irradiation of high-Z elements is expected to yield
better radiosensitization efficacy because they can generate
more secondary electrons than by irradiating lower-Z
elements (Kobayashi et al, 2010). In the present study, the
X-ray energy used for photoactivation of ICps-Cu was close to
the copper K-edge absorption. Since ICpe-Cu also contains
iodine, irradiation with the X-ray energy tuned to the iodine

| su6l 1 sabG1 | sub1

Cell number

DNA content
(a)
Figure 9

ICps-Cu+ Xray @ ™
} Sub Gl | |
LB .
] s . —
-4 W S
] ;
®
8 .
- »d :
) i
o
3 0 |
1
[ B aﬁ >
[ & o5
Gy ¢ o + O
L] e
4
n ® !
: -
o
- N4 :
(V] : 2
g ] 1
o -
— > a—
& & &
06"\ &9' 4+ +@*\9¢'

(b)

Effect of ICps-Cu and X-ray irradiation on cell cycle distribution in NT8e and 4451 at 24 h post-irradiation. (a) Cell cycle histograms of NT8e (i) and
4451 (ii) cells. (b) Percentage of NT8e (i) and 4451 (ii) cells in sub-G1-phase, for control, ICps-Cu treatment alone, X-ray irradiation alone and ICps-Cu
plus X-ray treatment. The cells were treated with 30 pM ICps-Cu for 3 h and then irradiated with X-rays at a fixed dose of 7 Gy. Data represent mean %
standard deviation obtained from three independent experiments. *(p < 0.05), **(p < 0.01) indicate statistical significance.
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K, edge (~33keV) may produce more efficient radio-
sensitization against cancer cells.

An important mechanism of the radiosensitization effect of
currently applied PAT drugs such as cisplatin and 5-iodo-2'-
deoxyuridine is the enhancement in DNA damage and/or
inhibition of DNA repair which is primarily attributed to the
localization of these drugs in the cell nucleus (Turchi et al.,
2000; Biston et al., 2009; Bayart ef al., 2017). As shown in
Fig. 7(b), ICpg-Cu pre-treatment did not lead to any increase
in the level of X-ray-induced DSBs which is consistent with
the absence of its localization in the cell nucleus (Fig. 3).
Interestingly, analysis of y-H2AX foci at 2h and 24 h post-
irradiation (Fig. 7c) revealed that the repair of DSBs is
significantly inhibited in ICpe-Cu treated cells. Previous
studies have shown that platinated drugs inhibit or delay
X-ray-induced DSBs due to the formation of cisplatin-DNA
adducts (Turchi et al., 2000). For, ICps-Cu the reason for the
inhibition of DNA repair and accumulation of unrepaired
DNA is not clear. The observations that ICpg-Cu localized in
lysosomes and combined treatment led to disintegration of
lysosomes suggested that, unlike platinum drugs, the radio-
sensitization effect of ICp4-Cu involved dose deposition in
cytoplasm and damage to vital cell organelles. The formation
of free radicals and ROS due to the photoactivation of ICp¢-
Cu in lysosomes may lead to inactivation of lytic enzymes and
destabilization of these organelles (Persson et al., 2005; Dayal
et al.,2014). Lysosomes play an important role in the clearance
of damaged DNA through the action of Dnase2a, a lysosomal
endonuclease that degrades DNA to oligonucleotides and
nucleotides. Recent studies have shown that the deficiency of
Dnase2a results in elevated levels of DSBs subsequent to
treatment with DNA-damaging agents (Lan et al, 2014).
Moreover, the persistence of unrepaired DSBs has been
identified as a potentially lethal event that triggers apoptotic
cell death (Roos & Kaina, 2013). Consisitent with this, ICpe-
Cu plus X-ray treatment led to significant increase in sub-G1
population that mainly corresponds to apoptotic cells
(Darzynkiewicz et al., 2010).

5. Conclusions

Results demonstrated that 1Cpe-Cu through X-ray photo-
activation induced potent radiosensitization effect in oral
cancer cells. The underlying mechanism of radiosensitization
involved photoactivation-induced enhancement in ROS
production, damage to lysosomes and subsequent impairment
of the ability of cells to repair X-ray-induced DSBs. Since an
X-ray energy of 9.0 keV penetrates only a few millimeters in
soft tissue, it needs further investigations using X-ray energies
tuned to the iodine K, edge (~33 keV) to establish the effi-
cacy of ICp¢-Cu for the treatment of deep-seated tumors.
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The insertion of suitable metals or high Z elements in tumour-avid tetrapyrrole compounds is a promising
approach to obtain potential agents for multimodal cancer therapeutics and tumour imaging. Using
chlorin pg, a chlorophyll derivative, we synthesized a novel iodinated chlorin pg-copper complex (ICpg-
Cu) that can be applied to the photodynamic therapy and photon activation therapy of cancer. In the
present study, we investigated the interaction of ICpg-Cu with human serum albumin (HSA) using UV-Vis
absorption and fluorescence spectroscopy. The addition of HSA to ICpg-Cu at physiological pH led to a
~7 nm red shift in its Soret and Q band absorption. The binding constant (K,,) and the number of binding
sites (n) of ICpe-Cu obtained from the quenching of the intrinsic fluorescence of HSA were 2.9 x 106 M~
and 1.2 respectively. The distance between the Trp-214 residue and ICpg-Cu computed from Forster
non-radiative energy transfer (FRET) theory was 3.1 nm. The emission of the ICpg-Cu fluorescence when
excited at the protein’s Trp absorption (295 nm) further substantiated the FRET between the Trp residue
and ICpg-Cu. Synchronous spectroscopy revealed that the quenching of protein Trp fluorescence was
higher than that of Tyr with no significant shift in peak position. Results suggested that HSA acts as a
carrier protein for |Cpg-Cu with a high probability that the binding of ICpg-Cu occurred at subdomain 1A
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Introduction

