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SYNOPSIS
The main goal of the relativistic heavy ion collisions is to study nuclear
matter under extreme conditions of temperature and density. Lattice QCD
predicts that at sufficiently high temperature and/or nuclear density, colored
quarks and gluons, which are confined in a hadron become de-confined resulting in a new phase of matter, called the Quark Gluon Plasma (QGP). In a QGP
phase, quarks and gluons are able to move over regions larger than a hadronic
length. The QGP is believed to have existed in the early Universe, when the
universe was a few microseconds old. Understanding the properties of QGP
could provide valuable insights on the evolution of our universe. Since the
evolution of this hot and dense matter happens within few fm/c, we need different probes to investigates different phases of evolution; cold and hot nuclear
matter effects on final observed spectra of particles, initial anisotropy and its
effect on collective motion of final state particles, and so on.
Some hadronic resonance states due to their short lifetimes (∼few fm/c) are
important to investigate some properties like the time span of the hadronic
scattering medium formed in relativistic heavy-ion collisions. In particular,
the Λ(1520) (commonly known as Λ∗ ) baryonic resonance is important because its lifetime (∼12.6 fm/c) is comparable to the time scale of the hot
and dense matter produced in heavy-ion collisions. The characteristic properties such as mass, width, yield and transverse momentum spectra of Λ∗ may
be very sensitive to the dynamics and in-medium effects. Basically the decay products of Λ∗ , the protons and kaons, may undergo in-medium effects
such as re-scattering. The re-generation process (pseudo-elastic interactions;
p + K → Λ∗ → p + K) may compensate for the Λ∗ yield, lost in re-scattering,
if the system formed has a long expansion time.

xxv

Another effect on final state particle spectra in heavy ion collisions are cold
and hot nuclear matter effects. Hadron spectra in heavy ion collisions are
observed to be highly suppressed relative to those in p+p collisions. It has
been suggested that the modification in spectra of the observed particles in
the heavy ion collision have effects of cold nuclear matter before formation
of QGP which are often masked by hot and dense matter effects. In order to
account all these effects in hot and dense matter , it is absolute necessary to
fix the baseline for such observations. So the first aim of this thesis is to study
on the existence of any hadronic scattering medium that can affect Λ∗ yield in
√
p-Pb collision system at sNN = 5.02 TeV, where we do not expect any hot
nuclear matter effect. Then we calculate cold nuclear matter effect on D-meson
production in the same system using different simulation model.
In the first part of this thesis, we have studied on Λ∗ resonance in pp colli√
√
sions at s = 7 TeV and in p-Pb collisions at sNN = 5.02 TeV in the rapidity
ranges -0.5 < y < 0.5 and -0.5 < y < 0, respectively, in the center of mass
frame. The < pT > and dN/dy has been calculated in minimum bias pp and
p-Pb collisions. Also we have calculated those in four multiplicity bins in
p-Pb system; 0-20%, 20-40%, 40-60% and 60-100%. These values are com√
pared with the same results of Λ∗ in pp collisions at s = 200 GeV (PRL
97,132301(2006), STAR experiment). The ratio of Λ∗ over Λ(1115) (ground
state particle) has been calculated in all multiplicity bins in p-Pb collisions
and in minimum bias pp collisions. Published result from ALICE predicts a
hadronic scattering medium which affects more the K ∗ yield when one goes
from lower to higher multiplicity bins. However we have found that Λ∗ over
Λ ratio stays flat over all multiplicity bins in p-Pb system and matches with
the same result in pp collision. This suggests that the lifetime of the hadronic
medium in p-Pb collisions is not so long to affect the yield of Λ∗ . We have

xxvi

found that the prediction of Λ∗ /Λ from statistical hadronisation model agrees
within uncertainty with the the results from pp collision.
In the second part we have studies the cold nuclear matter effect on D√
mesons production (D0 , D+ and D∗+ ) in p-Pb collisions at sNN = 5.02 TeV using different simulation models (HIJING, AMPT, NLO (MNR) and FONLL)
and compared the results with ALICE data. We have calculated the pT -differential
production cross-section of different D-mesons using all four model in both
the said collision systems and compared with the ALICE published results.
We have found most of the model are able to explain the data within uncertainties. HIJING under-predict the cross-section in p-Pb collisions at lower
and intermediate pT regions whereas NLO over-predicts the cross-section in
higher pT end. We have calculated nuclear modification factor from all the
models and found that all the systems predicts a cold nuclear matter effect for
√
p-Pb collisions at sNN = 5.02 TeV.
In the last part of the thesis, as an application to astrophysical bodies, we
have studied the different modes of radial oscillations of compact stars by inclusion of hyperons in presence of magnetic field. Compact stars are classified
into three categories: neutron stars (NSs), quark stars (QSs) and hybrid stars
(HSs). Stars having only hadronic matter are NSs, QSs having only quark
matter up to u, d and s quarks and stars having quark core surrounded by a
mixed matter (hadronic matter and quark matter) followed by hadronic matter
are HSs. A huge magnetic field is predicted to be persisting in the core of the
neutron star and is observed in the surface of the neutron star. We have studied
the effect of such huge magnetic field in the matter inside the compact objects
basically the equation of state (EOS) of the matters. Since matter inside the
star are very dense for both hadronic and quark matter, we have considered relativistic mean field theory in the hadronic matter and simple MIT bag model

xxvii

in the quark matter in the presence of strong magnetic field. We have calculated the phase transition between hadronic and quark phases, maximum mass
and eigenfrequencies of radial pulsation of NS, HS and QS in the presence of
such a huge magnetic field. The mixed phase have been constructed by using
Glendenning conjecture in between hadron and quark phases. We have found
in the presence of magnetic field, the EOS in both matter becomes soft. As a
result, the maximum mass has reduced and the period of radial oscillation has
changed significantly and there is a sudden dip in the period of radial oscillations in the HS, which signifies the transition from one to another matter.
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1 Introduction

All known matter of the Universe today is made up of quarks and leptons,
held together by fundamental forces which are governed by the exchange of
particles known as gauge bosons. The Standard Model which is the theory of
the elementary particles and their fundamental interactions provides a remarkable insights into the fundamental structure of matter [1]. This model was
proposed by Glashow, Salam and Wienberg in 1970 [2, 3, 4] and is applicable
over a wide range of conditions in explaining experimental results with very
high precision.
In the early 1970s, Fritzsch, Gell-Mann and Leutwyler modelled the strong
interaction using a Yang-Mills gauge quantum field theory with coloured quarks
and an octet of coloured gluons [5]. In this non-abelian theory the forcemediating gluons also carry colour charge and could undergo self-interactions,
unlike in quantum electrodynamics (QED), where the photon carries no electric charge. Shortly afterwards, Gross, Wilczek and Politzer [6, 7, 8] discovered that non-abelian gauge theories have the feature of asymptotic freedom.

1.1 The Standard Model
The high-energy physics has validated the standard model and confirmed its
predictions through a large variety of experiments. The collisions between

1

1 Introduction

relativistic heavy ions allow to study the nuclear matter under the conditions
of extremely high temperature and high energy density. In these conditions,
the Standard Model predicts that the nuclear matter can undergo a new state of
matter, where the quarks and the gluons are expected to be deconfined.
Standard model depicts the elementary particles can be categorized into 6
quarks, 6 leptons, 4 gauge bosons and the recently discovered Higgs boson.
Each group of quarks and leptons can be subdivided into generations. The six
quarks are paired into three generations: the up (u) and down (d) quarks are
belong to the first generation; the charm (c) and strange (s) are from second
generation; and the top (t) and bottom (b) are the third generation. The leptons
are also arranged into three generations: the electron (e) and electron neutrino
(νe ); the muon (µ) and muon neutrino (νµ ); the tau (τ) and tau neutrino (ντ ).
Each quarks and leptons also have their corresponding anti-particle. There

Figure 1.1: (Color Online) The fundamental particles and the force-mediating bosons of Standard
Model. Data values of the figure are taken from [9]

are four fundamental forces at work in the universe namely the strong force,
the weak force, the electromagnetic force and the gravitational force. These
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fundamental forces result from the exchange of mediator particles called gauge
bosons. Each of the fundamental force has its mediator(s); the strong force
is mediated by the exchange of gluons (g), the weak force is carried by W ±
and Z 0 bosons, the photon (γ) is responsible for the electromagnetic force
and the graviton is supposed to be the corresponding carrier for gravitational
force. But the gravity does not fit comfortably into the standard model. More
importantly, the standard model also predicts the existence of Higgs boson
[10, 11] which is responsible for the generation of mass for the subatomic
particles. The ATLAS [12] and CMS [13] experiments at the CERN LHC
announced the experimental evidence of Higg like particle around the mass
region of 126 GeV. Francois Englert and Peter Higgs, for their independent
contribution to the theory of Higg’s mechanism for the generation of mass of
sub-atomic particles, were awarded with the 2013 Nobel prize.

1.2 Deconfinement in QCD
The strong force couples to the colour charge of the quarks and is the force
which keeps the quarks inside the nucleons and binds the nucleons together
inside the nuclei of atoms. The strong interaction exhibits two interesting
features: confinement and asymptotic freedom. At large distances or small
momentum (Q2 ) transfers, the coupling strength (α s ) of the strong interaction, is very large and increases as the distance between two quarks increases.
This phenomenon is called confinement and is the reason that quarks are never
found single but are instead always bound together in groups of three (baryons)
or as quark-antiquark pairs (mesons). Asymptotic freedom describes the feature that the coupling between quarks becomes small when the distances between the quarks are small i.e. when the momentum transfer is large. In other
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words, at asymptotically high energies, α s tends to zero and the quarks behave
like free particles. So the effective strength of the interaction between quarks
and gluons depends on their interaction condition.
The QCD coupling constant, α is related to the scale of momentum transfer
Q and is given by the relation [14]
α s (Q2 ) ∼

12π
(33 − 2n f )ln(Q2 /Λ2 )

(1.1)

where n f is the number of quark flavours and Λ is the scale parameter. During asymptotic freedom, the coupling constant is small, so perturbative QCD
(pQDC) is a good description for this situation. Otherwise, when distance increases a nonperturbative treatment is necessary to describe the coupling force.

1.3 QCD Phase Diagram
Thermodynamic properties of a system are expressed in terms of a phase diagram in the space of thermodynamic parameters. In QCD, a space diagram in
terms of temperature (T ) and chemical baryonic potential (µB) (or net baryon
density (ρB)) describes different thermodynamic phases. Each point on the
diagram corresponds to a stable thermodynamic state, characterized by various thermodynamic functions. Figure 1.2 shows the QCD schematic phase
diagram which depicts QCD matter at different temperatures and baryon densities. At sufficiently high temperature T > T c , a plasma state of weakly interacting, deconfined quarks and gluons (QGP) is expected to exist. The QCD
calculation on lattice at high temperature and zero baryonic density shows this
transition is a cross-over [15].
But at high ρB and at low T , if baryonic chemical potential increases beyond
a critical value, there is a possibility of formation of baryon rich quark-gluon
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Figure 1.2: (Color Online) The QCD phase diagram [16]

plasma. This phase transition may correspond to 1st order phase transition.
We may expect such plasma inside the core of neutron stars. Also at the same
condition QCD calculation suggests that the quarks form a color superconducting phase [15]. In the region when µ/3 (chemical potential for a quark)
is not much greater than mass of s quark, then Fermi momentum of s quark
(KF s ) are much smaller than Fermi momentum of u and d quarks (KFu,d ). So
Cooper pairing is effectively restricted to the two light flavors. And the pairs
condensate to from 2 flavor color superconducting (2SC) state. For larger µ,
KF s should increase up to the point where s quarks can participate in the pairing. In this case a more symmetric “color-flavor-locked” (CFL) condensate
can occur.
So by changing the temperature and baryon density, we can fetch a region
where the first order phase transition stops and as we increase temperature, we
have only a cross-over for this transition. But ALICE is doing experiments at
such a high energy that the temperature is so high and only cross-over is the
via for the hadronic matter to undergo quark degrees of freedom.
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1.4 Experimental Facilities of Hadron Colliders
The Intersecting Storage Rings (ISR) [17], a particle accelerator at CERN,
was composed of two interlaced rings with diameters of 150 metres. It was
the world’s first hadron collider, and ran from 1971 to 1984, with a maximum
center of mass energy of 62 GeV. The ISR performed the first-ever protonproton and proton-antiproton collisions. The Super Proton Synchrotron (SPS)
[18, 19] is a particle accelerator at CERN having a circular tunnel of 6.9 kilometres (4.3 miles) in circumference. SPS can accelerate proton beam up to
450 GeV energy. It takes particles from the Proton Synchrotron and accelerates them to provide beams for the Large Hadron Collider, the NA61 and NA62
experiments, the COMPASS experiment and the CNGS project. W and Z boson particles were discovered by SPS in 1983 when the collider was running
proton and antiproton. The Tevatron [20] which is a circular particle accelerator at the Fermi National Accelerator Laboratory (Fermilab) was the second
most powerful accelerator. It was able to accelerate proton beam close to 1
TeV. The Relativistic Heavy Ion Collider (RHIC) [21], at Brookhaven National
Laboratory (New York), is the one out of two heavy-ion colliders, and the only
spin-polarized proton collider. It can collide heavy ion (Au) from 7.7 GeV to
200 GeV center of mass energy. RHIC can collide different types of particles
like; d-Au, Cu-Cu, Cu-Au, Au-Au, U-U (63Cu29+ ,197 Au79+ ,238 U 92+ ). There
are mainly four experiments associated with RHIC: STAR (the Solenoidal
Tracker At RHIC), PHENIX (Pioneering High Energy Nuclear Interaction eXperiment), BRAHMS (Broad RAnge Hadron Magnetic Spectrometers), PHOBOS. The evidence of RHIC experiments shows the existence of quark-gluon
plasma. Their beam energy scan programme focus on the search of QCD critical point. The spin physics at RHIC works on missing proton spin by colliding
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high energy beams of polarized protons.
The Large Hadron Collider (LHC) [22] is the world’s largest and the most
powerful particle accelerator which is 175 metres beneath the Franco-Swiss
border near Geneva, Switzerland. Its inception was on 10th September 2008.
The LHC consists of a 27 kilometre ring of superconducting magnets. Thousands of magnets of different varieties and sizes are used to direct the beams
around the accelerator. These include 1232 dipole magnets 15 metres in length
which bend the beams, and 392 quadrupole magnets, each 5–7 metres long,
which focus the beams. Just prior to collision, another type of magnet is used
to ”squeeze” the particles closer together to increase the chances of collisions.
The beams inside the ring can collide at four locations where four particle
detectors are placed: They are ATLAS ( A Toroidal LHC ApparatuS), CMS (
Compact Muon Solenoid), LHCb (LHC-beauty) and ALICE (A Large Ion Collider Experiment). It allows physicists to test predictions from standard model,
supersymmetric theories. The ATLAS and CMS experiments have presented
their results on the mass of the Higg’s boson on 2013. LHC has facility to collide pp, p-Pb and Pb-Pb (208 Pb82 ) at center of mass energy of the order of TeV.
Recently in 2015, it has enhanced its proton beam energy up to 6500 GeV. This
thesis is partly based on the ALICE data at the LHC. ALICE is mainly focusing on the physics of strongly interacting matter at extreme energy densities.
The Quark-Gluon Plasma (QGP) and its evolution properties are necessary to
understand QCD phase transition and color confinement. ALICE data for Pb√
Pb collisions at sNN = 2.76 TeV shows a strong evidence for the formation
of QGP.
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1.5 Experimental Observables for QGP
Since the hot and dense medium created in nucleus-nucleus collisions is extremely short-lived and only the final-state particles are measured in the detectors, so from final-state observables one extrapolate backwards to characterize
the properties of the system at early times. The nature of the final-state of relativistic nucleus-nucleus collisions with their large particle multiplicities and
variety of species of produced particles leads to a large range of experimental
observables which can be used to probe and characterize the properties of the
produced system. Many signatures of QGP formation and associated characteristics of the medium have been proposed ([23, 24]). For example, proposed
signatures of deconfinement include suppression of charmonium production
[25] and enhanced production of multi-strange particles [26] whereas modifications of meson masses has been predicted to be a signature of chiral symmetry restoration [27]. The properties of the hard/heavy probes may be modified
by medium effects, for example, high-pT partons (jets) lose energy as they traverse the dense medium, and measurements of the jet observables (after the
parton fragments) may provide information on the medium density (i.e. gluon
density). A selection of bulk observables and what information they can provide about the properties of the medium created in ultra-relativistic heavy-ion
collisions are discussed in the following sections.

1.5.1 Particle Yields and Transverse Momentum Spectra

From nucleus-nucleus collisions, the yields and transverse momentum spectra
for various particle species have been measured. Particle yields can provide
information about the system from the time of chemical freeze-out when the
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Figure 1.3: (Color Online) Ratios of the mid-rapidity pT -integrated yields for different hadron species
√
measured by the STAR experiment for Au+Au collisions at sNN = 200 GeV (circles).
The horizontal lines represent statistical model fits to the measured particle yield ratios.
The inset shows the extracted variation of γS as a function of centrality. Plot taken from
[31].

inelastic collisions cease and the chemical abundances become fixed. Statistical Thermal Models ([28, 29, 30]), have been very successful in describing the
particle ratios observed at RHIC and LHC using only a few model parameters
(i.e. chemical freeze-out temperature T ch , baryon and strangeness chemical
potentials µB and µS and strangeness suppression factor γ s ) extracted from
fitting to particle yield ratio data. Comparison of statistical model results to
data from the STAR and ALICE experiment are presented in Fig. 1.3 and 1.4
[31, 37]. The Fig. 1.3 shows the integrated pT yield ratios measured by the
√
STAR experiment in Au+Au collisions at sNN = 200 GeV. The solid horizontal lines show the statistical model fits to the particle ratios [33] using only
3 parameters (T ch = 163 ± 4 MeV, µB = 24 ± 4 MeV, γS = 0.99 ± 0.07). These
values are similar to values obtained using different variations of the statistical
model [34, 35] for RHIC data. The inset in the figure is the evolution of the
strangeness suppression factor γS which is a measure of how far the system
is from chemical equilibrium. For the most central collisions, the γS value
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Figure 1.4: (Color Online) Fit of the hadron yields measured in ALICE with statistical hadronization
model [37]. The K ∗0 is not included in fit.

obtained from the statistical model fits is consistent with unity, providing a
strong argument in favour of the system, which is created in central collisions
at RHIC, being in chemical equilibrium.
The Fig. 1.4 describes the comparison of hadron yields measured in central
√
Pb-Pb collisions at sNN = 2.76 TeV with statistical thermal model.
Measurements of particle transverse momentum distributions provide information on the properties of the system at thermal or kinetic freeze-out when
all elastic collisions have ceased. The idea of a common collective outward
expansion velocity βT of particles in the system is consistent with the observations that the hpT i of heavier particles is larger than for lighter particles (i.e. for
the same outward velocity, more massive particles will have a larger momentum) and that hpT i increases as a function of centrality [31, 36]. The particle
pT spectra can be fitted with a Blast-Wave function [39] inspired from hydrodynamic models. The Fig. 1.5 shows T kin vs βT extracted by the simultaneous
fit to the pion, kaon and proton spectra in ALICE from Pb-Pb collisions at
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Figure 1.5: T kin vs. βT extracted by a simultaneous fit to the pion, kaon and proton spectra, measured
in ALICE and STAR experiment, to a Blast Wave function. [37, 38]

√

sNN = 2.76 TeV [37] and in STAR from Au-Au collisions at

√

sNN = 200

GeV [38]. This shows that the system created in central collisions expands
faster than peripheral collisions and freezes out at lower temperature.

