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Abstract

This thesis summaries the measurements of correlations between Λ0Λ̄0, Λ0Λ0, and Λ̄0Λ̄0 hy-

peron pairs produced inclusively at the LHC, which are useful for a better understanding

of the quark-antiquark pair production and jet fragmentation and hadronization processes.

The analysis is based on hyperon pairs selected using the muon and minimum bias samples

collected at the ATLAS experiment from proton-proton collisions at a center-of-mass energy

of 7 TeV in 2010. Excess Λ0Λ̄0 are observed near the production threshold and are identified

to be originated from the parton system in the string model in the Monte Carlo sample,

decaying either directly or through heavy strange resonances such as Σ0 and Σ∗(1385). Dy-

namical correlations have been explored through a correlation function defined as the ratio

of two-particle to single-particle densities. Positive correlation is observed for Λ0Λ̄0 and

anticorrelation is observed for Λ0Λ0 and Λ̄0Λ̄0 for Q ∈ [0, 2] GeV. The structure replicates

similar correlations in pp̄, pp, and p̄p̄ events in PYTHIA generator as predicted by the Lund

string fragmentation model. Parameters of the “popcorn” mechanism implemented in the

PYTHIA generator are tuned and are found to have little impact on the structure observed.

The spin composition of the data sample is extracted using a data-driven reference sample

built by event mixing. Appropriate corrections have been made to the kinematic distribu-

tions in the reference sample by kinematic weighting to make sure that the detector effects

xxiii



are well modeled. A modified Pearson’s χ2 test statistics is calculated for the cos θ∗ distri-

bution to determine the best-fitted A-value for data. The results are consistent with zero

for both like-type and unlike-type hyperon pairs in Q ∈ [0, 10] GeV and Q ∈ [1, 10] GeV

respectively. The data statistics in the range of Q ∈ [0, 1] GeV is currently too low for the

estimation of the emitter size for Fermi-Dirac correlation.
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Introduction

This thesis presents the results of correlation measurements between Λ0Λ̄0, Λ0Λ0 and Λ̄0Λ̄0

pairs produced inclusively in the reaction p+ p→ V 0
1 V

0
2 +X∗ at a center-of-mass energy of

7 TeV at the LHC ATLAS detector.

The main physics goals include:

• studying the ss̄ quark-antiquark pair production through the Λ0Λ̄0 system

• testing the prediction of fragmentation and hadronization models, e.g. the Lund string

model and the “popcorn” mechanism

• probing Fermi-Dirac (FD) correlation between identical fermions, i.e. Λ0Λ0 or Λ̄0Λ̄0

pairs

The first goal is to search for evidence that the presumed ss̄-pairs which produce the Λ0 and

Λ̄0 are produced in unison. By using the decay channel Λ0 → pπ− (Λ̄0 → p̄π+) in which the

angular distribution of the daughter products defines the parent polarization, we look for

correlation between the final state p and p̄. If indeed the s and/or s̄ pairs are produced in the

same quantum process and then hadronize into Λ0 and/or Λ̄0 and the spin information of s
∗V was a generic name given to particles that decay into a pair of charged tracks and leave a V character

shape in a bubble chamber. V 0 refers to neutral particles.
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and/or s̄ is preserved during the hadronization with ud and/or ūd̄ singlet in the constituent

quark model [1], one would expect the spins of the resulting Λ0 and Λ̄0 to be correlated and,

consequently, the angles of production of the final state protons to be correlated as well. One

should keep in mind that only hyperon pairs that are produced very close in space-time are

of interest. Hyperon pairs with large 4-momenta difference Q† are not expected to exhibit

any correlation in their spins.

There has been considerable interest in the question of how quark/antiquark pairs are pro-

duced. Some authors have assumed that the pairs are produced with spins aligned [2, 3].

Others have advanced models with the spins antialigned [3]. Other studies suggested that

there is no directional association [4]. The dramatic ∆η − ∆φ correlation between the Λ0

and Λ̄0 reinforces the conjecture that the two particles have a common origin (Figure 0.0.1).

Therefore, our tests are intended to raise the issue of spin correlation in an attempt to further

examine the hypothesis of a possible simple production mechanism.