Porphyrins and chlorins have been extensively investigated as
potential photosensitizers (PSs) for the photodynamic therapy
(PDT) of cancer.”* The suitability of a PS for PDT is primarily
determined by its photophysical properties such as the absorp-
tion coefficient in the wavelength region of therapeutic inter-
est, the lifetime as well as the yield of the excited triplet state
and the efficiency to generate reactive oxygen species (ROS).">
A promising approach to improve the photophysical properties
of a PS is the insertion of a heavy metal or a non-metal in the
tetrapyrrole ring, which promotes Inter System Crossing and
improves the triplet state quantum yield and lifetime via the
heavy atom effect.®* Metal complexes of porphyrins,’
chlorins,®” and bacteriochlorins® have been synthesized and
characterized as potential PSs for PDT. Moreover, metallo-
porphyrins have also been investigated as potential agents for
combined therapeutic approaches because they can offer dual
anticancer activity through the photodynamic action and che-
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and the binding had no effect on the conformation of HSA.

motoxic action of the metal ion.”'® In addition, porphyrins

radiolabelled with radioisotopes of various metals such as
9Te, ®*Cu, ***’Ga, 1°°Pd, *°Nd and '°°Ho and non-metal **I
etc. have also been reported for their potential application in
tumour imaging and therapy."*

Despite their favourable properties, promising PSs often fail
to produce desirable therapeutic outcomes and/or cause side
effects due to a lack of tumour selectivity and prolonged reten-
tion in normal tissues. This is due to the fact that the change
in the chemical nature of the PS brought about by the inser-
tion of a metal ion can alter its ability to bind with a drug
transport protein and can influence its pharmacokinetics and
its accumulation in tumours. In this context, the interaction of
porphyrin and chlorin derivatives with serum albumin, a
major drug transport protein, has been the subject matter of
several studies and it is well accepted that the structure,
charge, and hydrophobicity of the PS can greatly influence its
binding affinity with serum albumin. For example, hemato-
porphyrin, a clinically approved anionic PS, was shown to bind
strongly to serum albumin, whereas tetramethylenepyridinium
porphyrin (TMPP), a cationic porphyrin, had a very weak
association with albumin."” Studies on a series of porphyrins
demonstrated that the affinity to bind to serum albumin corre-
lated with an increase in the hydrophobicity of the porphyr-

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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Fig. 1 Absorption and fluorescence spectra of Cpg (a) and ICps-Cu (b) in phosphate buffer (pH 7.4).

ins."® However, chlorin-type PSs which differ from porphyrins
with respect to the presence of a reduced pyrrole ring in the
molecules showed an inverse correlation between their hydro-
phobicity and binding affinity to albumin."

Recently we have reported a novel copper-containing
iodinated chlorophyll derivative referred to as iodinated
chlorin pe copper complex (ICps-Cu) as a potential PS for the
PDT of cancer.'* Structurally, unlike other copper complexes of
chlorophyll derivatives such as chlorophyllin, which contain
copper attached to the pyrrole nitrogen, in ICps-Cu (Fig. 1),
copper is attached via coordination with two adjacent side car-
boxylic groups at C13 and C15. The advantage of ICps-Cu over
other PDT agents was found to be its ability to induce photo-
toxicity via free radical generation to allow the treatment of
cancer cells under hypoxic conditions.'® Furthermore, ICpe-Cu
displayed selective antiproliferative activity against cancer cells
through the alleviation of intracellular ROS levels in the
dark." In the present study, we investigated the interaction of
ICpe-Cu with human serum albumin (HSA) using ultraviolet-
visible (UV-Vis) and fluorescence spectroscopy. The binding
constant and the number of binding sites are determined from
the quenching of the intrinsic fluorescence of the protein.
Forster energy transfer theory is applied to determine the dis-
tance between the tryptophan and the bound ICpsCu. In
addition, change in the conformation of HSA is probed by
synchronous spectroscopy and the influence of such binding
on the stability of the copper complex and the integrity of the
protein have been discussed.

Materials and methods
Reagents and chemicals

ICps-Cu was synthesized as reported earlier in the Indian
patent application no. 4912/MUM/2015 and was dissolved in
25 mM phosphate buffer (pH 7.4)."* A stock solution of HSA
(Sigma, St Louis, USA) was prepared in phosphate buffer (pH
7.4). Millipore water was used throughout for the preparation

This journal is © The Royal Society of Chemistry and Owner Societies 2017

of the solution. All other chemicals were of analytical reagent
grade and procured locally.

Spectroscopic measurements

The absorption spectra and fluorescence spectra of ICps-Cu
(5 pM) in the absence and in the presence of varying concen-
trations of HSA (0-10 uM) were recorded using a 1.0 nm band
pass on a double beam Cintra-20 spectrophotometer (GBC,
Australia) and a Fluorolog-2 spectroflurometer (Spex, USA),
respectively. To assess the albumin binding affinity, the intrin-
sic fluorescence of HSA due to tryptophan (Trp) and tyrosine
(Tyr) was excited at 280 nm and 295 nm (band pass 3.7 nm)
and the emission spectra were recorded from 300-500 nm
(band pass 1.7 nm). The fluorescence intensity of HSA in the
presence of ICpes-Cu was corrected for the inner filter effect
using the following equation:

Aex tAem

Feor = Fobs X € 2

(1)

where F.,, and F,,s are the corrected and observed fluo-
rescence intensities, respectively. Aex and Ay, are the absorp-
tions of ICps-Cu at the excitation and the emission wave-
lengths, respectively.'® To determine the change in protein
conformation, the synchronous fluorescence spectra of HSA
from 220-350 nm with a difference between the excitation and
emission wavelengths (A1) of 15 nm and 60 nm were recorded
to resolve the intrinsic fluorescence of the Tyr and Trp resi-
dues, respectively. For fluorescence measurements, the con-
centration of HSA was fixed at 5 uM, while the concentration of
ICps-Cu was varied from 1 pM to 10 pM.