1.5.2 Nuclear Modification Factor

Hadron spectra in AA collisions can be a tool for the study of properties of the
dense medium created in the collisions and particle production mechanisms in
different pT ranges. The effects of the medium on particle production can be
studied by comparing particle spectra from central AA collisions to the spectra
from pp collisions. The nuclear modification factor RAA , for a given particle,
is the ratio of the pT distribution of the particle in AA collisions (for a given
centrality) scaled by the number of binary collisions , Nbin , appropriate for
the centrality, divided by the pT spectrum of the corresponding particle in pp
collisions:

1 d2 N AA /d pT dη
RAA (pT ) =
,
T AA d2 σNN /d pT dη

(1.2)
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Figure 1.6: The left plot shows RAA and right plot shows RCP for charged hadrons for different cen-

√
tralities measured by STAR collaboration for Au-Au collisions at sNN = 200 GeV. The
shaded bands indicate the systematic uncertainty related to the number of participant and
number of binary collision scaling calculations. [42]

NN
where T AA = hNbin i/σinel
is average nuclear thickness function, hNbin i is the

average number of binary NN collisions calculated using MC Glauber simuNN
lations and σinel
is the inelastic pp cross-section. Respecting RAA , comparison

can be made of the yields in central AA collisions to those in peripheral collisions to quantify the differences between the systems created in collisions with
different centralities:
RCP (pT ) =

d2 N AA /d pT dη|central hNbin i| peripheral
d2 N AA /d pT dη| peripheral hNbin i|central

(1.3)

RAA and RCP should be equal to unity if particle production in AA collisions
scale with the number of binary collisions. However, for intermediate to high
pT , there is a suppression of particle production in central to mid-central AA
collisions when compared to pp collisions and in central AA collisions when
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Figure 1.7: (Color Online) Nuclear modification factor in Pb-Pb at
sions at

√

sNN = 5.02 TeV.[43, 44]

√

sNN = 2.76 TeV and p-Pb colli-

compared to peripheral AA collisions [31, 36, 40, 41].
The STAR experimental results are shown in Fig.1.6 [42]. Fig.1.7 shows
a comparison of RPbPb of charged hadrons in different centralities in Pb-Pb
√
collisions at sNN = 2.76 TeV [43], and also the figure shows R pPb in p-Pb
√
collisions at sNN = 5.02 TeV [44] which is close to unit above pT > 2GeV/c.
RPbPb in Pb-Pb collisions emphasizes the observation are due to final state
effects and due to formation of a hot and dense medium in the collisions.

1.5.3 Strangeness Enhancement

A long standing prediction for a signature of QGP formation is the enhancement of strange hadrons. The production channels for s s̄ pair formation in the
QGP is high because of high gluon density, gluon fusion and annihilation of
light quark pairs than pp interactions where QGP is not expected to be formed.
The production of strange hadrons relative to nonstrange hadrons is suppressed
in hadronic reactions when one go from SPS [45] to RHIC [46] to LHC [47]
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Figure 1.8: (Color Online) Strangeness enhancement for multi-strange hadrons measured in SPS[45]
(on right plot shown by faint open markers), RHIC[46] (on right plot shown by dark open
markers) and LHC [47] energies (on both plots shown by solid markers). Blue, red and
black markers are for Ω, Ξ and Λ, respectively.

energies and this happens for all the multi-strange species.
The Fig. 1.8 shows the strangeness enhancement plot for multi-strange
√
hadrons in Pb−Pb collisions at sNN = 2.76 TeV measured in ALICE and
it is compared with the results from lower energy experiments.
1.5.4 Anisotropic Flow

Due to asymmetry in the overlap region, looks like an almond shape, during non-central heavy ion collisions, the interactions among constituents of
the system generate a pressure gradient which is larger along the short axis
than along the long axis of the almond-shaped collision region. Therefore,
the initial spatial anisotropy causes the nuclear matter to also have a momentum anisotropy. Consequently, the azimuthal distribution of produced particles
carry the information about the pressure of the nuclear matter produced in the
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Figure 1.9: (Color Online) v2 , v3 and v4 coefficients measured for charged particles as a function
of pT for various centrality classes [50]. The dashed line represents the WHDG model
calculations for neutral pions v2 [51] extrapolated to the LHC collision energy. For clarity,
the markers for v3 and v4/ψ2 results are slightly shifted along the horizontal axis. Error bars
(shaded boxes) represent the statistical (systematic) uncertainties.

early stage of the heavy ion collisions [48]. The azimuthal distribution of produced particles can be expanded in terms of Fourier series [49];
∞

X
dN
∝1+
vn cos[n(φ − ψn )]
dφ
n=1

(1.4)

where φ is the azimuthal angle of the particle, ψn is the reaction plane angle and vn is the nth harmonic coefficient. The first harmonic coefficient, v1 ,
is called the directed flow and the second harmonic coefficient, v2 , is called
the elliptic flow. The elliptic flow magnitude was measured in RHIC, where
v2 reaches a value compatible with the one predicted by hydrodynamics for
a “perfect fluid”, that is a fluid without internal friction and vanishing shear
viscosity [52]. At LHC, the elliptic flow has been studies by ALICE [53] as
function of centrality and found to reach its maximum between 30% and 50%
centrality, where the asymmetry of the collision is more enhanced. In comparison to RHIC, the integrated v2 of charged particles increases by about 30%,
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indicating that the hot and dense matter created at LHC still behaves like a
fluid with almost zero viscosity. Besides v2 , ALICE has measured triangular, v3 , and quadrangular, v4 , azimuthal anisotropic flow with respect to both
second and fourth order event planes, v4/ψ2 and v4/ψ4 [53, 54]
1.5.5 Heavy Flavour

Heavy quarks are produced in the early stage of the AA collisions. Thus, heavy
quarks experience the full evolution of the system and can be studied to investigate the properties of the medium. In particular, they are expected to lose energy interacting with the constituents of the medium, while their multiplicity
is not expected to change. The energy lost by a particle in the medium (∆E)
depends on the characteristics of the particle traversing it (energy, mass and
colour charge) and provides fundamental information on the plasma properties, like the gluon density, particle-medium interaction coupling, temperature
and thickness. Through the measurement of charm and beauty meson production at low and high momentum, it is also possible to investigate whether
the hadronization mechanism happens in the medium or via fragmentation in
the vacuum, respectively. Hadronization via recombination in the medium
would occur if a quark and an antiquark (or three quarks) are close themselves
in the phase space combine together to form a meson (or a baryon). In this
case the momentum of the hadron is equal to the sum of the momenta of the
original quarks [55]. Instead, in case of hadronization via fragmentation of
a high-momentum parton in the vacuum, the hadron carries a fraction of the
original momentum of the parton. A possible hadronization via recombination
of the charm quark with the partons in the medium would affect the D+s meson
production: the medium created in heavy-ion collisions presents an enhanced
multiplicity of strange quarks [56], and if c quarks recombine in the medium,
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an enhancement of D+s /D with respect to pp collisions is expected [57, 58].
Recombination can also be responsible of an enhanced charmed baryon (e.g.
λ+c ) production relative to D mesons.

1.6 Resonance Production and In-Medium Effects
Strongly decaying particles have life-times (τ) about 10−23 s (about the time
a light signal takes to cross a proton) and such particles are called resonances
[59]. Resonances’ decay lengths are in the scale of few fermi. Their widths (Γ)
and life-times obey the uncertainty principle Γ × τ = ~c. A typical resonance is
the Λ(1520) baryon resonance (commonly known as Λ∗ ) which has a life-time
of 12.6 fm/c and width of 15.7 MeV/c2 [60]. Some resonances are excited
states of corresponding stable particles, like Λ∗ is the excited state of Λ(1115).
1.6.1 History on Resonances

In 1960, Luis W. Alvarez, et al, announced the discovery of the first resonance
Σ∗ (1385) at the Rochester High Energy Physics Conference. In K − + p →
Λ + π+ + π− experiments, they had shown that the π± recoiled against a combination of Λ + π± had a unique mass and broadened by the effects of the
uncertainty principle. The mass of the Λπ combination was calculable as 1385
MeV and the isospin as 1. In the same year the K ∗ (890) and Λ(1405) were
discovered. Soon after that, the ρ, ω and η vector meson resonances were discovered. In 1962, the Ξ∗ (1530) resonance was discovered and reported. By the
year 1967, around 1411 resonances had been discovered [61]. Now-a-days,
relativistic heavy ion collisions experiments use resonances as tool to study
various properties of the hot and dense nuclear matter under extreme conditions. The table 1.1 reports most of the resonances [62] people are measuring
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and/or have measured in AA, pp and pA collisions.
Resonances
ρ0 (770)
K ∗0 (892)
f0 (980)
φ(1020)
∆(1232)
Σ∗0 (1385)
Λ(1520)
Ξ∗0 (1530)

Decay Channel Branching Ratio Width (MeV/c2 )
π+ π−
∼100%
149.1
Kπ
∼100%
47.4
π+ π−
dominant
40-100
K+K−
48.9%
4.266
pπ
>99%
∼120
Λπ
87%
36
pK
22.5%
15.7
Ξπ
∼100%
9.1

Decay Length (fm)
1.3
4.2
2-5
46
∼1.6
5.5
12.7
22

Table 1.1: List of resonances with their hadronic (dominant) decay channel, branching ratio, decay
width and decay length. [62]

1.6.2 Resonance In-Medium Effects

Resonances with extremely short life-times can decay inside the medium before all the in-medium effects cease. Thus by measuring resonance production,
one can access information about how the resonances encounter the hot-dense
medium. In the case of the ρ resonance, it can scatter with a π in the medium
to temporarily form a resonance state. After the resonance state decays back
to a ρ and a π, the ρ properties might have been modified by this t-channel
interactions. It was predicted that in the hot-dense medium, a downward mass
shift for the ρ and K ∗ resonance and a upward mass shift for the ∆ resonance
can be expected [63]. Thus a systematic measurement of various types of resonances, such as ρ(770), K ∗ (892), ∆(1232), etc., and their properties in the
hot-dense matter, such as masses, widths and line shapes in relativistic heavy
ion collisions is needed to study the hadrons’ in-medium effects.
1.6.3 Re-scattering Effect and Re-generation Effect

The resonances can be produced during hadronization of the evolving fireball
produced in heavy-ion collisions. Their short lifetimes make it possible for
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the resonances’ decayed daughters to undergo a period of re-interaction in the
hadron gas phase [64, 65, 66, 67]. A fraction of the resonances may decay
before the kinetic freeze-out stage and their hadronic decay daughter particles might be re-scattered by other particles in the hadron gas. This is called
the resonance daughter particles’ re-scattering effect. This leads to loss of
the resonance yields. Further the hadrons in the medium can scatter pseudoelastically and re-generate some resonances in the medium. This is called
the re-generation effect, and this effect can increase the resonance yield. The
schematic diagram of these process are shown in the Fig. 1.10.

Figure 1.10: (Color Online) Schematic diagram of re-scattering and re-generation of resonances (here
Λ∗ ) during hadronic scattering medium in heavy ion collision.

The fraction of the resonance yields destroyed by its daughter particles’ rescattering effect depends on the resonance life-time, its daughter particle’s interaction cross sections with the hadrons in the medium, the time scale between the chemical and kinetic freeze-outs and the density of the medium. The
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amount of the resonance signals which can be produced by the re-generation
effect depends on the interaction cross sections for hadrons to produce the resonance, the time scale allowed for this re-generation effect and the medium
density. Due the resonance daughter particles’ re-scattering effect and the regeneration effect, resonances are useful tools to probe the fireball evolution
properties between chemical and kinetic freeze-outs, and the time scale between the two freeze-outs [64, 68, 69, 70, 71].

1.7 Heavy-Flavour Production in p-Pb Collisions
For hard processes, such as heavy-flavour production, in the absence of nuclear and medium effects, a proton-nucleus, pA, collision would behave as
a superposition of independent nucleon-nucleon (NN) collisions. The charm
and beauty differential yields would then scale from pp to pA proportionally
to the average number collisions (hNcolli) of inelastic NN collisions (binary
scaling):
HQ
d2 N pA

d pT dy

= hNcoll

HQ
d2 N pp
pA i ×
d pT dy

(1.5)

Initial-state effects, such as the modification of the parton distribution functions in the nucleus, can determine a deviation from binary scaling. Partons
can also suffer initial state radiation or experience momentum broadening due
to multiple soft scattering before the hard process. These effects are addressed
by comparing the charm production in p-Pb to that in pp collisions.
1.7.1 Initial-State Effects and the Role of p-A Collisions

The colliding nuclei behave as a mere incoherent superposition of their constituent nucleons. In the initial state, the nuclear environment affects the quark
and gluon distribution, which are modified in bound nucleons depending on
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the partons fractional momentum x and the atomic mass number A. The bound
nucleon PDFs fiA (x, Q2 ) for each parton flavour “i” are usually expressed by
fiA (x, Q2 ) ≡ RiA (x, Q2 ) fiN (x, Q2 ) ,

(1.6)

where RiA (x, Q2 ) denotes the nuclear modification to the free nucleon PDF
fiN (x, Q2 ). Experiments of deep inelastic scattering (DIS) with nuclei have
measured overall nuclear effect on the quark structure function in full x region
[72, 73] is shown in Fig. 1.11. The figure illustrates different effects; shadow-

Figure 1.11: Schematic diagram of the nuclear modification of bound nucleons.[72, 73]

ing in the small x region (x < 0.05), anti-shadowing in the moderate values of
x (0.05 < x < 0.3), EMC effect in the region 0.3 < x < 0.7 and Fermi motion
when x → 1. A direct consequence of shadowing is the reduction of hardscattering cross sections in the phase-space region characterised by small x
incoming partons, hence, at mid-rapidity, low-pT outgoing partons. The measurement of the nuclear modification factor of the D meson pT distribution in
p-Pb collisions at the LHC energy is a sensitive tool to probe nuclear PDFs.
Partons can also lose energy in the initial stages of the collision via initial state
radiation, thus modifying the centre-of-mass energy of the partonic system, or
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experience transverse momentum broadening due to multiple soft collisions
before the cc̄ pair is produced. This effect is know as Cronin effect and It was
first observed in 1987 [74].

1.8 Phase Transition in Compact Stars
1.8.1 Compact Stars

Compact stars, i.e. white dwarfs and neutron stars, are the final stages in the
evolution of ordinary stars. After hydrogen and helium burning, the helium
reservoir in the star’s core is burned up to carbon and oxygen. The nuclear
processes in the core will stop and the star’s temperature will decrease. Consequently, the star shrinks and the pressure in the core increases. As long as
the star’s mass is above a certain value, it will be able to initialise new fusion
processes to heavier elements. The smaller the mass, the more the core has
to be contracted to produce the required heat for the next burning process to
start. If the star’s initial mass is below eight solar masses, the gravitational
pressure is too weak to reach the required density and temperature to initialize
carbon fusion. Due to the high core temperature, the outer regions of the star
swell and are blown away by stellar winds. What remains is a compact core
mainly composed of carbon and oxygen. The interior consists of a degenerate
electron gas which is responsible for the intrinsic high pressure. The compact
remnant starts to emit its thermal energy and a white dwarf is born. As there
are no fusion processes taking place in the interior of the white dwarf, electron
degeneracy force, other than thermal pressure, is needed to keep the star in
hydrostatic equilibrium.
If the initial mass of an ordinary star exceeds eight solar masses, carbon and
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oxygen burning starts in the core. As long as they produce the required temperature to keep the star in hydrostatic equilibrium, new burning processes to
heavier elements will take place in the core while the fusion of lighter elements
will continue in the outer shells. Once iron is produced in the core, there is no
burning process left to generate energy as the fusion to heavier elements requires energy to be put in. So the mass of the iron core increases while its
radius decreases as there is less thermal pressure to work against gravity. At
some critical mass, the iron core collapses. The density increases so much that
the electrons are captured by nuclei and combine with protons to form neutrons. Therefore, the atomic nuclei become more and more neutron-rich with
increasing density. At some critical density, the nuclei are not able to bind
all the neutrons anymore, neutrons start to drop out and form a neutron liquid
which surrounds the atomic nuclei. For even larger density, there will be just
a dense and incompressible core of neutrons with a small fraction of electrons
and protons. Neutrons in neutron stars are then degenerate like electrons in
white dwarfs. The radii of neutron stars are typically 10 km.
1.8.2 Phase Transition in Compact Stars

The heavy ion experiments at RHIC, LHC and FAIR are designed to study
strongly interacting matter under extreme conditions of high temperature and/or
high baryon density. These experiments are also expected to shed light on
the properties of a new phase of strongly interacting matter, the Quark Gluon
Plasma (QGP) and on the nature of the deconfinement phase transition. On the
other hand, compact stars, due to their large central densities, serve as a natural laboratory to study the properties of the strongly interacting matter at high
densities and small temperature, in particular, the possibility of a deconfining
phase transition and this phase transition is shown in Fig. 1.2.
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A compact star is build up of cold and dense matter, classified in the following. If it is composed of nuclear matter or deconfined quark matter it is called a
neutron star or quark star, respectively. Furthermore it may simultaneously be
composed of both confined and deconfined quarks, in which case it is a hybrid
star. As we expect the density in the interior to be larger than at the surface, a
hybrid star consists of a quark core and a nuclear mantle.