The second goal is to measure the dynamical correlations in the rapidity and momentum

phase space through a correlation function C(p1, p2) defined in Eq. (9.5.16). We look for

possible enhancement or suppression of pair production of Λ0 and/or Λ̄0 hyperons when

compared to the case where the two hyperons are independently produced. A mixed data

sample is used as the reference sample for the latter case. Dynamical correlations are ex-

pected for the hyperon pairs at small Q-value as a consequence of the baryon and antibaryon

production mechanism in the string fragmentation model. Λ0Λ̄0 pairs are expected to possess

positive correlation while Λ0Λ0 and Λ̄0Λ̄0 pairs are expected to be anticorrelated. The length

scale of the correlation is expected to be similar to that between other baryon/antibaryon

pairs with similar rest mass, such as the case between protons and/or antiprotons, which is

†Q is defined by Q =
√
−(p1 − p2)2, where p1 and p2 are the 4-momenta of Λ1 and Λ2, respectively.
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Δφ

Δη

Figure 0.0.1: ∆η −∆φ distribution for Λ0Λ̄0events. ∆η and ∆φ are the relative pseudora-
pidity and azimuthal angle of the hyperon pairs in the lab frame which will be defined later
in Section 3.2.1.

at around Q ∼ 1.5 GeV. (Figure 6.1.1)

The third goal is to study the FD correlation arising from the antisymmetric nature of

the wave function of two identical fermions. Also known as the Pauli exclusion principle

(Section 1.6), identical fermions cannot share the same set of quantum numbers when they

are in the vicinity of each other, which leads to the suppression of S = 1 state for the Λ0Λ0

or Λ̄0Λ̄0 system. FD correlation is therefore expected to affect the small Q-value region only.

Previous measurements at LEP [5–7] suggested FD correlation to have an effective length

scale of Q ∼ 1.5 GeV or RΛΛ ∼ 0.15 fm, which was later criticized by Ref. [8] that the

dynamical correlations in the Monte Carlo (MC) sample used in the “double ratio” method

to extract the FD emitter size RΛΛ are very likely to have been underestimated, resulting

in a “FD emitter size” similar to the characteristic length scale as that of the dynamical

correlations predicted by the string fragmentation model. As the actual emitter size for FD

effect should be comparable to the baryon size which corresponds to a Q-value region less
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than 0.5 GeV or RΛΛ ∼ 1 fm, it may be too small to be observed experimentally. Several

other experiments measured RΛΛ ranging from 0.22-0.33 fm at SELEX [4] and 0.39-4.0 fm

at EXCHARM [9] to 3.13 fm at STAR [10].

The analysis presented here uses the 2010 data for which there is a lower track transverse mo-

mementum threshold, which has high impact on the reconstruction efficiency of the V 0 (Ap-

pendix), when compared to later runs. These measurements are important for understanding

the physics behind quark-antiquark pair production and the performance of the string model

in modeling the phenomenology of baryon production at the LHC energy regime. Due to

limited statistics and poor modeling of the kinematic distributions of data by the MC sample,

a data-driven method, namely event mixing, is used to provide a baseline reference sample

to estimate the distortion in the decay angle distribution due to the detector effect.

The outline of this thesis is as follows:

• Chapter 1 gives a brief introduction to the Standard Model of particle physics with

emphasis on the Quantum Chromodynamics, the jet fragmentation and hadronization

models, the spin structure and properties of the Λ0 hyperon, and the spin-statistics

theorem.

• Chapter 2 describes the existing experimental techniques and results from several past

measurements.

• Chapter 3 describes the LHC and the ATLAS detector with focus on the tracking

system.

• Chapter 4 describes the data and MC samples used in this analysis as well as the muon

and minimum bias trigger systems at the ATLAS detector.
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• Chapter 5 describes the reconstruction of V 0 particles and the event selection for Λ0

and Λ̄0 candidates. Signal and background modeling is discussed and signal region is

defined here.

• Chapter 6 describes the dynamical correlations in terms of the correlation function and

that predicted by the string model.

• Chapter 7 describes the theory, the experimental techniques, the uncertainty estimation

and the results of the spin correlation measurement.

• Chapter 8 discusses the interpretations and implications of the results from the dy-

namcial correlation and spin correlation measurements.