In FRET studies, the 280 nm and 295 nm excited fluo-
rescence emission spectra of ICps-Cu were recorded on a
FLS920-s spectrometer (Edinburgh Instruments Ltd, UK). The
excitation and emission bandpasses were 2 nm and 3 nm,
respectively and to eliminate the higher order excitation, a
330 nm short wavelength cut-off filter was placed before the
emission monochromator.

Photochem. Photobiol. Sci., 2017, 16, 1762-1770 | 1763
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Fluorescence lifetime measurements

The experiment setup used to determine the fluorescence life-
time of ICpe-Cu and Cpg consisted of a time-correlated single
photon counting (TCSPC) system ‘Lifespec-Red’ (Edinburgh
Instruments, UK) equipped with a Hamamatsu MCP-PMT. The
system has an instrument response function (IRF) of ~40 ps.
The chlorins were excited by vertically polarized light at
400 nm using a Coherent Mira 900F femtosecond laser system,
the output of which was pulse picked (Coherent 9200 pulse
picker) at a rate of 3.8 MHz and then the frequency doubled in
an ultrafast harmonic generation system (Inrad 5-050). The
excitation light was eliminated using an appropriate filter and
emission was detected at the magic angle over the entire band.
The fluorescence traces after deconvolution by the iterative
reconvolution method were fitted to a single- or multiexponen-
tial function using FAST software of the TCSPC system.

Statistical analysis

Each experiment was repeated at least three times and the data
shown in Fig. 3 and 5 represents values as the average + stan-
dard deviation.

Results and discussion
Interaction and binding of ICps-Cu with HSA

The characterization of the property of potential anticancer
drugs to bind with serum albumin is considered important
in terms of understanding their mode of transport and
accumulation in tumours. It is also believed that the macro-
molecular PS-protein complex can accumulate preferentially
in tumours through the enhanced permeability and retention
(EPR) effect.’” Using Cpg, an amphiphilic chlorophyll deriva-
tive, we have recently synthesized a novel metal complex
ICps-Cu (Fig. 1b) which can be exploited for multimodal
cancer therapy and tumour imaging. In the present study,
the interaction and binding of ICps-Cu with HSA were
characterized by absorption and fluorescence spectroscopy.
The UV-Vis spectra and fluorescence of both ICps-Cu and
metal free chlorin ps (Cpe) are shown in Fig. 1. As compared
to Cps, the Q band of ICps-Cu is ~20 nm blue shifted
and the fluorescence yield is ~10 times reduced. The large
blue shift of the Q band is characteristic of the insertion
of Cu in chlorin."* The changes in the absorption spectra
of 5 pM ICpe-Cu in phosphate buffer (pH 7.4) alone and
upon addition of increasing concentrations of HSA are
shown in Fig. 2. The Soret band at 405 nm and the major
Q band at 628 nm of ICpe-Cu showed a gradual red shift upon
addition of HSA. The maximum red shift of 7.0 nm occurred
with 4 pM HSA and these changes were accompanied by a
slight decrease in the absorbance of the Soret band and an
increase in the absorbance of the Q band. Beyond 4 uM HSA,
the absorption spectrum of ICps-Cu did not change both with
respect to the intensity and position of the Soret and Q bands
indicating that the interaction of ICps-Cu with HSA completed
at a ratio of 5:4 (Table 1). The red shift of the Soret and

1764 | Photochem. Photobiol Sci., 2017, 16, 17621770
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Fig. 2 Absorption and fluorescence spectra (inset) of ICpg-Cu (5pM)
alone (black) and in the presence of 1.0 uM (red), 2.0 uM (blue), 4.0 upM
(green) and 10.0 pM (brown) HSA in phosphate buffer (pH 7.4).

Table 1 Absorption characteristics of ICpg-Cu (5uM) with various con-
centrations of HSA

Soret band Q band

Concentration

of HSA (pM) Amax (NM)  FWHM (nm)  Apa (hm)  FWHM (nm)
0 405 47 628 32

1 407 47 630 32

2 409 47 632 32

3 410 47 633 32

4 411 47 635 32

10 411 47 635 32

Q bands indicates a decrease in energy of the = to 7* tran-
sitions, which can occur when the chlorin ring interacts with
aromatic ligands in proteins via electrostatic or hydrophobic
interactions.'® In a previous study on the interaction of Cpg
with HSA, the Soret band absorbance of Cps was observed to
decrease initially at lower concentrations of HSA and when the
HSA concentration was increased it led to the hyperchromism
and red shift of the Soret band.'® These spectral changes were
attributed to the aggregation of Cps at a low HSA:PS ratio
(0.25) followed by its disaggregation and then formation of
ground-state complex between monomeric Cps and HSA."
While ICpe-Cu also showed a decrease in the Soret band
absorption upon addition of HSA, there was one major differ-
ence: the increase in concentration of HSA did not lead to the
hyperchromism of the Soret band (Fig. 2). Moreover, ICps-Cu
showed a large red shift of the Soret and Q bands initially at
lower concentrations of HSA, which is similar to the red shift
of the Soret and Q bands of Cps when it forms a monomeric
complex with HSA." The aggregation and disaggregation of
Cps upon addition of HSA were also reflected in its fluo-
rescence spectrum as a decrease in fluorescence intensity at
lower HSA concentrations, then as an increase with a red shift
of the fluorescence band upon further increase in the HSA
concentration.” The fluorescence spectra of ICpe-Cu in the