1.9 About the Thesis
The chapter 1 and chapter 2 are the introduction of the thesis and about the ALICE detector system, respectively. The thesis includes the study on Λ(1520)
√
in pp and p-Pb collisions at sNN = 7 TeV and 5.02 TeV, respectively. The
main objective of the study is to see any hadronic scattering medium effect on
√
Λ(1520) resonance production in p-Pb collisions at sNN = 5.02 TeV. Also
the thesis give the measurement of yield and mean transverse momentum of
the resonance in the said collision systems at the LHC energies. This part is
covered by chapter 3. The thesis also contains a comparative study on cold
√
nuclear matter effect in p-Pb collisions at sNN = 5.02 TeV using four simulation models. Our aim is to see how the cold matter effect is implemented
in models and how they are able explain the published result of ALICE. For
this, we have studied the cold nuclear matter effect on D mesons. We have also
measured the pT -differential cross-section of D mesons in pp and p-Pb colli√
sions at sNN = 7 TeV and 5.02 TeV, respectively, from different models and
compared with the published results from ALICE. Chapter 4 covers this study.
On the above part we have studied a system where we are not expecting formation of any QGP. Complementing the above part, we also have studied the
phase transition in astronomical objects. There we have calculate the different
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mode of frequencies in neutron stars, quark stars and hybrid stars. Our aim is
to show how the frequencies behaves in the presence of phase transition and
what is the effect of magnetic field on equation of state of different compact
stars. Chapter 5 describes about this study. Finally, conclusion of the thesis is
given in chapter 6.
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the LHC

A Large Ion Collider Experiment (ALICE) has been collecting data from November 2009. In the first phase of data taking, Large Hadron Collider (LHC) suc√
cessfully ran pp collisions at s = 0.9, 2.76, 7 and 8 TeV, Pb-Pb collisions at
√
√
sNN = 2.76 TeV and 5.02 TeV, and finally p-Pb collisions at sNN = 5.02
√
TeV and 8 TeV. In phase 2, LHC is producing pp collisions at s = 13 TeV
√
and Pb-Pb collisions at sNN = 5 TeV. ALICE has been designed and optimized to study the high particle-multiplicity environment of ultra-relativistic
heavy-ion collisions.

2.1 The Large Hadron Collider
The Large Hadron Collider [75, 76, 77] is a two concentric superconducting
rings hadron accelerator and collider installed in the 27 km tunnel. The CERN
accelerator complex combines LHC together with the Proton Synchrotron (PS)[78]
and Super Proton Synchrotron (SPS)[19], among the others shown in fig. 2.1.
Four main experiments, namely, ATLAS[79] (A Toroidal LHC ApparatuS),
CMS[80] (Compact Muon Solenoid), ALICE[122] (A Large Ion Collider Experiment) and LHCb[82] (LHC Beauty). ATLAS and CMS, the bigger ones,
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are multi-purpose detectors built to discover the Higgs boson and hints of new
physics beyond the Standard Model. LHCb is dedicated to the physics of the
flavour, focusing on the study CP-violation using B meson decay channels.
ALICE is dedicated to the physics of Quark Gluon Plasma through the observation of high-energy heavy-ion collisions.

Figure 2.1: (Color online) CERN accelerator complex at the LHC [83]

√
The LHC was initially designed to provide pp collisions at the energy of s
√
= 14 TeV and Pb-Pb collisions at sNN = 5.5 TeV. However, after the technical
incident of 2008 [84] due to the quenching of a magnet in 2010 and 2011 [85],
√
√
the LHC ran for pp collisions at s = 7 TeV and Pb-Pb collisions at sNN
= 2.76 TeV. Later in 2012 it has increased its energy, so that it has produced
√
√
pp collisions at s = 8 TeV and p-Pb collisions at sNN = 5.02 TeV. After
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two years of maintenance and upgrading, in May 2015, it again started with a
significant increased energy of 13 TeV pp collisions
Besides energy, one most important accelerator parameter is the instantaneous (often the peak value within a fill) luminosity, L, which is the proportionality factor between the event rate R and the interaction cross-section of
the process under study (σint ):
R = Lσint

(2.1)

The instantaneous luminosity depends only on the colliding beam parameters
at the interaction point and can be determined as
Nb2 nb f γ
L=
F
4πεn β∗

(2.2)

where Nb is the number of particles per bunch, nb is the number of bunches
per beam, f is the revolution frequency, γ is the relativistic gamma factor, εn is
the normalized transverse beam emittance, β∗ is the amplitude function at the
interaction point (IP), F is the geometrical reduction factor that accounts for
the crossing angle at the IP. It is worthy to remind that the transverse emittance
and the amplitude function are related to the bunch cross-sectional size (σL )
by the relation:
σ2L =

1
βε
π

(2.3)

The transverse emittance gives how successful is the process of “packing”
protons into bunches during the injector chain. A low emittance particle beam
shows that the particles are confined to a small distance and have nearly the
same momentum. This is important to keep the particle beam confined in
their orbit all along the beam transport and accelerating chain. The β function is determined precisely by the quadrupole focusing strength of magnetic
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configuration. If the amplitude is small, the beam is squeezed. The value of
the amplitude function at the interaction point, referred to as β∗ , is the most
significant. In order to achieve higher luminosity, it is important to keep the
emittance low and β∗ small, depending on the capability of the beam-focusing
hardware near the interaction point. Moreover, in order to have β∗ small at the
interaction point, β is kept at larger values along the orbit. Since the emittance
depends on the beam momentum during the acceleration, the normalised emittance, εn = γβε, which does not vary during the acceleration is most commonly
considered, as in equation 2.2. If the particles in each bunch are assumed to be
distributed in the three spatial directions according to Gaussian distributions;
in transverse direction the standard deviation of a bunch is σ xy , and σz is the
standard deviation in longitudinal direction w.r.t. beam pipe, then the F factor
can be obtained from the total crossing angle at the IP, θc , as

 θ σ 2 −1/2
c z
F = 1+
.
2σ∗xy

(2.4)

The maximum number of particles per bunch is limited to Nb = 1.15×1011 . The
number of bunches per beam may vary according to the definition of different
filling schemes during the machine operations. The beam parameters, ε and β∗
in particular, have been optimized in order to tune the luminosity in different
interaction points depending on capability of the installed experiments at those
points. ATLAS and CMS are the two highest luminosity experiments, which
can run at a peak luminosity of the order of L ∼1033 cm−2 s−1 while LHCb can
run at the design luminosity value of L ∼1032 cm−2 s−1 . In order to avoid pile-up
in the main tracker detector, the maximum luminosity sustainable by ALICE
in pp collisions is limited to the value L ∼1030 cm−2 s−1 .
The proton source is a simple bottle of hydrogen gas. An electric field is
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used to strip hydrogen nuclei from their electrons to yield protons. The Linear
Accelerator 2 (Linac2) is the first accelerator in the chain where the protons
get accelerated to the energy of 50 MeV. The beam is then injected into the
Proton Synchrotron Booster (PSB), which accelerates the protons to 1.4 GeV.
Here a multiple splitting technique is used to generate the bunch trains. Then
the Proton Synchrotron (PS) pushes the beam to 25 GeV. Protons are then sent
to the Super Proton Synchrotron (SPS) where they are accelerated to 450 GeV
and then they are injected at the threshold energy into the LHC. The protons
are finally transferred to the two beam pipes of the LHC. After the injection of
all bunches from the SPS to the LHC is completed, the energy ramp up procedure starts and accelerates the beams to the desired energy level. The beam
in one pipe circulates clockwise while the beam in the other pipe circulates
anticlockwise. It takes 4 minutes and 20 seconds to fill each LHC ring, and
20 minutes for the protons to reach the energy of 4 TeV. The LHC RF cavities
operate at 40 MHz. In the ultimate LHC filling pattern, each of the available
bunch slots is split in 10 buckets, each of them being 2.5 ns long. But only
one out of 10 is filled with a bunch, so the minimum bunch separation is 25
ns. In the injection scheme there can be maximum 2808 number of bunches
that can be arranged in the 3564 available 25 ns slots of the LHC. However,
the empty buckets can in fact contain small amount of particles, which are
called “satellite” or “ghost” bunches. Protons are not the only particles accelerated in the LHC. The first collisions between stable beams of lead took place
on the November 2010 [86]. Lead ions for the LHC start from a source of
heated (5000 C) lead cylinder. The vaporised and partially ionised lead atoms
enter Linac 3 in order to be completely stripped off the remaining electrons.
Lead ions (82+82 ) are then collected and accelerated in the Low Energy Ion
Ring (LEIR). After that they follow the same route to maximum energy as the
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protons. The nominal luminosity of lead ion beam is L ∼1027 cm−2 s−1 .

2.1.1 ALICE at the LHC

ALICE [87, 88], located at Point 2 on the LHC, is designed as a general purpose heavy-ion detector with the goal of enabling a deeper understanding of
the strong QCD sector of the Standard Model. It surveys the extreme states of
matter created in heavy-ion collisions. A main purpose of heavy-ion experiments is the extraction of the physics, originating from the quark gluon plasma
phase and from the follow-up phases of a hot hadronic gas. For that purpose,
dedicated detectors with well developed particle identification (PID) capabilities and very precise low pT tracking are needed. The ALICE detector is,
therefore, designed to measure charged-particle densities up to dN/dy ≈ 8000.
The schematic diagram of the detector is shown in the Fig. 2.2. ALICE has
measured proton-proton collisions to study QCD in the absence of a strongly
interacting medium. These measurements provide a baseline for heavy-ion
collisions. In this context, an even more important baseline is given by the
study of proton-lead collision system. This system should provide insights
into cold nuclear matter effects, without a phase transition to the QGP. Hence,
it will help to disentangle hot and cold medium effects in heavy-ion collisions.

2.2 The ALICE Detector
The ALICE setup can be divided into two independent groups of detectors.
The first set is located inside the central barrel, enclosed in the L3 solenoid
magnet which provides a 0.5 Tesla magnetic field. The central barrel detectors include the Inner Tracking System (ITS), the Time Projection Chamber
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Figure 2.2: (Color online) Schematic diagram of the ALICE detector. [87]

(TPC), the Transition Radiation Detector (TRD), the Time Of Flight (TOF),
the High Momentum Particle Identification Detector (HMPID), the ElectroMagnetic Calorimeter (EMCal) and the PHOton Spectrometer (PHOS). Other
small angle detectors are the Zero-Degree Calorimeters (ZDC), the Photon
Multiplicity Detector (PMD), Forward Multiplicity Detector (FMD), the T0
and the V0 detectors. The forward muon arm consists of a complex arrangement of absorbers, a large dipole magnet (with field 0.67 T) and fourteen
planes of tracking and triggering chambers. An array of scintillators called Alice COsmic Ray DEtector (ACORDE) is located on top of the ALICE solenoid
magnet. A summary of all the sub-detectors is given in Table 2.1.

33

2 A Large Ion Collider Experiment at the LHC
Detectors
SPD (layer 1, 2)
SDD (layer 3, 4)
SSD (layer 5, 6)
TPC

Position (m)
0.039, 0.076
0.15, 0.239
0.38, 0.43
0.848, 2.466

TRD
TOF
HMPID
PHOS
EMCAL
ACORDE
MCH
MTR
ZDC:ZN
ZDC:ZP
ZDC:ZEM

2.90, 3.68
3.78
5.0
4.6
4.36
8.5
-14.22, -5.36
-17.12, -16.12
±116
±116
7.25

PMD
FMD disc 1
FMD disc 2

3.64
inner: 3.2
inner: 0.834
outer: 0.752
inner: -0.628
outer: -0.752
3.4
-0.897
3.75
-0.727

FMD disc 3
VZERO-A
VZERO-C
T0A
T0C

Acceptance
±2, ±1.4
±0.9, ±0.9
±0.97, ±0.97
±0.9 (r=2.8m)
±1.5 (r=1.4m)
±0.84
±0.9
±0.6
±0.12
±0.7
±1.3
-4.0< η <-2.5
-4.0< η < -2.5
η < 8.8
6.5 < η < 7.5
4.8 < η < 5.7
2.3 < η < 3.9
3.62< η <5.03
1.7< η < 3.68
-3.4< η <-1.7
2.8< η <5.1
-3.7< η <-1.7
4.61< η <4.92
-3.28< η <-2.97

Acceptance
full
full
full
full

technology
Si Pixel
Si drift
Si strip
Ne drift, MWPC

purpose
tracking, vertex
tracking, PID
tracking, PID
tracking, PID

full
full
1.20 - 58.80
2200 - 3200
800 - 1870
-600 - 600
full
full
full
-9.70 - 9.70
-160 - 160 &
1640 - 1960
full
full
full
full
full
full
full

TR, Xe drift, MWPC
MRPC
C6 F14,RICH,MWPC
PbWO4
Pb, scint
scintilltor
MWPC
RPC
W+quartz
brass, quartz
Pb, quartz

tracking, e± id
PID
PID
photons
photons, jets
cosmics
muon tracking
muon trigger
forward neutrons
forward protons
photons

Pb+PC

photons

Si strip

charged particle

scint.

time, vettex

full

quartz

time, vetex

Table 2.1: Summary of the ALICE detector subsystems. The position is the approximate distance
from the interaction point to the face of the detector and corresponds to the radius for barrel
detectors (inner and outer radius for the TPC and TRD) or the position along the beam (z
coordinate) for the others. [89, 90]

2.2.1 The Inner Tracking System

The ITS [103] provides precise information of primary vertex with a resolution
better than 100 µm and reconstruct the secondary vertices from the decays of
hyperons and D and B mesons. Also it could identify particles with momentum below 200 MeV/c with resolution 10-12%. This improves the momentum
and angle resolution for particles reconstructed by the TPC and to reconstruct
particles traversing dead regions of the TPC. It surrounds the beam pipe and
has six cylindrical layers of high resolution position sensitive silicon based detectors and are located at radii between 3.9 and 43 cm. Starting from the beam
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Figure 2.3: Layout of ITS detector

pipe radially outwards it consist of two Silicon Pixel Detectors (SPD), two Silicon Drift Detectors (SDD) and two Silicon Strip Detectors (SSD) as shown in
Fig. 2.3. Because of the high particle density expected in heavy-ion collisions
at LHC (as many as 50 particles per cm2 have been predicted for the inner
layer) and in order to achieve the required impact parameter resolution, SPD
have been chosen for the innermost two layers, and SDD for the following two
layers. The four outer layers have analogue readout and therefore can be used
for particle identification via dE/dx measurement in the non-relativistic (1/β2 )
region. So the ITS stand-alone is featured as a low-pT particle spectrometer.
It covers the rapidity range of |η| <0.9 for all vertices located within the
length of the interaction diamond (±1σ, i.e. ±5.3 cm along the beam direction). The momentum and impact parameter (i.e. the distance of closest approach of a track to the primary interaction vertex) resolution for lowmomentum particles are dominated by multiple scattering effects in the material of the detector; therefore the amount of material in the active volume
has been kept to a minimum, an average of 7.7% of radiation length for tracks
crossing the ITS perpendicularly to the detector surfaces (η = 0).
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2.2.2 The Time Projection Chamber

Figure 2.4: Conceptual view of the TPC, showing the dimensions and components. [92]

TPC [92] is the main tracking detector in the central barrel of the ALICE experiment at the LHC. Its function is to provide track finding (efficiency larger
than 90%), charged particle momentum measurement (resolution better than
2.5% for electrons with momentum of about 4 GeV/c), particle identification
(dE/dx resolution better than 10%), vertex determination and two-track separation (resolution of few MeV/c) in the region pT < 10 GeV/c and pseudorapidity |η| < 0.9. The TPC, shown in figure 2.4, is cylindrical in shape and 5
m in length with an inner radius of 85 cm and an outer radius of 247 cm. The
resolution on dE/dx is lower than 10%. The detector is made of a large field
cage, weighing about 8 tonnes and filled with 90m3 of Ne, CO2 and N2 . The
voltage gradient in the TPC is ∼ 400 V/cm, with a high voltage of 100 kV at the
central electrode at z = 0. The two read-out planes are at z = ±2.5m. After ionisation, electrons are transported from either side of the central electrode to the
end plates, where there are readout pads. For signal readout Multi Wire Proportional Chambers (MWPC) at the end plates are used. Each of the two end
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plates has 36 readout chambers arranged in 18 sectors. Each sector contains
an Inner Readout Chamber (IROC) and an Outer Readout Chamber (OROC).
When a charged particle traverse through the gas of TPC, it ionizes the gas
and produces primary electrons. These electrons drift along the electric field.
Since the magnetic field is oriented parallel to the electric field (along z direction), the drifting electrons are not influenced by it. At the end of drift path, the
electrons are amplified by an avalanche process around the anode wires. By
collecting the information of originating time of charged track and the times
when readout pads get signal, the 3-dimensional space points are constructed
in the TPC volume. Then tracks can be reconstructed in TPC and the transverse momenta can be obtained from the curvature of the tracks. The TPC
can reconstruct a primary track of momentum 100 MeV/c up to 100 GeV/c.
The particle identification is performed by the simultaneous measurement of
the specific energy loss, charge and momentum of each particle that traverse
through the detector. The energy loss in TPC is described by the parameterized
Bethe-Bloch formula which is given by;

P1 
1 
P4
f (βγ) = P P2 − β − In P3 +
,
β 4
(βγ)P5

(2.5)

where Pi are the fit parameters extracted for each data taking period, β is the
particle velocity, γ is the Lorentz factor.
The energy loss dE/dx vs momentum in Pb-Pb collisions at

√

sNN =2.76

TeV measured in TPC is shown in figure 2.5. The energy loss bands for each
particle species are fitted with the function 2.5. Below 1 GeV/c or even less,
each particle species have their respective distinguished bands. So each track
can be identified track by track in this momentum region. But at higher momenta particles can be separated on a statistical basis via multi-gaussian fits
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Figure 2.5: (Color online) The measured energy loss dE/dx vs momentum using TPC in Pb-Pb collisions at

√

sNN = 2.76 TeV.

to the difference between the dE/dx measured and dE/dx expected (value from
fitting). Resolution cut is applied to identify particles which is given by,
NσT PC =

dE/dxmeasured − dE/dxexpected
,
σTPID
PC

(2.6)

where dE/dxmeasured is the energy loss of the tracks measured in TPC, dE/dxexpected
is the expected energy loss of the tracks taken from the function fit. σTPID
PC is
the PID resolution of the TPC; 5.2% in pp collisions and 6.5% in central Pb-Pb
collisions.
2.2.3 The Transition Radiation Detector

The TRD [93] is dedicated to the electron identification for pT > 1 GeV/c. It
consists of a radiator and Multi Wire Proportional Chamber (MWPC) placed
around the TPC at radial distance of 2.9 to 3.68 m over the full azimuthal
angle and |η| < 0.84. When relativistic charged particles cross the interface of
two media of different dielectric constant, transition radiation is emitted, with
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photons in the KeV range of 1 to 30 keV. Since the transition radiation photons
are in the keV range they are detected by the gaseous detector. To optimize
the absorption of X-rays a gas mixture of Xe/CO2 (85/15) is used. The pion
being heavier do not emit radiation below certain momentum. So the TRD can
extend the pion rejection capability of the TPC up to very high momentum.
The electron identification is crucial for the study of electrons pT spectrum
and light and heavy vector meson resonances through their leptonic channel
decay.