• Chapter 9 summarizes and concludes the thesis and discusses the outlook for future

analyses.

The Appendices discuss trigger mappings, MC study of the composition of excess hyperon

pairs, effects of track pT threshold, decay angle and kinematic distributions, the relation

between the two bases of decay angles, several important cross-checks and the author’s other

contributions at the ATLAS Collaboration.
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Chapter 1

Theory

Three quarks for Muster Mark!

Sure he hasn’t got much of a bark

And sure any he has it’s all beside the mark

— James Joyce, Finnegans Wake

This chapter gives an overview of the theoretical background of the Standard Model of

particle physics, with special emphasis on aspects of the Quantum Chromodynamics (QCD)

related to the hadronization and fragmentation model. The Λ0 hyperon is discussed with

emphasis on its self-analyzing spin property and its spin structure. The Pauli exclusion

principle, which leads to the Fermi-Dirac correlations between like-type di-hyperon pairs,

will also be briefly discussed.

Natural units∗ are used in this thesis to simplify the formulas.
∗h̄ and c are set to unity. As a result, energy (mc2), momentum (mc), and mass will all appear as mass

and will normally be stated in electron-volt (eV).
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1.1 Background

In the late 19th century, the field of physics was thought to be settled and the atom was

believed to be the fundamental building block of all types of matter. Then in 1897, J. J.

Thomson discovered the electron (Table 1.1), a subatomic particle smaller than the atom

that carries electric charge. With the discovery of the atomic nucleus in 1911 (Table 1.1)

and the discovery of the proton in 1919 (Table 1.1) by Ernest Rutherford, it was clear that

our understanding of the building blocks of our universe was far from complete. The field of

particle physics was wide open.

Table 1.1: Timeline of particle physics discoveries. Source:Wikipedia

Year Discovery
1897 electron
1899 alpha and beta particle
1900 gamma ray
1911 atomic nucleus
1919 proton
1932 neutron and positron
1936 muon
1947 kaon (strange quark) and pion
1955 antiproton
1956 electron neutrino
1962 muon neutrino
1974 J/ψ particle (charm quark)
1977 Upsilon particle (bottom quark) and tau lepton
1979 gluon (indirectly in three-jet events)
1983 W and Z bosons
1995 top quark
2000 tau neutrino
2012 Higgs boson

With the founding of quantum mechanics and the advent of experimental techniques in the

20th century (Table 1.2), the number of subatomic particles discovered exploded (Table 1.1).
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The theory of special relativity was later incorporated into quantum mechanics to conceive

the so-called quantum field theory which forms the basis of the Standard Model (SM) (Sec-

tion 1.2), the benchmark model in the field of particle physics nowadays that describes all

the fundamental particles and their interactions with the electromagnetic, weak and strong

forces. With the discovery of the Higgs boson in 2012 (Table 1.1), the Standard Model is

the most successful and well-measured theory in the history of mankind.

Table 1.2: Timeline of particle physics technologies. Source:Wikipedia

Year Technology
1897 - 1901 Townsend discharge
1911 cloud chamber
1928 Geiger Muller tube
1934 cyclotron
1945 synchrotron
1952 bubble chamber
1968 multiwire proportional chamber

However, the story does not just end there. There are still unresolved problems in the

Standard Model, such as the unification with the gravitational force, the origin of the neutrino

mass, the origin of dark matter and dark energy and so on. Within the framework of the

Standard Model, Quantum Chromodynamics, the theory that describes the interactions

between quarks, antiquarks, and gluons, is a less well understood sector due to its peculiar

properties, namely asymptotic freedom and confinement. Many qualitative tests are available

to test the properties of QCD in the perturbative regime. Properties of the QCD in the

non-perturbative regime are much harder to test due to difficulties in the calculation as

perturbation theory is no longer valid. One example is the hadronization of quarks into

mesons and baryons, which is studied through fragmentation models that are based on

assumptions on the nature of the phenomenology of the process.
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This thesis intends to give some insights into the creation mechanism of quark-antiquark pairs

in the hadronization process. Λ0 and Λ̄0 hyperons are used as handles to probe the s and s̄

spin orientation, where the u and d quarks form a singlet state and do not contribute to the

spin content of the hyperon under the standard assumption of the Constituent Quark Model

(CQM). Correlations in the momentum and spin phase space are measured and compared

with model predictions and the results from past measurements.