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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absence and presence of HSA are shown in Fig. 2 (inset). The
addition of 1-4 pM HSA to ICps-Cu led to only a small decrease
in its fluorescence intensity with a red shift in peak position.
However, unlike Cpg, further increases in the concentration of
HSA did not lead to an increase in the fluorescence intensity
of ICps-Cu again. In addition, the FWHM (full width at half
maximum) of the Soret band and the Q band did not increase
upon the addition of HSA (Table 1). This trend in absorption
and fluorescence was otherwise expected if ICps-Cu also aggre-
gates and then disaggregates upon a gradual increase in the
concentration of HSA. These results suggest that the aggrega-
tion of ICps-Cu did not occur upon interaction with HSA. To
confirm this, the fluorescence lifetimes of both Cps and
ICpe-Cu in the absence and presence of HSA were compared
(Table 2). It can be seen that the fluorescence lifetime of Cpy is
increased upon addition of HSA, which is due to its disaggre-
gation as reported previously."® In contrast, there is no change
in the fluorescence lifetime of ICps-Cu upon addition of HSA
which confirmed that there is no aggregation of ICps-Cu. Cpg
contains three ionizable carboxylic groups and hence its inter-
action with HSA at physiological pH is mainly governed by
electrostatic interactions.'® Whereas, in ICp,s-Cu, the two adja-
cent carboxylic groups are coordinated with Cu®" and hence
the net negative charge on the molecule is reduced. Despite
this, the aqueous solubility of ICpe-Cu is not reduced and its
aggregation did not take place. This is mainly because of the
presence of water molecules in the coordination sphere of
Cu”*, which increase the interaction of ICps-Cu with solvent
molecules through hydrogen bonding and thus prevent the
stacking of chlorin molecules.*

Fluorescence quenching of HSA by ICps-Cu

Upon absorption of ultraviolet light HSA shows intrinsic fluo-
rescence emission from aromatic amino acid residues such as
phenylalanine, Trp and Tyr. HSA is a 585 amino acid long
monomer protein, structurally organized into three homo-
logous helical domains (I-III) and each domain contains two
subdomains denoted as A and B.*' Trp-214 and Tyr-263 are
located close to the drug binding site at subdomain IIA.****
HSA contains 18 Tyr residues but it is mainly Tyr-263 that is
responsible for HSA fluorescence because the remaining Tyr
residues in HSA are completely buried inside the protein and
suffer fluorescence quenching.”® The quenching of protein
fluorescence by drug molecules is widely used as a sensitive
assay to probe the interaction of HSA with drugs and to deter-

Table 2 Average fluorescence lifetime (z,,g) of ICpe-Cu and Cpg in the
presence and absence of HSA (5 puM). The value of 42 is given in
parentheses

Tavg Of Cpe (nS) Tavg Of ICp6-Cu (ns)

Concentration

of PS (uM) Without HSA With HSA Without HSA ~With HSA
1 3.06(1.05) 4.01(1.07)  3.26(1.08) 3.30(1.01)
5 3.04(1.03) 4.07(1.05)  3.26(1.04) 3.07(1.05)
10 3.20(1.08) 3.90(1.03)  3.00(1.00) 3.16(1.07)

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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mine binding parameters, such as the binding constant,
number of binding sites and binding distance.

Fig. 3a shows the fluorescence spectra of HSA (ley =
280 nm) in the absence and presence of varying concentrations
of ICps-Cu. With an increase in the concentration of ICps-Cu,
there is a decrease in fluorescence intensity of the HSA
(330 nm) along with a gradual blue shift of the emission peak.
To ascertain whether the fluorescence quenching involves a
collisional or static mechanism, the value of the quenching
rate constant was determined by analyzing the fluorescence
quenching data according to the following Stern-Volmer
equation:

% =1+ Ks[Q] = 1 + Kq70[Q] (2)

where F, and F are the fluorescence intensities of HSA in the
absence and presence of the quencher, respectively, 7, is the
average lifetime of the HSA Trp residue in the absence of
the quencher (z, = 107% 5),>* [Q] is the concentration of the
quencher, K, is the biomolecular quenching rate constant and
Kgy is the Stern-Volmer quenching constant.”” The value of
the slope (1.2 = 0.1 x 10°) is obtained from the linear fit of the
plot of Fo/F vs. [Q] (Fig. 3b), which represents Kgy.

The value of Ky given by the Kgy/7o ratio for ICpe-Cu was in
the order of 10"* M™" s™" which is greater than the maximum
scatter collision quenching constant of quenchers with
albumin (Kgir = 2.0 x 10"® M~ s71).*%?” These results suggest
that quenching of HSA fluorescence is dominated by static
quenching arising due to the specific interaction between HSA
and ICps-Cu.

Binding constant and number of binding sites

When the binding of a ligand to HSA involves the static
quenching of Trp fluorescence, the binding constant and
number of binding sites can be calculated from the following
equation:

log {FO _ F} =log K + nlog|Q] (3)

where F, and F are the fluorescence intensities in the absence
and presence of the quencher and [Q] is the quencher concen-
tration.”® In the plot of log[(F, — F)/F] vs. log[Q] (Fig. 3c), the
values of the y-intercept and slope represent the binding con-
stant (Kp) and the number of binding sites (n), which were
2.9 + 0.2 x 10° M~ and 1.2 + 0.1, respectively. The similar
values of Kgy and K;, further confirmed that the quenching of
fluorescence was static in nature. The values of K, and n
suggest that HSA has one high affinity binding site for ICps-
Cu. In comparison, the number of binding sites for Cp, was
more than 1 which is in agreement with previous studies by
Datta et al.®>® Based on site marker competition experiments
they have identified the binding sites for Cp, as Sudlow site I
and IL>>*® Although in a previous study, the possibility of
dicarboxylic porphyrins or chlorins binding to HSA at the
high affinity heme binding site i.e. at subdomain IB has also
been reported.*® It was hypothesized that the side carboxylic
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Fig. 3 Changes in the fluorescence emission spectra of HSA (5.0 pM) upon addition of different concentrations of ICpg-Cu (0—10 M) in phosphate
buffer (pH 7.4) excited at 280 nm (a) and 295 nm (d). Stern—Volmer plots of protein fluorescence quenching (Fo/F) vs. the concentration of ICpe-Cu
for the HSA fluorescence excited at 280 nm (b) and 295 nm (e). Double reciprocal plots of logl(Fo — F)/F] vs. log[ICpe-Cul] for HSA fluorescence

excited at 280 nm (c) and 295 nm (f).

groups of tetrapyrrole compounds play an important role in
binding through the formation of salt bridges with basic
residues (Lys, Arg, His) at the entrance of subdomain IB.* As
compared to Cps, the two adjacent carboxylic groups in ICps-
Cu at the C13 and C15 positions are occupied by Cu®’, which
could explain the decrease in the number of binding sites of
1Cpe-Cu.