2.2.4 The Time Of Flight

The TOF detector is dedicated to charged particle identification in the pseudorapidity region η < 0.9. It is a gas based Multi-gap Resistive Plate Chamber
(MRPC) and placed around the TRD at a radial distance of 2.70 to 3.99 m. The
TOF has an ability to detect particles with 99.9% efficiency and a time resolution about 85 ps in Pb-Pb collisions and 120 ps in pp collisions. For particle
identification it measures the particle’s time of flight and takes the momentum
information from TPC. Resolution cut is applied to identify particles which is
given by,
NσT OF =

T imemeasured − T imeexpected
,
σTPID
OF

(2.7)

where measured time is the flight time of the particle measured by an algorithm
of TOF and T0 detector, expected time is the flight time computed during the
central tracking procedure, and σTPID
OF is the PID resolution of the TOF detector.
The TOF can provide more than 2σ π/K separation up to momentum 3 GeV/c
√
and 3σ K/p separation up to 4 GeV/c in Pb-Pb collisions at sNN = 2.76 TeV.
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2.2.5 V0 and T0

The VZERO (V0) [94] detectors are the plastic scintillator detectors located
asymmetrically on both sides of the interaction point. It covers the full azimuth
within 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C). The V0A and VOC is
at a distance of 3.4 m and 0.9 m from the IP on the opposite side, respectively.
The time resolution is about 1 ns. It is mainly used for triggering and rejection
of beam gas events through its timing information. It is also used for the
determination of centrality in Pb-Pb collisions.
The T0 detector consists of two arrays (T0A and T0C) of Cherenkov counters. Like the V0, T0A is placed at 375 cm from the IP on the opposite side
respect to the muon spectrometer, while T0C is located just in from of the
absorber, at 727 cm from the IP. The eta coverage for TOA and TOC are, respectively, 4.61 < η < 5.92 and -3.28 < η < -2.97. The Time Zero’s main
purpose is that of generating a start time for the TOF detector. This time corresponds to the real time of the collision. The T0 is used also for the online
monitoring of the luminosity and to generate an early “wake-up” signal for the
TRD, prior to the L0 trigger.

2.2.6 Zero Degree Caloremeter

The purpose of ZDC [95] is to estimate the centrality of the collisions by detecting the spectator nucleons that keep their trajectory in the forward direction
along the beam pipe. So ZDCs are placed at 116 m on either side of the interaction point, very close to the beam pipe. The ZDCs are also used to estimate
the reaction plane in nucleus collisions and to reject parasitic collisions (when
fragments collide with the main bunch displaced about 30 cm from the centre of the experiment). Each ZDC is made of two calorimeters; one for the
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spectator neutrons (ZN), is placed between the beam pipes and other for the
spectator protons (ZP), is located externally to the outgoing beam pipe where
positive particles are deflected and separated by the neutrons by the magnets
in the LHC beam pipe.
2.2.7 The Muon spectrometer

The Forward Muon Spectrometer [96] has been designed to identify heavyflavour vector mesons (J/Ψ, Υ, Υ0 , etc.) at forward rapidity, through their leptonic decay to ±µ pairs. The detector is located externally to the central barrel
and covers the pseudo-rapidity region −4.0 < η < −2.5. A 3.5m long carbon
conic-shaped absorber has been placed in front of the spectrometer, still inside
the L3 magnet, to screen the detector from most of the primary and secondary
particles produced in the interaction point. The trigger system (Muon Trigger,
MTRG) is given by four planes of Resistive Plane Chambers (RPC) operating
in streamer mode. The MTRG is placed after a 1.2 m thick iron filter-wall,
that allow only muons with p > 4 GeV/c to reach the trigger chambers. An inner beam shield protects the spectrometer from secondaries produced at large
rapidity.
2.2.8 The Photon Multiplicity Detector

The PMD [97, 98] is installed to measure the multiplicity of photons produced
in pp and Pb-Pb collisions in the forward rapidity. It can also be used for the
determination of reaction plane. It is located at a distance of 3.67 m from the
interaction point in the A side of the ALICE and it covers a pseudo-rapidity
2.3 < η < 3.9 with full azimuth. The PMD consists of two planes (charged
particle veto and pre-shower) separated by a 3X0 thick converter (1.5 cm Pb
and 0.5 cm Stainless Steel). The physics goal of the PMD are as follows:
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1. Measurement of global observables like multiplicity, pseudo-rapidity distributions are useful in understanding particle production mechanism. PMD can
extend our understanding of particle production in forward rapidities.
2. Measurement of azimuthal anisotropy and flow of photons can be used to
probe the thermalization of the medium formed in heavy-ion collisions.
3. Signals of chiral-symmetry restoration (e.g. disoriented chiral condensate)
can be studied through the measurement of Nγ /Ncharged in a common phase
space.
2.2.9 ALICE COsmic Ray DEtector

The ACORDE [88] is an array of plastic scintillator counters placed on top
of the ALICE magnet. It triggers cosmic muons to align and calibrate central
barrel tracking detectors and detects single and multiple muon events, which
allow the study of high energy cosmic rays with 90% efficiency. Atmospheric
muons need at least 17 GeV of energy to reach the detector underground, and
the TPC can track and measure the momentum of muons up to 2 TeV, defining
a wide range of energy in which the ALICE detector can measure cosmic rays
with the use of the ACORDE triggering.

2.3 ALICE Online and Trigger
2.3.1 DAQ

The ALICE Data AcQuisition system (DAQ) [99, 100] controls and manages
the flow of data from the ALICE detector to the permanent storage during LHC
collisions. After the CTP has issued a positive trigger decision to the detectors,
the data is sent by the DAQ system via many hundreds of optical data cables
to a computer farm known as Local Data Concentrators (LDC). The LDCs
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assemble the data into the sub-events and then passed onto one of 40 Global
Data Collectors (GDCs) to merge them into a whole event. This event is stored
by DAQ in one of 20 Global Data Storage servers temporarily, before being
archived to the tape at CERN where it becomes available for off-line analysis.
2.3.2 CPT

The ALICE Central Trigger Processor (CTP) [99, 100] is a low level hardwire
trigger. It consists of 24 Local Trigger Units (LTU) for each detector system. It receives and processes trigger signal from trigger detectors like SPD,
TRD,TOF, PHOS, EMCAL, T0, V0, MTR, etc. The first level trigger is the L0
(delivered after 1.2 µs), the second level is L1 (delivered after 6.5 µs), and the
final trigger is L2 (delivered after 100 µs). After final trigger a event is stored.
The output of the CTP goes to the LTUs of each detector and then to the front
end electronics of the detector. The CTP forms 50 independent trigger classes
combining 24 L0 inputs, 24 L1 inputs and 12 L2 inputs.
2.3.3 HLT

The High Level Trigger (HLT) [100] performs to refine the event data collected
by the DAQ (which can reach at a rate of 25 Giga Byte/s) retaining the physics
informations. For this, it first collects the detector information in parallel with
the DAQ LDC. Its computer farm performs an on-line reconstruction and analysis to decide if the event is worth of keeping. Then, it can read out only part
of the detector in which there is interesting information. Finally, it compresses
the data by over an order of magnitude before it is sent to the DAQ to be stored
at CERN.
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3 Measurement of Λ(1520) resonance
production in pp and p-Pb collisions

3.1 Introduction
The measurements of resonance productions in ultra-relativistic heavy-ion collisions provide information on the properties of the hadronic medium formed
and different stages of its evolution. The measurements of the short-lived resonances allow us to estimate the time span of the hadronic phase between
the chemical and the kinetic freeze-out. Their measurements in pp and p-Pb
collisions can be baseline for the measurements in heavy ion collisions and
can provide data for tuning event generators inspired by Quantum Chromodynamics. This chapter discusses the results of Λ∗ resonance production in pp
√
√
collisions at s = 7 TeV and in p-Pb collisions at sNN = 5.02 TeV.

3.2 Data sample and event selection
Data produced in 2010 has been used for the analysis on pp collisions and the
corresponding period is LHC10d. Similarly, for p-Pb collisions, the analysis
has used data produced in 2013 and the corresponding periods are LHC13b and
LHC13c. The pp analysis has been done over 120 Millions events, where as
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Figure 3.1: (Color online) The Z- position of vertex in pp (left) and in p-Pb (right) collisions.

100 Millions events has been analysed in p-Pb collisions. The minimum bias
events for pp collisions are selected for the analysis which require interaction
trigger with a single hit either in the SPD detector or in any one of the VZERO
detectors [101]. The non-single diffractive (NSD) events for p-Pb collisions
require V0AND trigger which is an offline V0 selection [101]. The primary
collision vertices are reconstructed using either the hits in SPD or by using the
tracks of TPC and ITS. The distance of primary collision vertex position from
the center of laboratory frame along laboratory Z-axis is calculated and in the
analysis, the Z-position of vertex is selected to be between ±10 cm from the
center of laboratory frame to ensure uniform detector acceptance in the central pseudorapidity region, |η| < 0.8. The events with Z-position of vertex far
from the interaction point will cause a loss in the acceptance. The Z-position
of vertex distribution in p-Pb and pp collisions are shown in Fig. 3.1. The
centrality/multiplicity classes have been selected through the standard framework, where centrality/multiplicity is expressed in terms of percentiles of the
raw multiplicity estimators. For these analyses, VZERO scintillator measured
amplitude on the Pb direction (V0A) has been chosen as estimator. The accepted events are binned in four multiplicity intervals, according to the following: 0-20%, 20-40%, 40-60%, 60-100%. The events, which are coming
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Figure 3.2: (Color online) Multiplicity distribution in % of the accepted events in the range 0-100%..

in 0-20% multiplicity bins are those 20% triggered events having higher measured amplitude in V0A compared to rest 80% events. The multiplicity distribution of the accepted events in the range 0-100% is shown in the Fig. 3.2.

3.3 Track Selection
The Λ∗ is studied by reconstructing its invariant mass from its hadronic decay
charged particles p± K± having branching ratio 22.5% [62]. The production is
studied in the rapidity region −0.5 < y < 0.5 for pp collisions and in the rapidity region −0.5 < y < 0 for p-Pb collision in the center of mass frame. Due to
asymmetry in the p-Pb collisions, the shift in rapidity of center of mass frame
towards the proton beam direction is 0.465 with respect to lab frame. The analysis combines both Λ∗ and Λ∗ and in the text it is denoted by Λ∗ . The global
tracking is done using the detectors ITS and TPC. The Kalman filter algorithm
[102, 103] is applied for track fitting (χ2 /nd f ≤ 4). A refit is performed with
the reconstructed tracks where the tracks are refitted inwards from the outermost layers of TPC to the innermost layers of ITS and are prolongated to the
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Figure 3.3: (Color online) The quality assurance plots for DCA cuts along z-axis (on left) and in xyplane (right) are shown from in p-Pb collisions data.

reconstructed primary vertex and vice-versa. The tracks which passes successfully the refit of the reconstruction algorithm, from the outer layer of the detector to the primary vertex, through TPC and ITS are accepted in the analysis.
Since the Λ∗ has a very small lifetime, the decay daughters seem to originate
near the interaction point. So they are selected from the primary tracks by
applying a cut on distance of closest approach (DCA) to the primary vertex
on the XY plane and along Z axis. The cut on the DCAXY is implemented
as a function of pT . The default cut in pp collisions is 0.0182 + 0.035p1.01
T
cm and in p-Pb collision this is 0.0105 + 0.035p1.1
T cm. The DCA component
in the direction parallel to the beam has to be ≤ 2.0 cm. The quality assured
plots for DCA cut are shown in Fig. 3.3. The above cuts on DCA reduces
the contribution from the secondaries which may come from the weak decay
of strange hadrons and interaction with the detector material. To maintain a
reasonable momentum resolution a cut on transverse momentum pT > 0.15
GeV/c is applied. In pp collisions the good quality tracks are selected by requiring a minimum 70 clusters inside TPC out of 159 possible, having fit with
χ2 /nd f ≤ 4 and at least one hit in the inner sector of the SPD. For p-Pb collisions, a good quality track requires at least 70 crossed rows in TPC in stead of
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cluster cut and the ratio of crossed rows over findable clusters should be ≥ 0.8.
The tracks with kinks (K ± → µ± + νµ ) are rejected through topological cut in
the analysis. The pseudo-rapidity cut on each track is η ≤ 0.8, which is well
within the acceptance of TPC and TOF.

3.4 Particle identification with TPC and TOF
ALICE provides several methods to identify particles such as the measurement
of the energy loss in the TPC detector and time-of-flight in TOF detector. So
there is an expected value for energy loss and time-of-flight for a track for a
certain momentum and mass. But in a detector one gets a distribution about the
expected value. So one has to give some integral times the resolution (σ) cut to
select a particular type of track. Suppose “i” indicates the detector used for PID
(i = TPC, TOF) and “ j” the particle species hypothesis (the term hypothesis is
used because of uncertainty in choosing a specific particle species). So the nσ
cut can be defined as
nσi, j =

Xi, j − Xi,exp
j
σi,PID
j

,

(3.1)

where Xi, j is a measured observable in the detector i, Xi,exp
j is the predicted value
of that observable in the mass hypothesis j and σi,PID
j is the resolution on the
measurement.
For analysis in pp collisions the pid cut is as follows: A 3σ pid cut on tracks
(proton and kaon) has been applied while choosing tracks from TPC. While
choosing proton and kaon tracks from TPC there is a upper bound on momentum as 1.1 GeV/c and 0.6 GeV/c, respectively, to avoid pK and Kπ band
merging. This reduces significantly misidentification of the tracks and so the
combinatorial background under the signal peak. Proton and kaon tracks above
their threshold momentum have been chosen from TOF with a uniform 3σ pid
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Figure 3.4: (Color online) nσ of TPC tracks as proton on left and as kaon on right. The areas within
the solid black lines are showing the region of PID selection from the TPC detector.

cut plus a 5σ cut on TPC as an veto. The σ distribution of TPC and TOF tracks
as protons and kaons are shown in the Figs. 3.4 and 3.5. The rectangular areas
covered by black lines are showing the areas within which protons and kaons
are selected from different detectors.

Figure 3.5: (Color online) nσ of TOF tracks as proton on left and as kaon on right. The areas within
the solid black lines are showing the region of PID selection from the TOF detector.

In case of p-Pb collision the PID cut strategy is little different. If a track
is present in TOF, then a 3σ pid cut on TOF plus a 5σ cut on TPC has been
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applied over all momentum region, But if a track is not present in TOF, then it
has been chosen from TPC with a 3σ PID cut along with the same momentum
restriction as given for the analysis in pp collisions.

3.5 Raw yield extraction
Invariant mass reconstruction is the only way in ALICE detector setup to extract the yield of a resonance. The invariant mass (Minv ) distribution is obtained
from the combination of primary identified protons and kaons from the same
events into unlike-sign pairs. This is given by the expression:
MpK =

q

(Ep + EK )2 − (~pp + ~pK )2 ,

(3.2)

where Ep and EK are the total energy of a proton and a kaon track with 3momentum ~pp and ~pK , respectively. The distributions for p+ K− and p− K+ are
obtained separately and then summed bin by bin to obtain the total signal for
pK. This summed distribution is indicated as US in the following sections. The
US distribution in pp collisions is shown in the upper plot of the Fig. 3.6 by
black solid markers. In order to extract the Λ∗ signal it is necessary to remove
or at least reduce the combinatorial background. This has been done with
the mixed-event background (MEB) technique or like-sign background (LSB)
technique. Here in MEB, invariant mass distribution is built by combining uncorrelated unlike-sign charged protons and kaons from different events. When
applying this method, it is important to combine pairs from events with similar
topology and multiplicity, to reproduce satisfactorily the kinematics properties
of the combinatorial background. The events for the mixing have been selected
by applying the “similarity” criteria listed below:
• difference in the z coordinate of the primary vertex position, ∆Vz < 1 cm
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Figure 3.6: (Color online) In upper plot, the US distribution is shown by black solid markers, normalised MEB and LSB are shown by open red and open blue markers. In lower two plots
it shows signal peaks after subtracting MEB (left) and LSB (right) by black solid markers.
The solid red and blue lines show the Voigtian fits to the signal peaks and the dashed red
and blue lines show the polynomial fits to the residual backgrounds, respectively. This is
√
for pp collisions at s = 7 TeV.
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• difference in multiplicity, ∆M < 10
A bunch of 10 events have been considered for mixing and the same criteria
have been applied for the primary tracks selection and PID. The total mixedevent invariant mass distribution has to be normalised to the US distribution
before subtraction, because the statistics of the mixed-event distribution is
higher as consequence of mixing of tracks from 10 number of events. The
normalisation range has been chosen far from the signal peak ( Minv > 1.65
GeV/c2 ). The normalised MEB is shown by open red circular markers in the
upper plot of Fig. 3.6.
In LSB technique, the combinatorial background is constructed through the
invariant mass of protons and kaons of same charge from same event. Since
the number of positive and negative particles produced in relativistic heavy ion
collisions are not same, the combinatorial background is constructed by taking
the geometric mean of number of like sign pairs as shown in equation below.
NpK = 2 ×

p

Np+ K+ × Np− K− ,

(3.3)

here Np+ K+ and Np− K− are the counts in the invariant mass spectra of p+ K+ and
p− K− , respectively. The LSB is shown by open blue circular markers in the
upper plot of Fig. 3.6.
Even after the subtraction of combinatorial background, a certain amount of
residual backgrounds remain under the Λ∗ signal. This residual background
may come from the following sources:
• correlated real pK pairs from particle decays
• effects of other correlations like elliptic flow.
• decayed from other particles but mis-identified as pK pairs.
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Figure 3.7: (Color online) The plot shows the mass resolution for Λ∗ in pp (blue solid marker) and
p-Pb (red solid marker) collisions in different pT bins.