The remaining parts of this chapter are given as follows: The Standard Model of particle

physics is introduced in Section 1.2. Properties of QCD such as the running coupling,

asymptotic freedom and confinement, perturbative and non-pertubative regimes of QCD are

discussed in Section 1.3. Hadronization and fragmentation models such as the string model

are described in Section 1.3.5, followed by a discussion on the hyperon spin structure in

Section 1.5, the properties of the Λ0 hyperon and the spin-statistics theorem in Section 1.6.

1.2 The Standard Model of particle physics

The Standard Model of particle physics began its inception in the 1930’s when physicists

discovered the fundamental building blocks of matter. It is a gauge quantum field theory

which describes elementary particles and their interactions. Just like any other theories in

the field of physics, the Standard Model is largely motivated by symmetries.

There are two kinds of symmetries in physics, namely global symmetries which do not depend

on space-time coordinates and gauge (local) symmetry which do. Symmetries are important

because of Noether’s theorem [11] which states that if a system has a continuous symmetry,

then there is a corresponding conserved current and hence a conserved charge. For instance,

translational symmetry leads to conservation of linear momentum, rotational symmetry leads
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to conservation of angular momentum and Lorentz invariance, physical laws are independent

of their inertial reference frame, leads to the conservation of invariant mass.

The Standard Model unifies the electromagnetic, weak and strong nuclear forces based on

the local gauge symmetries of SU(3)c×SU(2)L×U(1)Y , with the SU(3)c group describes the

strong force, the SU(2)L group describes the weak force and the U(1)Y group describes the

electromagnetic force. The fundamental interactions are the immediate consequence of the

local gauge invariance, and the excitations of these fields correspond to gauge bosons. There

are a total of twelve gauge bosons: eight gluons correspond to the generators of the SU(3)c,

two oppositely charged W bosons correspond to the generators of SU(2)L, and a neutral

Z boson and a photon (γ), which corresponds to linear combinations of the generators of

SU(2)L and U(1)Y .

The particle masses are introduced via the Higgs mechanism [12–14] in which a spontaneous

symmetry breaking of the electroweak group generates the masses of the weak gauge bosons

and the fermions. The Higgs mechanism also predicts the existence of a massive scalar

particle, the Higgs boson, which was discovered independently by the two main experiments

(ATLAS and CMS) at the LHC and was reported on 4th July 2012 [15,16].

1.2.1 Particle contents

The particles are categorized into fermions and bosons. Fermions are spin-half particles

that make up matter. The 12 fundamental fermions can be further classified into three

generations of quarks and leptons. Each generation is a heavier copy of the first one with

same quantum numbers. Fermions in the heavier generation are unstable and decay promptly

upon creation into lighter generation through the weak force. Matters in the nature are

10



therefore dominantly made of the first generation.

The left-handed fermions exist as doublets under SU(2)L, while the right-handed fermions

are singlets. This correspond to three generations of quark doublets and singlets

 u

d


L

 c

s


L

 t

b


L

uR dR cR sR tR bR

(1.2.1)

where the quarks in the upper and lower row of the doublets carry electric charge of +2/3e

and -1/3e, respectively, with e being the minus of the electric charge of the electron. The

quark singlets carry the same charge as their doublet counterparts. The leptons also form

three electroweak SU(2) doublets and singlets, with the exception of neutrino that there are

no† right-handed neutrinos or left-handed anti-neutrinos.

 e

ν−e


L

 µ

ν−µ


L

 τ

ν−τ


L

e−R µ−R τ−R (1.2.2)

where the leptons (electron, muon, and tauon) in the upper row of the doublets and the

singlets have electric charge of -e and their corresponding neutrinos in the lower row of

the doublets are neutral. The neutrinos are therefore directly influenced only by the weak

nuclear force, which makes them notoriously difficult to detect. All 12 particles have been

found with the latest discovery of the top quark by the CDF [26] and D0 [27] collaborations
†Neutrinos are assumed to be massless in the SM. However, the experimentally established phenomenon of

neutrino oscillation [17–21] suggests that neutrino masses cannot be exactly zero. Their masses are believed
to be obtained from mechanisms other than the Higgs mechanism, such as the Seesaw mechanism [22–25].
It predicts that neutrinos with wrong helicity to be either very heavy and/or do not participate in weak
interaction (a.k.a. sterile neutrinos). They are therefore very difficult to detect experimentally.
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in 1995 and tau neutrino by the DONUT [28] collaboration in 2000. (Table 1.1)