While the intrinsic protein Trp fluorescence excited at
280 nm has been widely applied in protein research including
studies on drug binding properties of serum albumin,***" it is
important to mention that the fluorescence of HSA excited at
280 nm also contains a significant contribution from the
Tyr-263 residue. Hence to avoid uncertainty in the interpret-
ation of the binding properties of drugs/ligands with HSA, it is
often preferred to probe the protein fluorescence using
295 nm excitation, which eliminates the fluorescence of the
Tyr-263 residue to a large extent.’' In Fig. 3d, we show the
results of the fluorescence quenching of protein Trp by ICpe-
Cu, when excited at 295 nm. The values of Kgy (1.5 £ 0.2 x 106),
Ky, (3.4 + 0.3 x 10° M™") and n (1.3 + 0.1) obtained from the
Stern-Volmer plot (Fig. 3e) and the double reciprocal plot
(Fig. 3f), respectively, are similar to the values obtained with
excitation at 280 nm suggesting that ICps-Cu interacts speci-
fically with the Trp-214 residue in HSA.

1766 | Photochem. Photobiol. Sci, 2017, 16, 1762-1770

Proximity of ICps-Cu to tryptophan in HSA

The proximity of the bound ligand to the Trp in albumin
can be confirmed from fluorescence quenching occurring
due to the Forster non-radiative energy transfer (FRET)
between the donor (Trp) and the acceptor (ligand).>® The
possibility of FRET is likely when (1) there is overlap
between the fluorescence emission and the absorbance
spectrum of the donor and acceptor, respectively and (2) the
distance between the two is less than 8 nm. As can be seen
in Fig. 4a, there is considerable overlap between the absorp-
tion spectrum of ICpe-Cu (acceptor) and the fluorescence
spectrum of HSA (donor) obtained at either 280 nm or
295 nm excitation wavelengths. Therefore, the efficiency of
energy transfer, E, between the two was computed according
to the Forster non-radiative energy transfer theory using the
equation:

R (Fy—F)
E= (R06 + r6) B Fy (4)

where F and F, are the fluorescence intensities of HSA in the
presence and absence of PS and r is the distance between
the acceptor and donor.?® R, is the critical distance when the
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transfer efficiency is 50%, which is given by the following
equation:

R® = 8.8 x 107 k>N *@] (5)

where &* is the spatial orientation factor between the emission
dipole of the donor and the absorption dipole of the acceptor,
N is the refractive index of the medium and @ is the fluo-
rescence quantum yield of the donor. For the experimental
conditions used, the values of %, N, and & were taken as 0.66,
1.336 and 0.188, respectively.® J is the overlap integral of the
fluorescence emission spectrum of the donor and the absorp-
tion spectrum of the acceptor and is calculated from the
equation:

(X F(2)e(2)2*A%)
(o F(4)Ad)

where F(4) is the corrected fluorescence intensity of the donor
at wavelength 1 and ¢(4) is the molar absorption coefficient of
the acceptor at wavelength A.

With respect to the 280 nm excited fluorescence spectrum
of HSA, the values of J, R,, E and r were 2.8 x 10™'* M~ cm?,
2.9 nm, 0.40 and 3.1 nm, respectively and those with respect
to the 295 nm excited fluorescence spectrum of HSA were
3.1 x 107" M™" em?, 3.1 nm, 0.43 and 3.2 nm, respectively. In
both cases, the distance between ICps-Cu and Trp in HSA is
<8 nm, which further fulfills the 0.5R, < r < 1.5R,, criterion for a
high probability of energy transfer from a donor to acceptor.
These results together strengthen the probability of binding of
ICps-Cu close to Sudlow Site I where the Trp-214 residue is
located. This is also in agreement with previously reported
FRET distances for Cpe that binds to Sudlow Site 1.>® Here it is
important to mention that in most of the studies on tetrapyrrole
compounds including Cpe, the FRET distance is generally
calculated using a value of &* of 0.667 (2/3) considering that
the motion of both Trp-214 and the bound chlorin is not very
restricted.>® Considering an extreme value of &> of 4.0,'° which

J= (6)
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applies when the motions of the donor and acceptor are
restricted (rigid orientation) the FRET distance for ICps-Cu was
4.2 nm, which is well within the high probability of energy
transfer from a donor to acceptor. To confirm the possibility of
FRET, the fluorescence spectra of ICps-Cu (5 pM) were
recorded in the absence and in the presence of HSA (1-3 pM)
using ey at 280 nm and 295 nm. As shown in Fig. 4b and c,
the addition of 1 uM HSA led to a ~3 fold increase in the fluo-
rescence intensity of ICps-Cu. The magnitude of the effect
increased further with an increase in the concentration of
HSA. These results suggested an energetic interaction between
the excited Trp residue of HSA and the unexcited ICps-Cu.
These results thus provide evidence that the electronic exci-
tation energy of HSA was transferred to the bound ICps-Cu.