So after subtracting the combinatorial background, the peak has been fitted
with a Voigtian function over a second order polynomial. This is shown in the
lower two plots of the Fig. 3.6. The Voigtian function is a convolution form of
Breit-Wigner and Gaussian functions. It is expressed as:
dN
=A
dm

Z

Γ/2π
e−(m −m0 ) /2σ
dm0
√
0
2
(m − m ) + Γ /4 σ 2π
0

2

2

(3.4)

Where A, m0 , Γ and σ are the fit parameters which represents the integral of
the function (from 0 to ∞), mass peak position of the resonance, width of the
resonance and the detector resolution.
The Gaussian function takes care the mass resolution of the signal coming
due to the momentum resolution of the detectors. The mass resolution varies
from 1 MeV to 1.6 MeV both in pp and p-Pb collisions and this is shown in Fig.
3.7. The Breit-Wigner function gives the raw yield, mass peak position and
decay width of the signal and the polynomial rejects the residual background.
The Λ∗ signals with fitting in different pT bins are shown in figures from 3.8
to 3.13.
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Figure 3.9: (Color online) These plots show Λ∗ signal after subtracting MEB in different pT bins in
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Figure 3.10: (Color online) These plots show Λ∗ signal after subtracting MEB in different pT bins in
√

sNN = 5.02 TeV for 0-20% multiplicity bin.
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Figure 3.11: (Color online) These plots show Λ∗ signal after subtracting MEB in different pT bins in
p-Pb collisions at
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Figure 3.12: (Color online) These plots show Λ∗ signal after subtracting MEB in different pT bins in
sNN = 5.02 TeV for 40-60% multiplicity bin.
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Figure 3.13: (Color online) These plots show Λ∗ signal after subtracting MEB in different pT bins in
p-Pb collisions at
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sNN = 5.02 TeV for 60-100% multiplicity bin.
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3.6 Raw yield correction

The raw yield of Λ∗ has been corrected for the loss due to the detector acceptance, efficiency and the choice of track parameters made to improve the signal over the background. The reconstruction efficiency×acceptance (εe f f ) of
the detectors for Λ∗ is calculated using the Monte Carlo simulation DPMJET
[104] for p-Pb collisions and PYTHIA [104] for pp collisions. The generated
Λ∗ from monte-carlo events within a rapidity interval as given for real data are
passed through the ALICE detector simulation, GEANT3 [105]. The ratio of
number of Λ∗ those are reconstructed after passing through all the track cuts
and PID cuts in GEANT as given in real data to the input number of Λ∗ within
the same rapidity interval gives the reconstruction efficiency×acceptance. This
correction is pT dependent and can be written as
Λ
NReconstructed
∗

εe f f (pT ) =

Λ
NGenerated
∗

(3.5)

The efficiency×acceptance contribution, shown in Fig. 3.14 is strongly pT dependent but independent of multiplicity bins for p-Pb collisions. In going
from lower pT bins to higher pT bins, the track selection is switching from
a higher tracking efficient detector (TPC) to a comparatively lower tracking
efficient detector (TOF). So there is a dip in the reconstruction efficiency at
pT ∼ 2 GeV/c.
Apart from the above correction, the raw yield has been corrected by branching
ratio of pK hadronic decay channel which is 0.225. The raw yield is also
corrected for trigger efficiency and vertex efficiency. The final pT spectra is
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given as follows.
d2 N
1 Nraw εtrigger εvertex 1
=
,
d pT dy Nevnt
BR εe f f
d pT dy

(3.6)

where
– Nraw is the raw yield
– Nevnt is the number of events after physics selection,
– εvertex is the vertex correction factor,
– εtrigger is the correction to inelastic trigger class in pp collisions and correction to the non-single diffractive trigger class in p-Pb minimum bias
collisions,
– BR is the branching ratio,
– εe f f is the detector efficiency×acceptance,
– d pT , dy are the width of transverse momentum and rapidity window, re-

Efficiency*Acceptance

spectively.
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Figure 3.14: (Color online) The blue and red circles show the reconstruction efficiency×acceptance
for pp collisions and p-Pb collisions, repectively.
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3.7 Systematic uncertainties
The systematic uncertainties for Λ∗ pT -differential yields have been calculated
from several sources. The strategy for calculating systematic uncertainty is
as follows. If there are 2 or more alternative yields for a specific source of
yield extraction (say different fitting ranges), then the standard deviation of
default and alternative yields has been used as the systematic uncertainty for
that specific source. If there is only one alternative yield, then the difference
between the default yield and the alternative one has been chosen as systematic
uncertainty for that source. The Barlow consistency check [106] has been
done to confirm whether the source is really contributing to the systematic
uncertainty or this is only a statistical fluctuation. Let each measurement be
indicated by (yi ± σi ) and the central value (default measurement) by (yc ± σc ),
one can define ∆σi as
∆σi =

q

|σ2i − σ2c |

(3.7)

Then one calculates ni = ∆yi /∆σi , where ∆yi = (yc − yi ). If ni < 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. In our case, for a measurement (i), we have calculated the
distribution ni for all pT bins of Λ∗ . If the measurement is consistent then the
mean of the distribution will be close to zero and their rms will be within 1.
The measurements which have passed (inconsistent) the Barlow check, they
have been used to determine the systematic uncertainty.
Different sources of uncertainties are briefly discussed below.
Due to yield extraction
After subtracting combinatorial background, for raw yield extraction a signal
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peak is fitted with a Voigtian function over a polynomial fit. A fitting range,
normalisation range, 2nd order polynomial and a mass resolution value are required to extract the raw yield. The raw yield has been calculated using ”bin
counting” method where one adds the bin counts in the ±2 times the PDG
width of Λ∗ about the mass peak position and corrects for the tail fraction
from the Voigtian fit. So to calculate the uncertainties, the yields have been
extracted for 3 alternative fitting ranges, 2 alternative normalisation ranges,
using a 3rd order polynomial, mass resolution calculated from a different way
and yield from direct Voigtian and 2nd order polynomial fit.
Due to track cuts
Before selecting a track, different quality cuts have been applied on the track.
Mainly, they are TPC cluster cut, TPC crossed rows, DCA cut along Z-axis
and in XY-plane, χ2 /nd f for fitting clusters in TPC, global χ2 /nd f cut, etc..
By varying the default values of the cuts, their respective uncertainties have
been calculated.
Due to PID cut
For particle identification, a 3 times the detector resolution cut has been applied on each track before invariant mass reconstruction. So this cut range is
also varied to get the uncertainty.
Due to material budget and hadronic interaction
A Λ∗ can decay to a proton and a kaon. To get the uncertainty due to material
budget (MB) and hadronic interaction (HI) one has to know these uncertainties
for proton and kaon tracks separately. So the MB uncertainty for Λ∗ is the sum
of MB uncertainty of its decayed proton and kaon tracks. This is similar for
HI uncertainty.
The total uncertainty which is the quadrature sum of uncertainties from all
source has been shown in Fig. 3.15 for pp and for p-Pb collisions at different
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Figure 3.15: (Color online) Red line shows the total systematic uncertainties and blue line shows
the statistical uncertainties for minimum bias p-Pb collisions on the left plot and for
minimum bias pp collisions on the right plot in different pT bins.

pT bins. Since the source of uncertainties are same for minimum bias and for
different multiplicity bins, the uncertainties calculated for minimum bias has
been used for different multiplicity bins in p-Pb collisions.
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Figure 3.16: (Color online) The left and on the right plots show the mass and width of Λ∗ , respectively.
The shadowed bands show their respective PDG values.

3.8 Results
3.8.1 Mass and Width

The mass and width of Λ∗ are shown in Fig. 3.16 for pp collisions at

√

s=

7 TeV. Only statistical uncertainties are shown for both the results. There is a
little drop in mass of Λ∗ from its PDG value, but the measured width matches
with the PDG value within the statistical uncertainty.
3.8.2 Transverse momentum spectra

The measured spectrum for Λ∗ in pp collisions is reported in Fig. 3.17 and
in minimum bias p-Pb collisions and its four multiplicity bins are reported
in Figs. 3.18 to 3.23. Each spectrum is fitted with 4 different functions:
Tsallis-Levy [107], Boltzmann-Gibbs blastwave [108], mT exponential and
Boltzmann functions:

1. Tsallis-Levy function:
h
1 d2 N
dN
(n − 1)(n − 2)
mT − m i−n
= pT ×
×
× 1+
,
NE d pT dy
dy nC[nC + m(n − 2)]
nC

(3.8)
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q
where mT = m2 + p2T . C is the inverse slope parameter and n is the exponent.
The Tsallis-Levy function describes both the exponential shape at lower pT and
power law distribution at higher pT .
2. Boltzmann-Gibbs blast-wave function:
1 d2 N
∝ pT
NE d pT dy

R

Z

rdr mT I0

 pT sinhρ 
T kin

0

K1

 mT coshρ 
T kin

,

(3.9)

where the velocity profile ρ is described by
 r n 
ρ = tanh βT = tanh
βs .
R
−1

−1

(3.10)

Here I0 and K1 are the modified Bessel functions, r the radial distance from
the centre of the fireball in the transverse plane, R the radius of the fireball,

d2N (GeV/c )-1
1
Ninel dp dy

βT (r) is the transverse expansion velocity, β s the transverse expansion velocity
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Figure 3.17: (Color online)
In the figure, the black markers show the pT -spectrum of Λ∗ in pp col√
lisions at s = 7 TeV and is fitted with Tsallis-Levy (green), BG blastwave (blue), mT
exponential (violet) and Boltzmann (magenta) functions.
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Figure 3.18: (Color online) In the figure, the black markers show the pT -spectrum of Λ∗ in minimum
√
bias p-Pb collisions at sNN = 5.02 TeV and is fitted with Tsallis-Levy (red), BG blastwave (black), mT exponential (blue) and Boltzmann (magenta) functions.

at the surface, n the exponent of the velocity profile and T kin is the temperature
of the kinetic freeze-out surface of the produced particle.
3. mT Exponential:
mT
1 d2 N
= ApT e− C
NE d pT dy

(3.11)

where A is the normalisation factor and C is the inverse slope parameter.
Only Tsallis-Levy, BG blastwave can explain the Λ∗ spectra over all pT bins.
The Tsallis-Levy fit has been chosen as the default fit for extracting the pT
integrated yield (dN/dy) and mean transverse momentum (hpT i) of the Λ∗ for
all cases. The fitting ranges of mT Exponential and Boltzmann functions have
been restricted in higher pT region so that they can better explain the lower pT
points. These functions have been used to calculated uncertainty for dN/dy
and hpT i in lower extrapolation region.
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Figure 3.19: (Color online) Same as Fig. 3.18, but for 0-20% multiplicity bin.
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Figure 3.20: (Color online) Same as Fig. 3.18, but for 20-40% multiplicity bin.
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Figure 3.21: (Color online) Same as Fig. 3.18, but for 40-60% multiplicity bin.
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Figure 3.22: (Color online) Same as Fig. 3.18, but for 60-100% multiplicity bin.
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Figure 3.23: (Color online) The figure shows pT spectra of Λ∗ in p-Pb collisions for minimum bias
(magenta), 0-20% (black), 20-40% (red), 40-60% (green) and 60-100% (blue) multiplicity bins. All spectra are fitted separately with Tsallis-Levy function.
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Tsallis-Levy fit parameters
System
C(GeV)
n
pp , Minimum bias 0.314 ± 0.030 7.51 ± 1.52
p-Pb , Minimum bias 0.539 ± 0.029 26.89 ± 12.08
p-Pb , 0-20%
0.587 ± 0.030 30.2 ± 14.8
p-Pb , 20-40%
0.525 ± 0.028
15.9 ± 3.4
p-Pb , 40-60%
0.532 ± 0.026 90.0 ± 112.2
p-Pb , 60-100%
0.284 ± 0.029 5.84 ± 1.096

χ2 /nd f
0.4
0.35
0.27
0.4
0.54
1.13

Table 3.1: Tsallis-Levy fit parameters to Λ∗ spectra in pp and p-Pb collisions.
BG Blast Wave fit parameters
System
T (GeV)
βs
n
χ2 /nd f
pp , Minimum bias 0.198 ± 0.055 0.788 ± 0.037 3.13 ± 0.714
0.31
p-Pb , Minimum bias 0.318 ± 0.176 0.679 ± 0.217 1.639 ± 0.038
0.37
p-Pb , 0-20%
0.278 ± 0.147 0.752 ± 0.162 1.49 ± 0.21
0.27
p-Pb , 20-40%
0.288 ± 0.107 0.761 ± 0.099 1.94 ± 0.38
0.35
p-Pb , 40-60%
0.256 ± 0.132 0.691 ± 0.205 1.33 ± 0.43
0.61
p-Pb , 60-100%
0.248 ± 0.058 0.814 ± 0.053 4.87 ± 2.87
1.31
Table 3.2: Boltzmann Gibbs Blast-Wave fit parameters to Λ∗ spectra in pp and p-Pb collisions.

3.8.3 Yield and mean transverse momentum

The dN/dy of Λ∗ has been calculated as the sum of integral of fit function in
the lower extrapolation region, yield from data point and integral of fit function
in the higher extrapolation region. The results from Tsallis-Levy fit has been
used as the default results of dN/dy and hpT i. Other functions have been used
to calculate the systematic uncertainty. The table 3.3 shows the dN/dy and
hpT i of Λ∗ in pp and p-Pb collisions.
3.8.4 Comparison and ratio

The plots in the Fig. 3.24 show the comparison of dN/dy and hpT i of Λ∗
√
with the published results of STAR in pp collisions at s = 200 GeV [110].
There is a significant increase in the results from RHIC to LHC energy. The
Fig. 3.25 shows the hpT i of different particles having different masses in pp
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Tsallis-Levy fit results
System
dN/dy
System
± Stat. ± Syst.
pp, Minimum bias
0.012 ± 0.0003 ± 0.001
p-Pb , Minimum bias 0.051 ± 0.0014 ± 0.004
p-Pb , 0-20%
0.102 ± 0.0052 ± 0.008
p-Pb , 20-40%
0.066 ± 0.0031 ± 0.005
p-Pb , 40-60%
0.043 ± 0.0021 ± 0.003
p-Pb , 60-100%
0.020 ± 0.001 ± 0.002

hpT i
± Stat. ± Syst.
1.27 ± 0.021 ± 0.041
1.59 ± 0.025 ± 0.035
1.67 ± 0.050 ± 0.038
1.62 ± 0.046 ± 0.037
1.51 ± 0.041 ± 0.032
1.35 ± 0.063 ± 0.048

Table 3.3: dN/dy and hpT i of Λ∗ in pp and p-Pb collisions from Tsallis-Levy fit.

Figure 3.24: (Color online) The left plot shows the hpT i of Λ∗ (red marker) versus energy in pp collisions. The right plot shows dN/dy of Λ∗ versus energy in pp collsions. [110]

collisions at different colliding energies [111]. The figure shows the hpT i increases by increasing colliding energy and is higher for heavier mass particles.
√
The Fig. 3.26 shows the yield ratio of Λ(1520) and Λ(1115) at s = 200
GeV and 7 TeV. The prediction of statistical hadronization model [112] in pp
√
collisions at s = 7 TeV and T = 160 MeV agrees with the data within systematic uncertainty. The Figs. 3.27 and 3.28 show the measured dN/dy and
hpT i values of Λ∗ in p-Pb collisions in minimum bias, in 4 multiplicity bins
and in pp collisions. These measured values are compared with the measured
hpT i values of other particles in p-Pb collisions at the LHC energies [116].
This shows Λ∗ follows the mass ordering. The Fig. 3.29 shows the ratios of
Λ(1520) yield over Λ(1115) yield as a function of charge multiplicity in p-Pb
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√

collisions at

sNN = 5.02 TeV and in pp collisions at

√

s = 200 GeV and 7

TeV. The measurement shows that the ratio of a resonance over a stable particles stays flat over all charge multiplicity regions. So we may conclude that
there is no significant effect of hadronic scattering medium on Λ∗ yield. So the
√
life span of the scattering medium in p-Pb collisions at sNN = 5.02 TeV is
small enough compared to the life-time of Λ∗ . But as shown in the Fig. 3.30,
the published result of ALICE is showing a significant effect of the hadronic
scattering medium on K ∗0 yield [113]. The figure shows the ratio of K ∗0 over
K − and φ over K − . K ∗0 has a very small decay length (∼ 4 fm), so the K ∗0 is
showing suppression in its yield in larger system size compared to the smaller

1.6
uncert. = stat2 + syst2
mid-rapidity

1.4
1.2

T

〈 p 〉 (GeV/ c )

system size.

1
0.8
0.6

ALICE pp
7 TeV
ALICE pp
2.76 TeV
ALICE pp
0.9 TeV
STAR pp
0.2 TeV
ISR parameterization

0.4
0.2
0

-

K
0
Ks

π

0

0.2

0.4

0.6

ρ

*

-

φ Λ

K

Ξ+ Σ*+
Ξ

p

0.8

1

1.2

1.4

*

-

Λ
Ω
Ξ*0

1.6

1.8

2

Particle mass (GeV/ c 2)

Figure 3.25: (Color online) The figure shows the hpT i of different particles having different masses.
Red solid markers, green solid circles and open red circles are showing the pp collision
√
results published by ALICE at s = 7 TeV , 2.76 TeV and 900 GeV , respectively. Star
√
markers are showing the results of pp at s = 200 GeV from STAR experiment. Dashed
red line is showing the ISR parameterization [111].
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Figure 3.26: (Color online)√ The figure shows the ratio of Λ(1520) yield and Λ(1115) yield in pp

dN/dy

collisions at s = 200 GeV and 7 TeV by blue and green markers, respectively. Red
line shows the prediction of statistical hadronization model [112].
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Figure 3.27: (Color online) The figure shows the measured values of dN/dy for Λ∗ in p-Pb collisions
for minimum bias (blue solid markers), multiplicity bins (black solid markers) and in pp
collisions (solid green markers).
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Figure 3.28: (Color online) The figure shows the measured values of hpT i for Λ∗ (black), Ω (red), Ξ∗
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(green), Σ (blue), φ (magenta) and K ∗ (cyan) in p-Pb collisions.
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Figure 3.29: (Color online) The figure shows the ratio of Λ(1520) yield over Λ(1115) yield in p-Pb
√
√
collisions at sNN = 5.02 TeV by black solid markers and same in pp collisions at s
= 200 GeV and 7 TeV by green and red markers, respectively. Red band shows the
prediction of statistical hadronization model.
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Figure 3.30: (Color online) Ratio of K ∗0 and φ to charged K measured in the three collision systems,
as a function of the cube root of the average charged particle density ( hdNch /dηlab i1/3 )
measured at mid-rapidity, used as a proxy for the system size. Squares represent K ∗0 /K,
circles refer to φ/K. Statistical uncertainties (bars) are shown together with total (hollow
boxes) and multiplicity-uncorrelated (shaded boxes) systematic uncertainties. Measure√
√
ments in pp at s =7 TeV and Pb-Pb collisions at sNN = 2.76 TeV are taken from
[114] and [115], respectively.
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3.9 Summary