Flavor‡ can be changed through the weak interaction. Transitions between the same SU(2)

doublet are most probable, even though transition between different generations can happen

with much lower probabilities. Such transition probabilities can be computed using the

Cabibbo-Kobayashi-Maskawa (CKM) matrix [29].

Figure 1.2.1: The Standard Model of particle physics and the hypothetical graviton in the
extension of the gravitational force. Source: CERN

All particles in the model are massless up to this point, which is not what is measured in
‡Flavor refers to a species of an elementary particle. The SM contains six flavors of quarks and six

flavors of leptons. They are parameterized in terms of flavor quantum numbers. For instance, strangeness
S = ns − ns̄ is related to the difference between the number of strange quarks and strange antiquarks.
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nature. An attempt to give these particles mass in the Standard Model was developed in the

sixties, which is called the Higgs mechanism [12–14]. A scalar Higgs field is introduced with

a non-vanishing vacuum expectation value. A local symmetry is broken and some of the

massless gauge fields picked up their masses. In this way the Higgs mechanism explains why

the W+, W− and Z0 bosons are massive and the photon remains massless. The interaction

of particles with the Higgs field gives them their bare mass.

1.3 Quantum Chromodynamics

The QCD sector defines the interactions between quarks and gluons, the dynamics of which

is controlled by the QCD Lagrangian which obeys the non-Abelian SU(3) symmetry as the

theory of QCD is symmetric to the three color charges carried by the quarks and gluons. For

the special unitary group of SU(3), there are eight generators and thus eight gluon fields Ga
ν

(a = 1 . . . 8) are needed to represent eight spin-1 massless gluons. Quarks are triplets under

SU(3) and they quickly hadronize into colorless mesons and baryons after being produced

due to the so-called color confinement. The gauge invariant QCD Lagrangian is defined as

LQCD =

u,d,s,c,t,b∑
q

ψ̄q(x)(iγµDµ −m)ψq(x)− 1

4
Ga
µνG

µν
a (1.3.1)

where γν is the Dirac matrices of the Lorentz group, ψq(x) is the quark field where the index

q runs over all six flavors of quarks and Ga
ij is the gluon field strength tensor similar to the

electromagnetic field strength tensor, F µν , in quantum electrodynamics. It is given by

Ga
µν = ∂µG

a
ν − ∂νGa

µ + g3f
abcGb

µG
c
ν (1.3.2)
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where g3 is the strong coupling and fabc are the structure constants of the non-Abelian

SU(3) gauge group in [λa, λb] = ifabcλc. The gauge part of the QCD Lagrangian −1
4
Ga
µνG

µν
a

contains cubic and quartic terms in the gluon field because of the non-Abelian term in Eq.

(1.3.2), which means that gluons are self-interacting and no superposition principle is at

work. The covariant derivative added to preserve the gauge symmetry is defined as

Dµ = ∂µ − ig3
1

2

−→
λ ·
−→
Gµ (1.3.3)

The interaction vertexes of the Feynman diagrams of QCD are shown in Figure 1.3.1.

(a) ∼ √αs (b) ∼ √αs (c) ∼ αs

Figure 1.3.1: The interaction vertexes of the Feynman diagrams of QCD, namely (a) quark-
gluon, (b) triple-gluon, and (c) quartic-gluon vertexes.

1.3.1 Running coupling

Interactions consist of an infinite sum of possibilities, where exchange of gluon can cou-

ple with quark loops, or extra gluons can be emitted and reabsorbed. Some of these

loops make the calculation of amplitude diverge logarithmically. This divergence can be
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removed by a process called renormalization. In this process, the bare coupling constant

is re-parameterized to be the “measured” coupling constant. Measurement of the coupling

constant includes all loops, so the final result of the sum is known.