Here it is important to mention that the calculation of the
FRET efficiency and the donor-acceptor distance from the
quenching of the steady state fluorescence of HSA suffer from
the drawback of large variation particularly due to artefacts of
the inner filter effect and the uncertainty of donor-acceptor
configurations that determine the value of the orientation
factor (k*). As reported by Van de Weert et al., calculations of
the FRET efficiency from the fluorescence lifetime of HSA
provide a better approach because it does not include the
same possibility of artefacts and uncertainty of the donor-
acceptor configuration.*”

Effect of ICps-Cu on protein conformation

The binding of drugs or xenobiotics on HSA can often lead to
changes in the conformation of proteins.>*** Any change in
the conformation of a protein generally leads to a red shift in
fluorescence of the Trp and Tyr residues as the environment
around these residues becomes more polar. Results on the
quenching of protein fluorescence by ICps-Cu showed that
there is a blue shift in the fluorescence spectrum indicating
the possibility of a change in the conformation of the protein.
However, since both Trp and Tyr contribute to the fluorescence
of a protein with a 280 nm excitation, to verify any change in
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the conformation of HSA, the individual contribution of these
residues to the protein’s fluorescence was resolved by synchro-
nous fluorescence spectroscopy. In Fig. 5, we show the syn-
chronous fluorescence spectra of Trp and Tyr residues after
the addition of various concentrations of ICps-Cu in HSA. With
an increase in the concentration of ICps-Cu, the fluorescence
of both Tyr and Trp is gradually quenched but there is no
change of the peak position in the spectrum. In the plot of
F/F, versus [ICps-Cu] (Fig. 5¢), the slope of the curve obtained
for A2 = 60 nm was higher than the slope of the curve for A4 =
15 nm indicating that the quenching of Trp fluorescence is
higher than that of Tyr upon binding of ICps-Cu to HSA. These
results suggest that ICps-Cu binds close to the Trp residue and
that binding did not affect the conformation of the protein.

Effect of HSA on the stability of ICps-Cu

HSA possesses specific binding sites for transition metal ions
at the N-terminal site, which comprises the first three amino
acid sequence (Asp-Ala-His) and the sulfhydryl groups. A sec-
ondary weaker binding site (site A) for metal ions has also
been reported, which comprises the side chain carbonyl of
Asn99 of domain I, the imidazole of His247 and the carboxy-
late of Asp249, both of domain I1.*>> HSA can compete with the
ligand for metal ions and consequently can result in trans-
complexation of metal ions from the ligand to the albumin
under normal physiological conditions.***° In addition, such
interaction can affect the stability of the metal complex under
physiological conditions or lead to structural modifications
and oxidation of HSA.>**® The UV-Vis spectra of ICps-Cu is
very distinct from that of Cp,, (Fig. 1). If Cu** dissociated from
chlorin, it would result in a decrease in the Q band intensity
concomitantly with a reappearance of the band at 658 nm.
Fig. 6 shows the absorption spectra of ICps-Cu at various time
intervals after incubation with HSA in the dark. There was no
change in the absorption spectra of ICp-Cu (in both the inten-
sity and position of the Soret band and the Q band) even after
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0.4

0.3 4

0.2

Absorbance

0.1 -

0.0 e ee—
300 400 500 800 700

Wavelength (nm)

Fig. 6 Absorption spectra of 5.0 uM ICpe-Cu (red) in the presence of
5uM HSA (black) after O h (blue), 12 h (dark cyan), 24 h (magenta) and
48 h (dark yellow) of incubation in the dark.

prolonged incubation with HSA. This suggested that the inter-
action did not destabilize the metal from ICps-Cu.

Conclusions

In conclusion, the results of this study show that ICps-Cu
binds strongly with HSA and the binding did not affect the
conformation of the protein or destabilize the metal from
ICps-Cu. The pronounced quenching of Trp-214 fluorescence
and the value of the Forster distances (r) between Trp-214 and
ICps-Cu suggest that the probable binding site is the same as
that of Cps, i.e. Sudlow site I at subdomain IIA. Thus strong
binding of ICps-Cu with HSA could play an important role in
its biodistribution, bioavailability and accumulation in
tumours.

This journal is © The Royal Society of Chemistry and Owner Societies 2017



Photochemical & Photobiological Sciences

Disclosure

Alok Dube, Paromita Sarbadhikary and Pradeep Kumar Gupta
are named patent inventors for the Indian Patent Application
no. 4912/MUM/2015 titled ‘A metal complex of chlorophyll
derivative for magnetic resonance imaging and photodynamic
therapy’, filed on December 29, 2015.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

We are thankful to Dr K. Das for helping with fluorescence life-
time measurements. P. Sarbadhikary thankfully acknowledges
Homi Bhabha National Institute, Mumbai for the senior
research fellowship.

References

1 H. Abrahamse and M. R. Hamblin, New photosensitizers
for photodynamic therapy, Biochem. J., 2016, 473, 347-364.

2 P. Agostinis, K. Berg, K. A. Cengel, T. H. Foster,
A. W. Girotti, S. O. Gollnick, S. M. Hahn, M. R. Hamblin,
A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, P. Mroz,
D. Nowis, J. Piette, B. C. Wilson and J. Golab,
Photodynamic therapy of cancer: an update, CA-Cancer
J. Clin., 2011, 61, 250-281.

3 L. B. Josefsen and R. W. Boyle, Photodynamic therapy and
the development of metal-based photosensitisers,
Met.-Based Drugs, 2008, 2008, 276109.

4 J. M. Dabrowski, B. Pucelika, A. Regiel-Futyraa,
M. Brindella, O. Mazuryka, A. Kyziola, G. Stochela,
W. Macyka and L. G. Arnaut, Engineering of relevant photo-
dynamic processes through structural modifications of
metallotetrapyrrolic photosensitizers, Coord. Chem. Rev.,
2016, 325, 67-101.

5 Q. Huang, Z. Pan, P. Wang, Z. Chen, X. Zhang and H. Xu,
Zinc(u) and copper(u) complexes of p-substituted hydroxyl-
porphyrins as tumor photosensitizers, Bioorg. Med. Chem.
Lett., 2006, 16, 3030-3033.