3.9 Summary
We have extracted the yield, measured the mass, decay width, hpT i of Λ∗ in
pp and p-Pb collisions at the LHC energies. Mass of Λ∗ drops by half a %
from the PDG value and the decay width is in agreement with the PDG value
√
within statistical uncertainty in pp collisions at s = 7 TeV. The pT -spectra
from minimum bias pp and p-Pb collisions and from 4 multiplicity bins from
p-Pb collisions are fitted with 4 different function. Out of which Tsallis-Levy
and BG blastwave are able to explain the spectra for whole pT range. The
measured dN/dy and hpT i values of Λ∗ are compared with the same measured
values at different energies and with different particles. The yield ratios of Λ∗
over Λ(1115) are obtained in different multiplicity classes in p-Pb collisions
and minimum bias pp collisions. The ratios from multiplicity bins in p-Pb
collisions is similar as that in pp collisions, showing no significant effect of
hadronic rescattering on Λ∗ yield in p-Pb collisions. Where as, K ∗0 /K ratios
showing a suppression from lower to higher multiplicity bins, hence suggest√
ing a hadronic scattering medium in p-Pb collisions at sNN = 5.02 TeV.
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4.1 Introduction
Relativistic heavy ion collisions at the RHIC [21] and the LHC [22] have given
rise to a new phase of matter. When two heavy ions collide, a system of deconfined gluons and quarks within a very small volume is created. The initial
energy density within this volume is found to be much larger than nuclear
ground state energy density. This state of matter as we know today is called
Quark Gluon Plasma (QGP) [117, 118]. The study of QGP is particularly important as it aims to produce a condition, which resembles the period when
universe was only a few microseconds old. However, since this exotic system created in the experiments exists only for a very short period of time and
is not directly observable, only signals originating from the matter itself that
survive and are measured after the collisions can provide a window into the
nature of the QGP [119, 120]. With high statistics data already accumulated
at the Large Hadron Collider at CERN, the scientific community has an enormous task to analyse, and explain these observations and extract information
about the properties of the QGP. These analyses are also leading the way for
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additional measurements and will become available for studies with all the major experiments, like STAR [121], ALICE [122] and proposed CBM at FAIR
[123].
One of the prominent signatures coming out of the QGP phase is jet quenching. High momentum hadron spectra are observed to be highly suppressed
relative to those in pp collisions [124, 125], suggesting a quenching effect due
to deconfined matter. A similar effect is observed for high pT charm or beauty
quarks with most recent results showing suppression of D or B mesons to same
order as that of light hadrons [126]. However before going into hot and dense
matter effects, it is absolute necessary to fix the baseline for such observations.
In heavy ion scenario, pp collisions serve as the baseline for such observations, assuming that no nuclear effects are present when pp is scaled to p-Pb
or Pb-Pb data only by a factor. On the other hand, it has been suggested that
the modification in spectra of the observed particles in the heavy ion collision
have effects of cold nuclear matter [127] before formation of QGP, which are
often masked by hot and dense matter effects. So it is important to discern the
contributions of the cold nuclear effects from all other effects due to QGP on
the final particle spectra. p-Pb collisions give us a unique opportunity to study
these initial nuclear effects. The so called effect due to shadowing has been
playing a role in the particle production scenario for a very long time. With
the assumption that any nucleus is not just any conglomeration of protons is the
very essence of this phenomenon. With LHC achieving it’s top collider energy,
it may not be possible to overlook the shadowing features affecting the high
gluon density within the nucleus. This phenomenon is also represented mathematically as shadowing ratio, R s = F A (x, Q2 )/(A ∗ F p (x, Q2 )), and has been
found to deviate from unity as explained in these early literatures [128], which
makes this phenomenon as one of the most prominent feature of cold nuclear
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effects. On the other hand, another phenomenon that may affect the final particle spectra is multiple rescattering of the colliding nucleons or their partons.
This effect is known as Cronin effect [129]. This particular feature had been
observed in the RHIC energy for non-photonic electrons nuclear modification
data, which shows an enhancement in the charm spectrum below pT < 4.0
GeV [130]. The results suggest that this particular effect may be observed in
the low and mid-pT region and may not be much effective in higher side of the
momentum. We will come back to these two points later in our work.
Now let us move over to heavy quarks. Heavy quark owing to its large mass
is produced much before the formation of quark gluon plasma [131]. It is also
believed that heavy quarks remain free to probe thermalized medium without
carrying any prior effects due to nucleus. From the recent result of p-Pb data
and earlier d+Au data [132] on particle production, the value of R pPb deviates
from unity by almost 15% mostly in low and mid-pT region, which shows
a considerable cold nuclear matter effects on heavy quark production [133].
The current work aims to highlight some of these initial nuclear effects on
measured heavy meson spectra.
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4.2 Models used
4.2.1 The HIJING model

HIJING (Heavy-Ion Jet INteraction Generator)[134] is a Monte Carlo model
designed mainly to explore the range of possible initial conditions that may
occur in nuclear collisions at collider energies and to produce output that can
be compared directly with a wide variety of nuclear collider experimental observables. The main features included in HIJING are as follows.
The formulation of HIJING is guided by Lund FRITIOF [135] and Dual Par√
ton Model [136] for soft nuclear reaction at intermediate energy ( sNN ≤ 20
GeV). Multiple low pT exchanges among the end point constituents are included to model initial state interactions. The PYTHIA [137] guides the pQCD
processes where multiple minijet production with initial final state radiation
are involved. To reproduce p+A or A+A results, the Eikonal formalism is used
to calculate the number of minijets per inelastic pp collision. The model uses
three-parameter Woods-Saxon nuclear density determined by electron scattering data [138]. A diffuse nuclear geometry decides the impact parameter
dependence of the number of binary collisions [139].
The cross section for charm production formalism at the leading order is written as [140]
pp
X
dσcc
dσab
2
2
)
×
=
K
x
f
(x
,
p
)
x
f
(x
,
p
,
1
a
1
2
b
2
T
T
ˆ
d
t
d p2T dy1 dy2
a,b

(4.1)

here a, b are the parton species, y1 , y2 are the rapidities of the scattered partons
and x1 , x2 are the fraction of momentum carried by the initial partons.
A factor K, of value 2.0 has been used used to account roughly for the higher
order corrections. In HIJING, the parton structure functions, fa (x1 , p2T ) are the
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Duke-Owens [141] structure function set 1 and this is also implemented in
PYTHIA. For the nuclear effect in A+A and p+A collisions, model follows
the A dependence of the shadowing proposed in Ref.[142, 143] and uses its
parameterization as
RA (x) ≡

fa/A (x)
=1 + 1.19 ln1/6 A[x3 − 1.5(x0 + xL )x2 + 3x0 xL x]
A fa/N (x)
h
1.08(A1/3 − 1) √ i −x2 /x02
− αA (r) −
xe
,
ln(A + 1)
where αA (r) = 0.1(A

1/3

4
− 1)
3

q

(4.2)

1 − r2 /R2A .

Here r is the transverse distance of the interacting nucleon from its nucleus
centre and RA is the radius of the nucleus, and x0 = 0.1 and xL = 0.7. The
most important nuclear dependence term is proportional to αA (r) in Eq.4.2,
which determines the shadowing for x < x0 , and the rest gives the overall very
slow A dependence nuclear effect on the structure function in x > xL .
We have used version 1.41

4.2.2 The AMPT model

A Multiphase Transport Model (AMPT) [144] is a hybrid transport model,
which was developed to address non-equilibrium many body dynamics. Initially it was designed to describe physics in p+A and A+A from 5 GeV to 5.5
TeV. Outline of this model are as follows.
Initial distribution of nucleons inside nuclei taken from HIJING and is wood
saxon in nature. Scattering among them are treated with Eikonal formalism. If
momentum transfer (Q2 ) > cut off momentum (p0 ), then these process produce
minijet partons and treated with PYTHIA model. Reverse (Q2 < p0 ) leads to
production of strings. Depending on spin and flavor of excited strings, they get
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converted into partons without any further interaction. If those strings/partons
√
satisfy minimum distance conditions [≤ (σ/π), σ being cross section for
partonic two-body scattering], then they undergo scattering, which is dealt by
Zhang’s Parton Cascade (ZPC) [145]. Once these partons stop interacting,
nearest two partons form a mesons or that of three forms a bayons using a
quark coalescence model. Cascade of resultant hadrons is dealt by A Relativistic Transport (ART) model [146, 147], which includes baryon-baryon,
baryon-meson and meson-meson elastic and inelastic scatterings.
This version of AMPT, known as string melting has been used for the current study (version 26t5). There is another version referred as default AMPT
model, where instead of quark coalescence, string fragmentation method is
adopted.
4.2.3 The NLO model

The next-to-leading order, NLO-pQCD(MNR)[148] model used in the present
work has been successfully used before to produce cc̄ pair cross-sections in pp
collisions at most of the available collider energies [149]. Consequently the
model can be used to produce various heavy quark spectra and be utilised further to study the various hot and dense nuclear matter effects (as in Pb-Pb and
Au + Au collisions) and cold nuclear matter effects (as in p-Pb and d+Au collisions). In the present work, we have used the calculations to produce D-meson
√
spectra for pp collisions at sNN = 7 TeV in order to check the consistencies
of our calculations. In the next step, the calculations have been repeated for
√
p-Pb at sNN = 5.02 TeV including shadowing effects as one of the initial
cold nuclear effects [150, 151]. Let us now move to a brief description of the
calculations:
The pT differential spectrum of heavy quarks produced in pp collisions is
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defined in general as [149, 152]:
dσ
dσ
=
,
d3 p1 d3 p2 dy1 dy2 d2 pT1 d2 pT2

(4.3)

where y1 and y2 are the rapidities of heavy quark and anti-quark and pTi are
their transverse momenta.
In the above
X
dσ̂i j ( ŝ, tˆ, û)
dσ
=2xa xb pT
fi(a) (xa , Q2 ) f j(b) (xb , Q2 )
dy1 dy2 d pT
dtˆ
ij
ˆ
(a)
2 (b)
2 d σ̂i j ( ŝ, û, t)
+ f j (xa , Q ) fi (xb , Q )
/(1 + δi j ) ,
dtˆ

(4.4)

where xa and xb are the fractions of the momenta carried by the partons from
their interacting parent hadrons.
We have used CTEQ6.6 structure function [153] as obtained using LHAPDF
library for pp system and added EPS09 [154] shadowing parameterization, to
incorporate the initial nuclear effects on the parton densities for p-Pb system.
The differential cross-section for partonic interactions, dσ̂i j /dtˆ is given by
dσ̂i j ( ŝ, tˆ, û)
|M|2
=
,
16π ŝ2
dtˆ

(4.5)

where |M|2 (See Ref. [155]) is the invariant amplitude for various partonic
sub-processes both for leading order (LO) and next-to-leading order (NLO)
processes as follows:
The physical sub-processes included for the leading order, O (α2s ) production
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of heavy quarks are:
g + g → Q + Q and
q + q̄ → Q + Q .

(4.6)

At next-to-leading order, O (α3s ) subprocesses included are as follows
g+g→ Q+Q+g,
q + q̄ → Q + Q + g and

(4.7)

g + q(q̄) → Q + Q + q(q̄) .
Next we discuss rescattering processes within the nucleus. A parton may
also undergo multiple hard scattering or a nucleon instead undergo multiple
soft rescattering within the cold nucleus in cases of p+A or A+A collisions.
This is commonly referred as Cronin effects [129, 156]. These rescatterings
may lead to momentum broadening of the interacting parton and change the
final heavy quark spectrum. This would also give rise to deviations of R pPb
from unity and is considered as another form of cold nuclear matter effect. We
feel that its contribution apart from shadowing to the heavy meson spectra,
when compared to pp collisions, can be discerned with the precise state-ofthe-art experiments designed at LHC-CERN and RHIC-BNL. However, it was
suggested that this effect may vanish at large transverse momentum region or
high collider energies [157, 158, 159], but may be visible in the low and mid
pT region and is slowly emerging as a subject of contemporary interests in
heavy ion collisions. The details of our implementations of the calculations
are taken from Ref. [156, 160].
We can now discuss briefly about one of the mechanisms used from the
above references. Starting with parton density functions, which can be defined
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as
fi(a) (xa , Q2 , kT2 ) = fi(a) (xa , Q2 ).g p/A (kT2 ) ,

(4.8)

where g p/A (kT2 ) ∝ exp[−kT2 /π .hkT2 i pp/pA ] and hkT2 i pA = hkT2 i pp + hkT2 iA

The effective transverse momentum kick, hkT2 i pA , obtained after a series of
recattering can be written as
hkT2 iA

p2T 
= δ .n. ln 1 + 2
δ /c
2



(4.9)

where the parameters δ2 /c, average squared momentum kick per scattering
and n = 2LA /λ , LA = 4RA /3, average number of rescattering, are used from
[158, 160].
With the implementation of the above features, we can next fragment the
charm momentum both from p+A and pp collisions into D-mesons, as Dmesons data are readily verifiable from experiments. Schematically, this can
be shown as,

d3σ
d3σ
E 3 = E Q 3 ⊗ D(Q → H M ) ,
d p
d pQ

(4.10)

where the fragmentation of the heavy quark Q into the heavy-meson HQ is
described by the function D(z). We have assumed that distribution of D(z),
w.r.t. z, where z = pD /pc , is used to calculate total D-mesons and is given by;
D(c)
D (z) =

nD
,
z[1 − 1/z −  p /(1 − z)]2

(4.11)

 p is the Peterson parameter ' 0.12 and is taken from [161]. The normalization
condition satisfied by the fragmentation function is;
1

Z

dz D(z) = 1 .

(4.12)

0
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4.2.4 The FONLL model

As mentioned in the literatures, FONLL [162] has been used to calculated
D-mesons spectra for LHC energies and earlier estimations have shown that
FONLL calculation is able to explain the various heavy quark observables
particularly transverse momentum spectra of heavy mesons with remarkable
accuracies. The pT spectra of heavy quarks produced in pp collisions as in
Eq. 4.3 can be written as:
dσ
Ec 3
=
d pc dyc

Z
d3 pc dyc̄

dσ pp→cc̄
,
d3 pc d3 pc̄ dyc dyc̄

(4.13)

where y1 and y2 are the rapidities of heavy quark and anti-quark and pT i are
their transverse momenta.
The above distribution is evaluated at the Fixed-Order plus Next-to-LeadingLogarithmic (FONLL) level, implemented in Ref [162]. In addition to the full
fixed-order NLO result, the FONLL calculation also resumes large perturbative terms proportional to αns = logk (pT /mc ) at all orders with next-to-leadinglogarithmic (NLL) accuracy, where mc (= 1.5 GeV) is the heavy quark mass.
Here too, we have used CTEQ6.6 parton structure function and EPS09 shadowing parametrization for our calculations.
The charm fragmentation function developed by Cacciari et al. [163] is used
in the present work. This depends on the parameter r (See Ref. [164]) with
the values of the parameters defined in the above references and fitted with
e+e− spectra data. Bottom fragmentation instead depends on the parameter
αB in a functional form given by Kartvelishvili et al. [165]. It is worth noting
that using the Peterson et al. fragmentation function, gives a different result
than that of fragmentation in FONLL [162].
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4.3 Results and discussion

ALICE has recently published results on D-meson in pp [166] and p-Pb [167]
√
collisions. Keeping a view of that, events are generated at s = 7 TeV and
√
sNN = 5.02 TeV using all the above models, i.e., HIJING, AMPT, NLO and
FONLL. For pp system, the study is based on the mid rapidity region, i.e.,
|ycms | < 0.5, where as for p-Pb it is in the rapidity range -0.96 < ycms < 0.04 .
We have ensured that no D-meson is coming from B-meson.
Normalised pp yield was divided by T pp = 1.39 × 10−5 µb−1 to obtain crosssection, while that for p-Pb , T pPb is 9.8334 × 10−05 µb−1 (See Ref. [168]).
From calculated cross-section, Nuclear modification factor (R pPb ) can be
defined as follows:
R pPb =

( ddσ
pT ) pPb
A × ( ddσ
pT ) pp

,

(4.14)

where A is the mass number of a nucleus (e.g., for Pb it is 208). Here we
√
have used pp collisions as baseline at sNN = 5.02 TeV. We will discuss these
various cold nuclear matter effects on our results in this section.
Figure 4.1 shows transverse momentum (pT ) differential production cross√
section of D0 , D+ and D∗+ mesons in pp collisions at s = 7 TeV. Except for
few low pT bins, HIJING explains data within the uncertainties. Similar trend
is followed by AMPT for D0 and D+ , but it poorly explains cross section of
D∗+ for pT < 10 GeV/c. Apart from the direct production of D0 and D+ , we
have incorporated contributions from other resonance decays. However, there
is no decay contribution of other particles for the production of D∗+ . From
figure 4.1, we may say that both String Fragmentation and quark coalescence
based simulation models (HIJING and AMPT, respectively) are able to explain
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Figure 4.1: (Color online)
pT differential inclusive production cross-section of D-meson in pp colli√

sions at s = 7 TeV. Solid markers represent the ALICE data points [166]. Statistical
errors are in bars while systematic errors are in boxes. Small dash-dotted magenta line,
dashed green line, long dash-dotted blue line and solid red line represent HIJING, AMPT,
NLO and FONLL results, respectively.

results from pp collision data. In addition to that, there might be some additional production mechanism is needed for AMPT especially at low pT , which
might add up to the D∗+ cross-section. NLO results explain the data within
error bars up to pT < 15 GeV/c, but over estimates the results at higher pT
region. This may be due to the large NLO contributions adopted in the model
formalism. Its shape is different from other simulations, which might be due
to its dependence on renormalisation and fragmentation scale factors. FONLL
at its next-to-leading calculations explains data very well for all pT regions.
√
Figure 4.2 is same as that of Figure 4.1, but for p-Pb system at sNN = 5.02
TeV. Here both HIJING and AMPT under-predict data over a wide range of
pT values. So we may think that cold nuclear shadowing effect of Pb as implemented in these models might have suppressed the yield to a large extent.
AMPT under-predicts the data for all pT region for D0 and D+ , but have same
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Figure 4.2: (Color
online) pT differential inclusive production cross-section of D mesons in p-Pb data
√

at sNN = 5.02 TeV. Solid markers represent the ALICE data points[167]. Statistical
errors are in bars while systematic errors are in boxes. Small dash-dotted magenta line,
green dashed line, blue long dash-dotted line and red solid line represent HIJING, AMPT,
NLO and FONLL results, respectively.

miss-match as that of pp for the case of D∗0 . On contrary to HIJING, AMPT
shows a smaller production cross-section for D0 and D+ in p-Pb system in its
mechanism irrespective of nuclear shadowing effect. NLO in p-Pb likewise
over estimates the cross-section for pT > 15 GeV/c. FONLL explains data for
all pT to very good extent.
Figure 4.3 shows pT -dependence of average R pPb of D0 , D+ and D∗+ mesons
√
in p-Pb data at sNN = 5.02 TeV. The calculations from HIJING and AMPT
are showing prominent cold nuclear matter (CNM) effects such as shadowing, EMC [72], and multi-parton scattering effects, for the entire pT range.
The results under-estimate the magnitude and trend of experimental data. The
reasons behind such large CNM effects implemented in these calculations are
being investigated and will be reported in our future publications. Besides having quark coalescence as hadron production mechanisms in AMPT than that of
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√

sNN = 5.02 TeV. Solid
markers represent the ALICE data points [167]. Statistical errors are in bars while systematic errors are in boxes. Magenta dotted line, green dashed line, red dash-dotted line,
cyan solid line and blue solid line represent HIJING, AMPT, FONLL, NLO and NLO with
Cronin KT brodening results, respectively.