The self-interacting gluonic vertexes in the QCD Feynman diagrams (Figure 1.3.1) introduce

boson (gluon) loops in the higher order corrections such as the one-loop corrections shown in

Figure 1.3.2, which interfere destructively with the fermion (quark) loop contributions. The

number of fermion loops is determined by the number of flavors and the number of boson

loops is determined by the number of color charges. It can later be shown that the energy

scale dependence of the strong coupling constant αs becomes negative when the number of

flavors is smaller than a certain value and the loop corrections are dominated by the boson

loops.

Figure 1.3.2: The QCD Feynman diagrams of a gluon propagator in a quark-quark scattering
with up to one-loop (fermion and boson loops) corrections. [30]

To first order, the dependence of αs on the energy of the interaction is given by:

αs(Q
2) =

αs(µ
2)

1 + αs(µ2)
12π

(33− 2nf ) ln(Q
2

µ2 )
(1.3.4)

where Q2 is the momentum transfer for which α2 is calculated, nf is the number of quark

flavors, and µ2 is the arbitrary value of the momentum transfer chosen for renormaliza-
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tion. Conventionally, the energy scale Λ2
qcd at which αs becomes infinite is chosen as the

renormalization scale. Eq. (1.3.4) becomes

αs(Q
2) =

12π

(33− 2nf ) ln( Q2

Λ2
qcd

)
(1.3.5)

at first order where Λ2
qcd = µ2exp( −12π

(33−2nf )αs(µ2)
). Eq. (1.3.5) is also known as one-loop

approximation.

The dependence of a coupling parameter, g, on the energy scale, µ, of a given process is

encoded in the so-called beta function, β(g). It is defined as

β(g) =
∂g

∂ ln(µ)
. (1.3.6)

The one-loop beta function in quantum chromodynamics with nf flavors [31,32] is

β(αs) = −(11− 2nf
3

)
α2
s

2π
(1.3.7)

written in terms of αs = g2

4π
.

For nf ≤ 16, the beta function indicates that the coupling decreases with increasing energy

scale. The dependence on the number of flavors occurs because each quark flavor introduces

another set of loop diagrams to the correction of the bare vertex. Currently six quark flavors

are known and therefore αs should become large at low momentum transfer and one can no

longer rely on the perturbation theory. Conversely, the coupling increases with decreasing

energy scale. A figure of the measurement of the strong coupling constant αs as a function

of energy scale Q is shown in Figure 1.3.3.
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Figure 1.3.3: Summary of measurements of αs as a function of the energy scale Q. The
respective degree of QCD perturbation theory used in the extraction of αs is indicated in
brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading order; res. NNLO:
NNLO matched with resummed next-to-leading logs; N3LO: next-to-NNLO). Figure taken
from Ref. [33].

1.3.2 Asymptotic freedom and color confinement

As a consequence of the running of the strong coupling constant αs, QCD enjoys two peculiar

properties.

First, it is the asymptotic freedom which states that quarks and gluons interact very

weakly in very high-energy reaction. At E > 1 GeV, the proton or any other hadron is a

loosely bound system of quarks and gluons. The probability of emission decreases quickly

with the number of emitted particles and can hence be described by the perturbation theory
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of QCD. In the language of the Feynman diagram, diagrams corresponding to higher orders

of αs (Figure 1.3.2) can be ignored because αs is much less than one in this regime.

Second, it is the color confinement which states that the force between quarks does not

diminish as they are separated. Since the force-carrying gluons have color charge, as opposed

to photons in the case of QED, a direct consequence is that the gluon field forms a narrow

tube as a quark pair separates. (Figure 1.3.4) As the distance grows, it becomes energetically

favorable for the color tube to break, forming a new quark-antiquark pair. (Figure 1.3.5)

There are many different models describing how such quark-antiquark pairs are formed, one

of the most popular one is the Lund string fragmentation model which will be discussed in

detail in the next few sections.