6 V. A. Ol'shevskaya, R. G. Nikitina, A. N. Savchenko,
M. V. Malshakova, A. M. Vinogradov, G. V. Golovina,
D. V. Belykh, A. V. Kutchin, M. A. Kaplan, V. N. Kalinin,
V. A. Kuzmin and A. A. Shtil, Novel boronated chlorin
e6-based photosensitizers: Synthesis, binding to albumin
and antitumour efficacy, Bioorg. Med. Chem. Lett., 2009, 17,
1297-1306.

7 M. Obata, S. Hirohara, R. Tanaka, I. Kinoshita, K. Ohkubo,
S. Fukuzumi, M. Tanihara and S. Yano, In Vitro Heavy-
Atom Effect of Palladium(n) and Platinum(u) Complexes of
Pyrrolidine-Fused Chlorin in Photodynamic Therapy,
J. Med. Chem., 2009, 52, 2747-2753.

This journal is © The Royal Society of Chemistry and Owner Societies 2017

Paper

8 S. Fukuzumi, K. Ohkubo, X. Zheng, Y. Chen, R. K. Pandey,
R. Zhan and K. M. Kadish, Metal Bacteriochlorins Which
Act as Dual Singlet Oxygen and Superoxide Generators,
J. Phys. Chem. B, 2008, 112, 2738-2746.

9 G. Momekov, M. Karaivanova, I. Ugrinova, E. Pasheva,
G. Gencheva, D. Tsekova, S. Arpadjan and P. R. Bontchev,
In vitro pharmacological study of monomeric platinum(u)
hematoporphyrin IX complexes, Invest. New Drugs, 2011,
29, 742-751.

10 T. Gianferrara, A. Bergamo, I. Bratsos, B. Milani,
C. Spagnul, G. Sava and E. Alessio, Ruthenium-Porphyrin
Conjugates with Cytotoxic and Phototoxic Antitumor
Activity, J. Med. Chem., 2010, 53, 4678-4690.

11 P. A. Waghorn, Radiolabelled porphyrins in nuclear medi-
cine, J. Labelled Compd. Radiopharm., 2014, 57, 304-309.

12 J. A. Silvester, G. S. Timmins and M. J. Davies,
Photodynamically generated bovine serum albumin rad-
icals: evidence for damage transfer and oxidation at
cysteine and tryptophan residues, Free Radical Biol. Med.,
1998, 24, 754-766.

13 S. B. Dror, I. Bronshtein, H. Weitman, K. M. Smith,
W. G. O’Neal, P. A. Jacobi and B. Ehrenberg, The binding of
analogs of porphyrins and chlorins with elongated side
chains to albumin, Eur. Biophys. J., 2009, 38, 847-855.

14 P. Sarbadhikary, A. Dube and P. K. Gupta, Synthesis and
characterization of photodynamic activity of an iodinated
Chlorin pg copper complex, RSC Adv., 2016, 6, 75782—
75792.

15 P. Sarbadhikary and A. Dube, Iodinated chlorin p, copper
complex induces anti-proliferative effect in oral cancer cells
through elevation of intracellular reactive oxygen species,
Chem.-Biol. Interact., 2017, 277, 137-144.

16 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,
Springer, New York, USA, 1st edn, 1983.

17 F. Yuan, M. Dellian, D. Fukumura, M. Leunig, D. A. Berk,
V. P. Torchilin and R. K. Jain, Vascular permeability in a
human tumor xenograft: molecular size dependence and
cutoff size, Cancer Res., 1995, 55, 3752-3756.

18 H.-M. Ma, X. Chen, N. Zhang, Y. Y. Han, D. Wu, B. Du and
Q. Wei, Spectroscopic studies on the interaction of a water-
soluble cationic porphyrin with proteins, Spectrochim. Acta,
Part A, 2009, 72, 465-469.

19 P. P. Mishra, S. Patel and A. Datta, Effect of Increased
Hydrophobicity on the Binding of Two Model Amphiphilic
Chlorin Drugs for Photodynamic Therapy with Blood
Plasma and Its Components, J. Phys. Chem. B, 2006, 110,
21238-21244.

20 W. 1. White, in The Porphyrins physical chemistry part C,
D. Dolphin, Academic Press, inc., London, UK, 1978, ch. 7,
pp. 303-339.

21 A. M. Merlot, D. S. Kalinowski and D. R. Richardson,
Unraveling the mysteries of serum albumin—more than
just a serum protein, Front. Physiol., 2014, 5, 299.

22 K. Yamasaki, V. T. G. Chuang, T. Maruyama and M. Otagiri,
Albumin-drug interaction and its clinical implication,
Biochim. Biophys. Acta, 2013, 1830, 5435-5443.

Photochem. Photobiol. Sci., 2017, 16, 1762-1770 | 1769



Paper

23

24

25

26

27

28

29

30

31

0. K. Abou-Zied and O. I. Al-Shihi, Characterization of
Subdomain IIA Binding Site of Human Serum Albumin in
its Native, Unfolded, and Refolded States Using Small
Molecular Probes, J. Am. Chem. Soc., 2008, 130, 10793-
10801.

J. R. Lakowicz and G. Weber, Quenching of fluorescence by
oxygen. A probe for structural fluctuations in macro-
molecules, Biochemistry, 1973, 12, 4161-4170.

S. Patel and A. Datta, Steady State and Time-resolved
Fluorescence Investigation of the Specific Binding of Two
Chlorin Derivatives with Human Serum Albumin, J. Phys.
Chem. B, 2007, 111, 10557-10562.

R. Yousefi, A. Taheri-Kafrani, S. M. Nabavizadeh,
Z. Pouryasin, M. B. Shahsavani, K. Khoshaman and
M. Rashidi, The binding assessment with human serum
albumin of novel six-coordinate Pt(v) complexes, contain-
ing bidentate nitrogen donor/methyl ligands, Mol. Biol.
Res. Commun., 2015, 4, 167-179.

N. Shahabadi and M. Maghsudi, Binding studies of a new
copper(un) complex containing mixed aliphatic and aro-
matic dinitrogen ligands with bovine serum albumin using
different instrumental methods, J. Mol. Struct., 2009, 929,
193-199.