Figure 4.3: (Color online) Nuclear modification factor for D-meson in p-Pb

string fragmentation in HIJING, AMPT has additional partonic and hadronic
transport parts which have both elastic and inelastic scatterings. This may also
be the reason that R pPb from AMPT is lower than that of HIJING. Next, in
case of NLO, which has its nuclear shadowing feature, and in addition, it has
momentum broadening effect (Cronin) due to re-scattering. Both the results
with and without the momentum broadening effects are shown in the plot. The
corresponding result with additional momentum broadening are closer to the
trend of the data within its error bars. The result using NLO without broadening is closer to unity with suppression at the low pT region due to shadowing
and shows a difference in the shape of the curve from the one including the
broadening effect. We may recall that a similar enhancement in trend of RdAu
√
for π0 meson has also been reported for d+Au collisions at sNN = 200 GeV
by M. Gyulassy et. al..[160]. FONLL with shadowing features gives only very
small shadowing effect for pT < 10 GeV/c and remains close to unity.

90

4.4 Summary

Using AMPT and HIJING, to show the effects of shadowing exclusively on
nuclear modification factor and also difference between pp and p-Pb (shadowoff) as baselines, we further calculated R pPb as following:

R pPb =

S hadowOn
( ddσ
p ) pPb

T
dσ S hadowO f f
( d p ) pPb
T

(4.15)

Here we have turned on shadowing effect in numerator and turned it off
in denominator (while other nuclear effects like multi-parton scattering etc.
√
are present in both) in the same system, i.e. p-Pb at sNN = 5.02 TeV. As
we can see from Figure 4.3 that taking p-Pb (shadow-off) as the baseline we
see considerable nuclear effects such as shadowing particularly at the low and
intermediate pT regions, while any other effects due to Pb nucleus is cancelled
both from numerator and denominator of the ratio. The results however differ
much from calculations using pp baseline (AMPT and HIJING), suggesting
greater effects of multi-parton scattering than shadowing etc. on the final D
meson spectra.

4.4 Summary
We have carried out D-meson study in simulation models like HIJING and
AMPT and compared our results with published ALICE data for pp collisions
√
√
at s = 7 TeV [166] and p-Pb collisions sNN = 5.02 TeV [167]. We have also
compared with results from next-to-leading order calculations from FONLL
and NLO.
Irrespective of shadowing effect included in both the models, AMPT shows
lower value R pPb compared to HIJING above pT = 2.5 GeV/c . So we may
conclude that magnitude of R pPb in AMPT due to its additional partonic and
hadronic transport parts differs from the same in HIJING. And for resonance
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particle D∗+ , additional mechanism is needed in AMPT to explain its production cross-section. More details in this direction will be reported in our future
study.
Since R pPb in all our calculations deviates from unity, thus there is initial cold
nuclear matter effect playing an important role in all models. KT broadening
can predict the shape of the data. Also taking p-Pb (shadow off) as baseline
in AMPT and HIJING highlights shadowing effect exclusively, other nuclear
effects like multi-parton scattering phenomenon has considerable effects and
can be viewed only with pp as baseline. To end with, further improvements
are required in our parameter dependent models, to explain the experimental
data properly. If results from high statistics data with improved uncertainty be
available in future, we will improve these parameter dependent models to fit
with data.
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5.1 Introduction
When the central density of neutron stars exceed the nuclear matter saturation
density (n0 ∼ 0.15 fm−3 ), then the compact stars might contain different phases
of matter. There are three possible phases: hadronic, quark and mixed between
hadron and quark phases inside the neutron stars. Accordingly, there are three
classes of compact stars. The first is purely consisted of hadronic matter is
called neutron star (NS), the second is called quark stars (QS) of absolutely
stable strange quark matter. The third one is called hybrid star (HS), where
the matter has hadronic matter along with quark matter in the interior and the
mixed matter exits in between quark and hadronic matter. The size of the
core depends on the critical density of the quark-hadron phase transition and
the equation of state (EOS) describing the different matters. The maximum
masses of compact stars depend on the EOS of the constituent of matter.
The recent mass measurement of millisecond pulsar PSR J1614-2230 [169],
pulsar J0348+0432 [170] and pulsar J1903+0327 [171] have put constraint on
new mass limit to be M = 1.97 ± 0.04 M , M = 2.01 ± 0.04 M and M =
1.667 ± 0.021 M , for the compact stars, respectively. These measurements
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have put a very strong restriction on the parameters of the EOS of matter under
extreme conditions[172, 173] for the first time.
Also the new observations suggest that in some pulsars, the surface magnetic
field can be as high as 1014 − 1015 G. It has been noticed that the observed
giant flares, SGR 0526-66, SGR 1900+14 and SGR 1806-20 [174], are the
manifestation of such strong surface magnetic field in those stars. Such stars
are separately assigned as magnetars. If we assume flux conservation from
a progenitor star, we can expect the central magnetic field of such stars are
more than 1017 − 1018 G [175]. Such a huge strong fields are expected to affect
the compact stars properties. It can modify either the metric describing the
stars [176, 177] or it can modify the EOS of matter of the stars. The effect
of strong magnetic field on EOS, both for nuclear matter [178, 179, 180, 181,
182] and quark matter [186, 185, 187, 183, 184] have been studied earlier and
the significant changes in the gross structural properties of compact stars have
been discussed in detail.
From the simple dimensional analysis and the several investigations of vibrating neutron stars, it is suggested that the period of fundamental mode
would be of the order of milliseconds [188]. The value of period of oscillations depends of the constituents of matter and interaction between them,
that is, the equation of state of the matter. The period of oscillation is different for hadronic matter to that of quark matter. Also it deviates from the either
normal hadronic matter or quark matter significantly, when the matter is mixed
with both hadron and quark matter in the presence of strong magnetic field. In
the present calculation, we have calculated hadronic matter EOS using relativistic mean field theory, quark matter EOS using MIT bag model and then
constructed mixed phase EOS by using Glendennings conjecture in presence
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of strong magnetic field. Using all these EOS in different matter, we have calculated the maximum mass and other gross structural properties as well as the
period of oscillation of NS, QS and HS.

5.2 Radial pulsation of non-rotating star
The equation for infinitesimal radial pulsation of a non-rotating star in general
relativistic formalism was given by Chandrasekhar [189] and has the following
form
X

d2ξ
dξ
+
Y
+ Zξ = σ̃2 ξ.
2
dr
dr

(5.1)

Here ξ(r) is the Lagrangian fluid displacement and cσ̃ is the characteristic
eigenfrequency (c is the speed of light). The quantities X, Y and Z depend
on the equilibrium profiles of the pressure p and density ρ of the star and are
represented by:
−e−λ eν
X=
Γp,
p + ρc2

(5.2)

(
!
)
−eλ eν
1 dν 1 dλ 2
dΓ
dp
Y=
Γp
+
+ + p +Γ
,
2 dr 2 dr r
dr
dr
p + ρc2

(5.3)

(
)
−eλ eν 4 d p (d p/dr)2
8πG
Z=
−
− A + 4 eν p.
2
2
p + ρc r dr
p + ρc
c

(5.4)

Γ is the adiabatic index defined as


Γ = 1 + ρc2 /p

dp

d ρc2

(5.5)
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and
!
dλ Γp 2p dΓ 2Γ d p 2Γp 1 dν dλ
dΓ
d p 8Γp
A =
+
+
− 2 −
Γp + 2p + 2Γ −
dr r
r dr
r dr
4 dr dr
dr
dr
r
r
!2
dν
1
1 d2ν
(5.6)
− Γp 2
− Γp
2
dr
2 dr
To solve the pulsation equation (5.1), the boundary conditions are
ξ (r = 0) = 0,
eν/2 ∂  2 −ν/2 
dp
− Γp 2
r e ξ
δp (r = R) = −ξ
dr
r ∂r
= 0.

(5.7)

r=R

(5.8)

It is important to note that ξ is finite when p vanishes at r = R. The pulsation Eq. 5.1 is a Strum-Liouville eigenvalue equation for σ̃2 , subject to the
boundary conditions Eq. 5.7 and 5.8. As a consequence the eigenvalues σ̃2
are all real and form an infinite discrete sequence σ̃20 < σ̃21 < ....σ̃2n < .......,
with the corresponding eigenfunction ξ0 (r), ξ1 (r), ....., ξn (r), where ξn (r) has n
nodes. It immediately follows that if fundamental radial mode of a star is stable (σ̃0 > 0), then all the radial modes are stable. We note that Eqs.(5.1-5.6)
depend on the pressure and energy density profiles, as well as on the metric
functions λ(r), ν(r) of the non-rotating star configuration. Those profiles are
obtained by solving the Oppenheimer-Volkof equation of hydrostatic equilibrium [190].



2
3
2
G ρ + p/c m + 4πr p/c
dp
= −
,

dr
r2 1 − 2Gm/rc2
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dm
= 4πr2 ρ,
dr

(5.10)



3
2
2G
m
+
4πr
p/c
dν
= 2 2

dr
r c 1 − 2Gm/rc2

(5.11)



2
λ = −ln 1 − 2Gm/rc .

(5.12)

Eqs (5.9 − 5.12) can be numerically integrated for a given equation of state
p (ρ) and given central density to obtain the radius R and mass M = m(R) of the
star. Therefore, the basic input is the EOS, p = p(ρ) to solve the structure and
pulsation equations. It has been noticed [191] that gross structure parameters
such as mass, radius etc. of neutron stars are mainly dominated by the EOS at
high densities, specifically around the composition of matter in the core. Since
the oscillation features are governed by the structure profiles of neutron stars, it
is expected to possess marked sensitivity on the high density EOS as well. We
have employed the EOS of hadronic phase, quark phase and constructed mixed
phase regions in presence as well as absence of magnetic field to calculate the
period of oscillation P (= 2π/cσ̃) of NS, QS and HS, respectively.

5.3 Magnetic field in hadronic phase
Hadrons are the degrees of freedom for the EOS at normal nuclear density.
Above the nuclear matter density, we consider strange degrees of hadrons as
well. For the description of the hadronic phase, we use a non-linear version of
the relativistic mean field (RMF) model with hyperons (TM1 parametrization)
which is widely used to construct EOS for NS. In this model, the baryons
interact with mean meson fields [193, 194, 195, 196, 197, 192]. The relativistic
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model is given as below.
The Lagrangian density including nucleons, baryon octet and leptons is given
by
LH =

X
b

1
ψ̄b [γµ (i∂µ − gωb ωµ − gρb~τ.~ρµ )
2

1
− (mb − gσb σ)]ψb + (∂µ σ∂µ σ − m2σ σ2 )
2
1
1
1
− ωµν ωµν + m2ω ωµ ωµ − ~ρµν .~ρµν
4
2
4
1
1
1
1
+ m2ρ~ρµ .~ρµ − bmn (gσ σ)3 − c(gσ σ)4 + d(ωµ ωµ )2
2
3
4
4
X
µ
+
ψ̄L [iγµ ∂ − mL ]ψL .

(5.13)

L

Leptons in LH are treated as non-interacting and baryons b are coupled to the
scalar meson σ, the isoscalar-vector meson ωµ and the isovector-vector meson
ρµ . There are five constants in the model that are fitted to the bulk properties
of nuclear matter at saturation point. This model is good enough to describe
nuclear matter at the nuclear saturation point. However, for hyperonic matter
the model does not reproduce the observed strong ΛΛ attraction[198]. So,
the interactions are not enough to take care hyperonic matter. Therefore, by
adding two new meson fields with hidden strangeness can resolve this deficit
at large extent. These are the iso-scalar scalar σ∗ and the iso-vector vector φ
fields which couple to hyperons only[197]. The effective baryon mass is given
by
mb ∗ = mb − gσ σ − gσ∗ σ∗ .

(5.14)

For the chemical beta equilibrated matter the conditions is
µi = bi µB + qi µe ,
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where bi and qi are the baryon number and charge (in terms of electron charge)
of species i, respectively. µB is the baryon chemical potential and µe is the
electron chemical potential. For charge neutrality, the condition is
ρc =

X

qi ni = 0 ,

(5.16)

i

P (MeV/fm3)

where ni is the number density of species i.
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Figure 5.1: pressure against energy density for zero and non zero value of magnetic field. B=0(solid
line) and B=2 × 1015G with alpha = 0.005 (dotted line).

We have choosen the gauge for the magnetic field to be, Aµ ≡ (0, −yB, 0, 0),
B being the magnitude of magnetic field. For this particular gauge choice
~ = Bẑ. Due to the magnetic field, the motion of the charged
we can write B
particles are Landau quantized in the perpendicular direction to the magnetic
field. The momentum in the x-y plane is quantized and hence the energy of the
nth Landau level is [199] given by
Ei =

q

pi 2 + mi 2 + |qi |B(2n + s + 1),

(5.17)
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Figure 5.2: Top figure is the maximum gravitational mass against central energy density for both zero
and non zero magnetic field. B=0 (solid line) and B=2 × 1015 G (dotted line). Bottom
figure is the period of oscillation in seconds against gravitational mass in solar mass for
zero and non zero value of magnetic field. B=0(solid line) and B=2×1015 G with α = 0.005
(dotted line) for fundamental mode (1) and higher harmonics (2-5).

where n=0, 1, 2, ..., are the principal quantum numbers for allowed Landau
levels, s = ±1 refers to spin up(+) and down(-) and pi is the component of
particle (species i) momentum along the field direction. Setting 2n+ s+1 = 2ν̃,
where ν̃ = 0, 1, 2..., we can rewrite the single particle energy eigenvalue in the
following form
Ei =

q

pi + mi + 2ν̃|qi |B =
2

2

q

e2i,ν̃
pi 2 + m

(5.18)

where the ν̃ = 0 state is singly degenerate and mb ∗ is the baryon mass.
The total energy density of the system can be written as[192]
ε =

100

1 2 2 1 2 2 1 2 2 1 2 ∗2 1 2 2 3 4
m ω + m ρ + m σ + mσ∗ σ + mφ φ0 + dω0 + U(σ)
2 ω 0 2 ρ 0 2 σ
2
2
4
2
X
X
B
+
εb +
εl + 2 ,
(5.19)
8π
b
l

5.3 Magnetic field in hadronic phase

where the last term is the contribution from the magnetic field. The general
expression for the pressure is given by
p=

X

µi ni − ε.

(5.20)

i

We have assumed that the parametrization of the magnetic field strength
depends on the baryon number density. Therefore we have assumed a simple
density dependence, as given by [179]
n
γo
B (nb /n0 ) = Bs + B0 1 − e−α(nb /n0 ) ,

(5.21)

where α and γ are two parameters determining the magnetic field profile with
given Bs and B0 , nb being the baryon number density. The value of B mainly
depends on B0 , and is quite independent of Bs . Therefore, we have varied the
field at the center, whereas surface field strength is taken to be Bs = 1014 G.
We keep γ fixed at 2, and vary α to have the field variation. In the present
calculation, we have assumed α = 0.005. In the above parametrization, the
magnetic field strength depends on the baryon number density. However, at
each density the field is uniform and constant.
We have displayed the pressure versus energy density in Fig. 5.1, where
the dashed line represents the EOS with magnetic field of strength 2 × 1015 G
with α = 0.005 and the solid line represents the same in absence of magnetic
field. We have noticed in this figure that the dashed line (with presence of
magnetic field) is slightly below the solid line (with absence of magnetic field)
at high energy density region. This implies that the EOS is softer in presence
of magnetic field, but this effect is not very significant.
In Fig. 5.2, the left panel is for gravitational mass of NS against central energy density. The maximum mass is 1.55M at central density of 5 times the
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nuclear saturation density in presence of magnetic field, whereas, the maximum mass is 1.56M for zero magnetic field at the same central energy density as that of with magnetic field. Though the change of maximum mass is
not very much significant, but reduces in presence of magnetic field.
We have plotted the period of oscillation in seconds against gravitational
mass in the unit of solar mass for zero and non zero value of magnetic field
in the right panel of Fig. 5.2. Solid lines are for B=0 and dashed lines are
for B=2 × 1015 G with α = 0.005 and are representations for fundamental
mode (1) and higher harmonics (2-5). The period of oscillation is 0.2 ms at
the maximum gravitational mass limit for fundamental mode for both zero
and non-zero magnetic fields. However, for higher harmonics, the period of
oscillations are 0.08, 0.06, 0.04 and 0.03 ms, respectively, for both zero and
non-zero magnetic fields at the maximum gravitational mass limit.

5.4 Magnetic field in quark phase
Considering the simple MIT bag model for the quark matter in presence of
magnetic field, we have assumed that the quarks are non-interacting. The current masses of u and d quarks are extremely small, e.g., 5 and 10 MeV respectively, where as, for s-quarks the current quark mass has been taken to be 150
MeV.
The thermodynamic potential in presence of strong magnetic field B (> B(c) ,
critical value) is given by [186, 185, 200, 201]
gi |qi |BT
Ωi = −
4π2

Z
dEi

X d pi
ν̃

dEi

ln[1 + exp(µi − Ei )/T ].

(5.22)

For the zero temperature, the Fermi distribution is approximated by a step
function. By interchanging the order of the summation over ν̃ and integration
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over E one gets,
Z
q
2gi |qi |B X µ
Ωi = −
dEi Ei2 − m2i − 2ν̃|qi |B.
√ 2
4π2
mi +2ν̃|qi |B
ν̃

(5.23)

The total energy density and pressure of the strange quark matter is given by
[192]
ε =

X

Ωi + BG +

i

p = −

X

ni µi

i

X

Ωi − BG ,

(5.24)

i

where BG is the bag constant.
The bag constant is parametrized in such a way that it attains a value B∞ ,
asymptotically at very high densities. The experimental range of B∞ is given
in Ref.[202], and therefor, we have choosen the value B∞ = 130MeV/fm3 . Following the same assumptions, we have then constructed a Gaussian parametrization of bag constant as given by [202],
"
BG (nb ) = B∞ + (Bg − B∞ ) exp −β

 nb 2 #
n0

.