S. Patel, K. K. Sharma and A. Datta, Competitive binding of
Chlorin pes and Dansyl-l-Proline to Sudlow’s site II of
human serum albumin, Spectrochim. Acta, Part A, 2015,
138, 925-931.

H. Mojzisova, S. Bonneau, C. Vever-Bizet and D. Brault, The
pH-dependent distribution of the photosensitizer chlorin
es among plasma proteins and membranes: A physico-
chemical approach, Biochim. Biophys. Acta, 2007, 1768,
366-374.

A. B. Ghisaidoobe and S. J. Chung, Intrinsic Tryptophan
Fluorescence in the Detection and Analysis of Proteins: A
Focus on Forster Resonance Energy Transfer Techniques,
Int. J. Mol. Sci., 2014, 15, 22518-22538.

0. K. Abou-Zied, Understanding the physical and chemical
nature of the warfarin drug binding site in human serum

1770 | Photochem. Photobiol. Sci., 2017, 16, 1762-1770

32

33

34

35

36

37

38

39

Photochemical & Photobiological Sciences
albumin: experimental and theoretical studies, Curr.
Pharm. Des., 2015, 21, 1800-1816.

M. Van de Weert and L. Stella, Fluorescence quenching
and ligand binding: a critical discussion of a popular
methodology, J. Mol. Struct., 2011, 998, 144-150.

M. Fasano, S. Curry, E. Terreno, M. Galliano, G. Fanali,
P. Narciso, S. Notari and P. Ascenzi, The extraordinary
ligand binding properties of human serum albumin,
TUBMB Life, 2005, 57, 787-796.

A. Ahmed-Ouameur, S. Diamantoglou, M. R. Sedaghat-
Herati, Sh. Nafisi, R. Carpentier and H. A. Tajmir-Riahi,
The effects of drug complexation on the stability and con-
formation of human serum albumin, Cell Biochem.
Biophys., 2006, 45, 203-213.

W. Bal, M. Sokolowska, E. Kurowska and P. Faller, Binding
of transition metal ions to albumin: Sites, affinities and
rates, Biochim. Biophys. Acta, 2013, 1830, 5444-5455.

M. K. Moi, S. J. DeNardo and C. F. Meares, Stable bifunc-
tional chelates of metals used in radiotherapy, Cancer Res.,
1990, 50(Suppl. 3), 789s-793s.

V. C. da Silveira, G. F. Caramori, M. P. Abbott,
M. B. Gongalves, H. M. Petrilli and A. M. da Costa Ferreira,
Oxindole-Schiff base copper(i) complexes interactions with
human serum albumin: Spectroscopic, oxidative damage,
and computational studies, J. Inorg. Biochem., 2009, 103,
1331-1341.

M. A. A. Azzellini, M. P. Abbott, A. Machado,
M. T. M. Miranda, L. C. Garcia, G. F. Caramori,
M. B. Gongcalves, H. M. Petrilli and A. M. C. Ferreira,
Interactions of di-Imine Copper(u) Complexes with
Albumin: Competitive Equilibria, Promoted Oxidative
Damage and DFT Studies, J. Braz. Chem. Soc., 2010, 21,
1303-1317.

S. Tabassum, W. M. Al-Asbahy, M. Afzal and F. Arjmand,
Synthesis, characterization and interaction studies of
copper based drug with Human Serum Albumin (HSA):
Spectroscopic and molecular docking investigations,
J. Photochem. Photobiol., B, 2012, 114, 132-139.

This journal is © The Royal Society of Chemistry and Owner Societies 2017



(12) PATENT APPLICATION PUBLICATION (21) Application No.4912/MUM/2015 A
(19) INDIA
(22) Date of filing of Application :29/12/2015 (43) Publication Date : 12/02/2016

(54) Title of the invention : A METAL COMPLEX OF CHLOROPHYLL DERIVATIVE FOR MAGNETIC RESONANCE
IMAGING AND PHOTODYNAMIC THERAPY.

(51) International classification :CO7D | (71)Name of Applicant :
487/22] 1)THE SECRETARY, DEPARTMENT OF ATOMIC

(31) Priority Document No :NA |ENERGY
(32) Priority Date ‘NA Address of Applicant :Govt. of India, Anushakti Bhavan,
(33) Name of priority country :NA |Chatrapati Shivaji Maharaj Marg, Mumbai -400001, Maharashtra,
(86) International Application No :NA |India. Maharashtra India

Filing Date :NA |(72)Name of Inventor :
(87) International Publication No :NA 1)DUBE, Alok
(61) Patent of Addition to Application Number :NA 2)SARBADHIKARY, Paromita

Filing Date ‘NA 3)GUPTA, Pradeep Kumar
(62) Divisional to Application Number ‘NA

Filing Date ‘NA
(57) Abstract :

ABSTRACT TITLE : A METAL COMPLEX OF CHLOROPHYLL DERIVATIVE FOR MAGNETIC RESONANCE IMAGING
AND PHOTODYNAMIC THERAPY. The invention provides a water soluble halogenated metal complex of chlorophyll derivative
and process for its preparation. Advantageously, the metal complex of chlorophyll derivative contains paramagnetic metal cation and
is capable of generating singlet oxygen and other Reactive Oxygen Species (ROS) when activated by red wavelength region of visible
light and thus would have application in simultaneous Photodynamic Therapy (PDT) and Magnetic Resonance Imaging (MRI) of
tumours. Advantageously such compounds would be useful for other PDT applications, such as inactivation of viruses and bacteria in
vivo and ex-vivo. Further, the said metal complex of chlorophyll derivative would have application in tumor imaging using techniques
such as computed tomography (CT), positron emission tomography (PET), single, photon emission computed tomography (SPECT) as
well as therapy using photon activation therapy and radiotherapy.

No. of Pages : 33 No. of Claims : 16

The Patent Office Journal 12/02/2016 7079