(5.25)

The value B∞ , is the lowest value BG can attain at asymptotic high density
in quark matter, and is fixed at 130MeV/fm3 . The quoted value of bag pressure at the hadron and mixed phase intersection point is denoted by Bg in
the equation. The value of BG decreases with increase in density and attains
B∞ = 130MeV/fm3 asymptotically, the rate of decrease of the bag pressure being governed by parameter β. In the present calculation we have taken β = 2.
We have displayed the energy density versus pressure in Fig.5.3, where the
solid black and green lines represent the relation in absence of magnetic field
with density dependent bag pressure BG = 170 MeV/fm3 and BG = 160
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Figure 5.3: Figure shows the pressure against energy density for zero and non zero value of magnetic
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field. Solid green and black lines (B=0) and dashed blue and red lines (B=2 × 1015G with
α = 0.005) are for density dependent bag pressure BG = 160 MeV/fm3 and BG = 170
MeV/fm3 , respectively, for fixed value of β = 2.
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Figure 5.4: Left figure is the maximum gravitational mass against central energy density for both zero
and non zero magnetic field for density dependent bag pressure BG = 170 MeV/fm3 . Solid
lines and dashed lines are the representations in absence and presence of magnetic field,
respectively. Right figure shows the period of oscillation in seconds against gravitational
mass in solar mass unit for zero and non zero value of magnetic field (B=2 × 1015 G with
α = 0.005), for density dependent bag pressure BG = 170 MeV/fm3 . Solid lines and
dashed lines correspond to the absence and presence of magnetic field, respectively and
are representing fundamental mode (1) and higher harmonics (2-5).
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Figure 5.5: Same as figure 5.4, but for density dependent bag pressure BG = 160 MeV/fm3 .

MeV/fm3 , respectively. However, the dashed red and blue lines represent the
relation in presence of magnetic field of strength 2 × 1015 G with α = 0.005 for
density dependent bag pressure BG = 170 MeV/fm3 and BG = 160 MeV/fm3 ,
respectively. We have noticed that EOSs are softer in presence of magnetic
field. The slope increases with decreasing density dependent bag pressure,
e.g., for BG = 160 MeVfm3 , the dashed blue and solid green lines are stiffer
than the dashed red and solid black lines for density dependent bag pressure
BG = 170 MeV/fm3 . We have noticed a very interesting nature that at very high
energy density both the density dependent bag pressure BG = 160 MeV/fm3
and 170 MeV/fm3 are very similar to each other.
In Fig. 5.4, the left panel is for gravitational mass of QS against central
energy density. In presence of magnetic field, the maximum mass is 1.62M
at central density around 10 times the nuclear saturation density, whereas, the
maximum mass is 1.67M for zero magnetic field at the almost similar central
energy density as that of with magnetic field at BG = 170 MeV/fm3 . Though
the change of maximum mass is not very much significant, but reduces in
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presence of magnetic field.
We have plotted the period of oscillation in seconds against gravitational
mass in the units of solar mass for zero and non zero value of magnetic field in
the right panel of Fig.5.4 for density dependent bag pressure BG = 170MeV/fm3 .
Solid lines for B=0 and dashed lines for B=2 × 1015 G with α = 0.005 are
shown for fundamental mode (1) and for higher harmonics (2-5) (from top to
bottom). The fundamental period of oscillations are 0.17 ms and 0.18 ms at
the maximum gravitational mass limit at zero and non-zero magnetic fields, respectively. However, for higher harmonics, the period of oscillations are 0.08,
0.05, 0.04 and 0.03 ms, respectively, for both zero and non-zero magnetic field
at the maximum gravitational mass limit. The period of oscillation increases
with inclusion of magnetic field in the EOS at BG = 170 MeV/fm3 .
In Fig. 5.5, the left panel is for gravitational mass of QS against central
energy density same as Fig.5.4 but for density dependent bag pressure BG =
160 MeV/fm3 . In absence of magnetic field, the maximum mass is 1.72M
at central density around 10 times the nuclear saturation density, whereas, the
maximum mass is 1.66M for 2×1015 G magnetic field at similar central energy
density as that of zero magnetic field. We have observed here that the change
in the maximum mass is less by 3% in presence of the magnetic field.
We have plotted the period of oscillation in seconds against gravitational
mass in units of solar mass in the right panel of Fig.5.5, same as Fig.5.4 but
for BG = 160 MeV/fm3 . The fundamental period of oscillations are 0.22 ms
and 0.18 ms at the maximum gravitational mass limit at zero and non-zero
magnetic field, respectively. However, for higher harmonics, the period of oscillations are 0.1, 0.07, 0.05 and 0.04 ms, respectively, for non-zero magnetic
field and 0.08, 0.05, 0.04 and 0.03, respectively, zero magnetic field at the
maximum gravitational mass limit. The period of oscillations in presence of
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magnetic field are higher as compared to those in zero magnetic field both for
density dependent bag pressure BG = 160 MeV/fm3 and BG = 170 MeV/fm3 .
So the period of oscillation decreases with inclusion of magnetic field in the
EOS at BG = 160 MeV/fm3 . This effect is opposite for BG = 170 MeV/fm3 .

5.5 Phase transition and mixed phase
Considering the given hadronic and quark EOS as discussed above, we have
now performed the Glendenning construction [203] for the mixed phase, which
determines the range of baryon density where both phases coexist. Here we
have allowed both the hadron and quark phases to be separately charged, preserving the total charge neutrality as a whole in the mixed phase. Thus the matter has been treated as a two-component system, and have been parametrized
by two chemical potentials, usually the pair (µe , µn ), i.e., electron and baryon
chemical potentials. To maintain mechanical equilibrium, the pressure of the
two phases have to be equal. Satisfying the chemical and beta equilibrium,
the chemical potential of different species are connected to each other. The
Gibbs condition for mechanical and chemical equilibrium at zero temperature
between both phases is given by
pHP (µe , µn ) = pQP (µe , µn ) = pMP .

(5.26)

This equation gives the equilibrium chemical potentials of the mixed phase
corresponding to the intersection of the two phases. At lower densities below the mixed phase, the system is in the charge neutral hadronic phase, and
for higher densities above the mixed phase the system is in the charge neutral
quark phase. When the two surfaces intersect, we have calculated the charge
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QP
densities ρHP
c and ρc , separately, in the mixed phase. If χ is the volume frac-

tion occupied by quark matter in the mixed phase, we have

P (MeV/fm3)

HP
χρQP
c + (1 − χ)ρc = 0.

(5.27)
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Figure 5.6: Figure shows pressure against energy density for zero (green and black solid lines are for
BG = 170 MeV/fm3 and BG = 160 MeV/fm3 , respectively) and non zero (blue and red
dashed lines are for BG = 170 MeV/fm3 and BG = 160 MeV/fm3 , respectively) values of
magnetic field. B = 2 × 1015G with α = 0.005.

Therefore the energy density MP and the baryon density nMP of the mixed
phase can be obtained as
MP = χQP + (1 − χ)HP ,

(5.28)

nMP = χnQP + (1 − χ)nHP .

(5.29)

In the present calculation, we have assumed the first order phase transition
from hadron matter to quark matter. The mixed phase has been constructed
by adopting the Gibbs criteria based on the Glendenning conjecture. There is
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Figure 5.7: Left panel of figure shows gravitational mass in solar mass unit against central energy
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density for zero (solid line) and non zero (dashed line) value of magnetic field B = 2 ×
1015G with α = 0.005. Here the density dependent bag pressure BG is 170 MeV/fm3 .
Right panel of figure shows period of oscillation in seconds against gravitational mass
in solar mass unit for zero and non zero values of magnetic field. B=0(solid lines) and
B = 2 × 1015G (dashed lines) for fundamental mode (1) and higher harmonics (2-5) with
density dependent bag pressure BG is 170 MeV/fm3 .
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Figure 5.8: Same as Fig 5.7, but for the density dependent bag pressure BG is 160 MeV/fm3 .

an uncertainty in hadron-quark phase transition, when one consider the effects
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of finite size[204]. For example, it has been shown that with the strong surface tensions, the phase transition looks the one under the Maxwell construction even if we impose the Gibbs condition. The detail discussion is given in
Ref.[204]. In our calculation, we have not considered the finite size effects at
the quark-hadron phase transition.
The magnetic field in HS changes the EOS of the matter. The single particle
energy is Landau quantized, and thereby it changes all the other thermodynamic variable of the EOS, namely the number density, pressure and energy
density.
We have displayed the pressure versus energy density in Fig.5.6, where
the green and black solid lines represent the relation without the presence of
magnetic field with density dependent bag pressure BG = 170 MeV/fm3 and
BG = 160 MeV/fm3 , respectively. The blue and red dashed lines represent for
the magnetic field of strength 2×1015 G with α = 0.005 with density dependent
bag pressure BG = 170 MeV/fm3 and BG = 160 MeV/fm3 , respectively. We
have noticed that the EOSs shown by dashed lines (with presence of magnetic
field) are softer than the EOSs shown by the solid lines (without magnetic
field) at high energy density region in both the figures. From the Fig.5.6, we
observed that the EOS is slightly stiffer for density dependent bag pressure
BG = 160 MeV/fm3 .
In Fig. 5.7, the left panel is for gravitational mass of HS against central
energy density. In presence of magnetic field, the maximum mass is 1.76M
at central density which is more than 10 times the nuclear saturation density,
whereas, the maximum mass is 1.82M for zero magnetic field at same central
energy density for BG = 170 MeV/fm3 . The maximum mass reduces around
4% in presence of magnetic field.
We have plotted the period of oscillation in seconds against gravitational
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mass in solar mass unit for zero and non zero value of magnetic field in the
right panel of Fig.5.7 for density dependent bag pressure BG = 170MeV/fm3 .
Solid and dashed lines are for B=0 and B=2 × 1015 G with α = 0.005 and are
shown for fundamental mode (1) and for higher harmonics (2-5), respectively.
The fundamental period of oscillations are 0.16 ms and 0.17 ms at the maximum gravitational mass limit at zero and non-zero magnetic field, respectively.
However, for higher harmonics, the period of oscillations are 0.07, 0.05, 0.04
and 0.03 ms, respectively, for both zero and non-zero magnetic fields at the
maximum gravitational mass limit.
In Fig. 5.8, the lef panel is for gravitational mass of HS against central energy density same as Fig.5.7, but for density dependent bag pressure BG = 160
MeV/fm3 . Without magnetic field, the maximum mass is 1.78M at central
density more than ten times the nuclear saturation density, whereas, the maximum mass is 1.74M for 2 × 1015 G magnetic field at similar central energy
density as that of zero magnetic field. We have observed here that the change
in the maximum mass is insignificant in presence of the magnetic field.
We have plotted the period of oscillation in seconds against gravitational
mass in solar mass unit in the right panel of Fig.5.8, same as Fig.5.7 but for
BG = 160 MeV/fm3 . The fundamental period of oscillations are 0.22 ms and
0.18 ms at the maximum gravitational mass limit at zero and non-zero magnetic fields, respectively. However, for higher harmonics, the period of oscillations are 0.08, 0.05, 0.04 and 0.03 ms, respectively, for both zero and non-zero
magnetic fields at the maximum gravitational mass limit. The period of oscillations are higher for density dependent bag pressure BG = 160 MeV/fm3
than BG = 170 MeV/fm3 for both zero and non-zero magnetic fields. Also, we
have noticed that the period of oscillation is less in presence of magnetic field
in EOS of HS as compare to that of zero magnetic field for BG = 160 MeV,
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however, the period of oscillation is more in case of non-zero magnetic field
for BG = 170 MeV/fm3 .
Here, we have observed one interesting point that at just before the maximum gravitational mass limit for both right panels of figures 5.7 and 5.8, there
are dips in period of oscillations. These dips are due to the presence of end
point of mixed phase region where quark phase dominates. These dips are
basically the signature of quark phase, that means the mixed phase ends and
quark phase starts.

5.6 Summary
In figures 5.1, 5.3 and 5.6, we have plotted pressure against energy density for
hadron, quark and mixed phase regions. For quark and mixed phase regions,
we have considered the density dependent bag pressure BG = 160 and 170
MeV/fm3 . In all cases, we have considered without magnetic field and with
magnetic field of strength 2 × 1015G with α = 0.005. It is clear that magnetic
field softens the EOS for all cases as well as broadens the mixed phase region
in hybrid phase in HS.
We have presented a calculation of the period of oscillations of neutron stars
by using the radial pulsation equations of non rotating neutron stars, as given
by Chandrasekhar [189] in the general relativistic formalism. To solve the
radial pulsation equations, one needs a structure profile of non rotating neutron stars, obtained by employing realistic equations of state. The equations of
state for hadron matter used here were derived from the relativistic formalisms
with quark phases at higher densities. Then, the equations of state were constructed by using the Glendenning’s condition for mechanical and chemical
equilibrium as a function of baryon and electron density at the mixed phase,
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comprising hadron as well as quark phases. In left panels of figures 5.2, 5.4,
5.5, 5.7 and 5.8, we have plotted Gravitational mass (in solar mass unit) against
energy density for zero and non zero value of magnetic field. The maximum
gravitational masses are more than 1.5M for NS, more than 1.6M for QS
and more than 1.7M for HS for both magnetic and zero magnetic fields, respectively. These values are less than the recent measured values[169, 170],
but close to the measured value as is given in Ref.[171]. According to recent observations[169, 170], one should have the NS more than 2M , which is
possible by considering the stiff EOS. However, considering phase transition
from hadronic matter to quark matter leads to stiffening or softening the EOS
for HS and hence the increase and decrease in maximum gravitational masses,
respectively. In the present calculation, our main purpose is to show the signature of phase transition in the period of oscillations. In righr panel of these
figures, we have plotted the period of oscillations (in seconds) against gravitational mass for zero and non zero value of magnetic fields. We have noticed
that there is a sudden dip in HS for both magnetic and non magnetic cases
which corresponds to phase transition from hadron phase to quark phase. Dip
is prominent for primary mode. These dips are present only HS not in NS and
QS. Presence of magnetic field also slightly decrease the period of oscillation
and shifting in higher mass region for BG = 160 MeV/fm3 than the case of
BG = 170 MeV/fm3 .
The main conclusion of our work is that the presence of magnetic field
broadens the mixed phase region, the period of oscillation shows a dip around
the point where mixed phase ends, in primary as well as in the higher modes,
which is the distinct signature of quark matter onset in hybrid star. The presence of magnetic field decreases period of oscillation of fundamental as well
as in higher modes at maximum mass limit for BG = 160 MeV/fm3 than
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BG = 170 MeV, but the effect is significant in fundamental mode.
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6.1 Summary
In this thesis we have investigated the hadronic scattering medium in p-Pb
collisions through Λ∗ baryonic resonance study and the cold nuclear medium
effect through simulation study on D mesons at LHC energy. In the next part
we have studied the QCD phase transition in magnetized compact stars. There
we have shown how period of oscillation can be a signature of phase transition.
In the first part of the thesis, the Λ∗ production in pp collisions at the midrapidity and in p-Pb collisions at the rapidity −0.5 < y < 0 has been studied
through its hadronic decay channel, pK. The decayed particles are detected in
the ALICE Time Projection Chamber (TPC) and Time Of Flight (TOF) detectors. We have obtained the transverse momentum (pT ) spectra of Λ∗ in various
multiplicity bins in p-Pb and minimum bias pp collisions. The pT spectra of
Λ∗ are fitted with Boltzmann Gibbs Blast-Wave, Tsallis-Levy, mT exponential
and Boltzmann functions. Only Boltzmann Gibbs Blast-Wave and TsallisLevy functions have good fitting performance on all the spectra over whole pT
range. We have calculated yield and mean transverse momentum of Λ∗ in pp
√
√
and p-Pb collisions (in 4 multiplicity bins) at s = 7 TeV and sNN = 5.02
TeV, respectively. These measurements may be used to tune event generators
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inspired by pQCD. The hpT i is studied as a function of mass of hadrons in pp
collisions and it is found to increase with increase in mass. The hpT i of Λ∗
is found to follow the same trend like all the other hadrons in pp collisions.
We have compared the yield of Λ∗ /Λ ratio with K ∗0 /K and φ/K ratios in p-Pb
collisions over all multiplicity bins. Due to short decay length of K ∗0 (∼4 fm),
it suffers a hadronic scattering medium, where as the φ meson has a lifetime
about 10 times more than that of K ∗0 shows no effect of the scattering medium
on its yield. The Λ∗ which decay length is in between above two particles
(∼12.6 fm) also shows no significant medium effect on its yield.

We have carried out D-meson production studies in simulation models with
event generators like HIJING and AMPT and compared our results with pub√
lished ALICE data in p-Pb collisions at s = 7 TeV and p-Pb collisions at
√
sNN = 5.02 TeV. We have also compared with the results from next-to-leading
order calculations from FONLL and NLO. Here HIJING under-predicts data
for pT < 7 GeV/c in p-Pb collisions. So we may think that cold nuclear shadowing effect of Pb as implemented in this model might have suppressed the
yield to a large extent. AMPT explains data for all pT region for D0 and D+
within error bars. On contrary to HIJING, AMPT shows a larger production
cross-section for D0 and D+ in p+Pb system in its mechanism irrespective of
nuclear shadowing effect. NLO in p+Pb likewise over estimates the crosssection for pT > 15 GeV/c. FONLL explains data for all pT to very good
extent. Since R pPb in all our calculations deviates from unity, thus there is
initial cold nuclear matter effect playing an important role in all models. KT
broadening can predict the shape of the data. The corresponding result predicts the trend of the data well within its error bars. A similar enhancement in
√
trend of RdAu for π0 meson has also been reported for d+Au collisions at sNN
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= 5.5 TeV by M. Gyulassy et al. (see Ref. [160]). FONLL gives very small
shadowing effect for pT < 10 GeV/c. To explain the experimental data, further
improvements are needed in our parameter dependent models. If results from
high statistics data with improved uncertainty will be available in future, we
will improve these parameter dependent model to fit with data.
In the next part, we have studied the effects of such huge magnetic field on
the matter inside the compact objects basically the equation of state (EOS)
of the matters. Since matter inside the star are very dense both hadronic and
quark matter, we have considered relativistic mean field theory in the hadronic
matter and simple MIT bag model in the quark matter in the presence of strong
magnetic field. We have calculated the phase transition between hadronic and
quark phases, maximum mass and eigenfrequencies of radial pulsation of NS,
HS and QS in the presence of such a huge magnetic field. The mixed phase
is constructed by using Glendenning conjecture in between hadron and quark
phases. We find in the presence of magnetic field, the EOS in both matter
becomes soft. As a result, the maximum mass is reduced and the period of
oscillation is changed significantly and there is a sudden dip in the period of
oscillations in the HS, which signifies the transition from one to another matter.

6.2 Future Prospective
From 2015 LHC is producing data in pp collisions and in Pb-Pb collisions at
√
sNN = 5.02 TeV. Since we have studied the Λ∗ resonances in p-Pb collision at
√
sNN = 5.02 TeV, the measurements from new pp collision data can be used to
study the cold nuclear matter effect (R pPb ) in p-Pb collisions. From the study in
√
Pb-Pb collisions at sNN = 5.02 TeV, one can measure the time span between
chemical and kinetic freeze-outs and the effect of hot nuclear medium on Λ∗
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production.
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