Figure 1.3.4: Color confinement of qq̄ separation. Gluon self-interaction makes field lines
attract each other and leads to the formation of color flux tube of constant energy density
of about 1 GeV/fm. This color flux field is modeled as a massless relativistic string with
constant tension in the Lund string model which will be described in Chapter 1.3.6. [30]

1.3.3 Perturbative QCD

The cross section of physics processes can be calculated by summing over contributions of

all relevant Feynman diagrams. As each vertex between quarks and gluons or gluons and

gluons contributes a factor of
√
αs or αs (Figure 1.3.1), the magnitude of the contributions of

different Feynman diagrams can be grouped in powers of αs. Using the fact that the strong

coupling constant αs is small at high energy or short distance, the perturbation method can
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be used to calculate the cross section of the physics process where terms of higher order of

αs can be neglected.

1.3.4 Non-perturbative QCD

Unfortunately, most physics processes involve both short- and long-distance interactions.

Hence, they are not computable directly in perturbative theory for QCD. For instance, the

structure of hadrons has a non-perturbative nature. Attempts to resolve this problem led to

the development of the QCD factorization theorem, which separates the cross section into

the process dependent perturbatively-calculable short-distance parton cross section and the

universal long-distance functions. These long distance functions can be measured with global

fit to experiments. They include parton distribution functions, fragmentation functions, and

different kinds of form factors. The energies at which quarks combine to form hadrons, a.k.a.

hadronization, are in the non-perturbative regime of QCD. Hadronization and fragmentation

models are developed to explain experimental phenomena and make predictions for different

measurable variables.

1.3.5 Models of fragmentation

As discussed in the previous few sections, the coupling constant αs is a scale-dependent

quantity which increases at low values of the shower evolution scale. The perturbation theory

eventually becomes invalid at some point and the dynamics enter a non-perturbative phase

which leads to the formation of the observed final-state hadrons. This hadronization process

is currently not calculable using the available non-perturbative techniques. Jet fragmentaion

and hadronization models are therefore used to make basic assumptions about the nature

19



of the fragmentation and hadronization process to calculate its phenomenology. They are

implemented in Monte Carlo programs to create simulated events which are used to compare

with data events. The performance of different fragmentation and hadronization models can

then be compared and parameters in the models can be modified to improve agreement with

the data. In this analysis, we mainly look at the Lund string model which is implemented

in the PYTHIA event generator [34, 35]. Other common fragmentation and hadronization

models include the cluster-hadronization model which is implemented in both HERWIG [36]

and SHERPA [37] event generators.

Figure 1.3.5: Hadronization of a parton shower is shown on the left. The string fragmentation
of a quark-antiquark pair into a stream of mesons and baryons is shown on the right. [38]

1.3.6 The string model

The string fragmentation model is inspired by the observation in lattice QCD that at large

distances the potential of color fields, such as that between a quark-antiquark pair, grows
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linearly with distance like a string [39]. This corresponds to a distance-independent force

law which is believed to be caused by the self-interacting nature of gluonic field, which

collapses itself into a string or tube configuration with thickness of the order of 1 fm when

the separation is much larger than this. (Figure 1.3.4)

A quark-antiquark pair is pictured as the opposite ends of a gluonic string, each carrying half

of the total energy in their center-of-mass frame. As the quark and antiquark move away

from each other, their kinematic energy is converted into the potential energy in the gluonic

string. When the potential energy becomes the order of hadron mass, it becomes energetically

favorable for the string to break at some point and pull a pair of quark-antiquark out of the

vacuum. The new quark is connected to the original antiquark and the new antiquark is

connected to the original quark. Two string segments then begin to stretch and break again,

until all energy has been converted into the quark-antiquark pairs connected by short string

segments, which can be identified as hadrons. (Figure 1.3.5) The types and momentum of

hadrons formed depend on the quark-antiquark pairs produced in the string breaking. As

the quark-antiquark pairs arise from string fluctuation, there is a preference of production

for light quarks with low transverse momentum relative to the string axis.

Each produced hadron carries a fraction of the momentum of the original quark. The mo-

mentum of the hadron is again controlled by a fragmentation model similar to that in the

Field-Feynman model [40]. The probability distribution function of the fraction of the mo-

mentum carried by the produced hadron is given by the Lund symmetric fragmentation

function as shown below

f(z) ∝ (1− z)a

z
exp(−bm

2
⊥
z

) (1.3.8)
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where z is the fractional momentum of the parton/hadron, a and b are tunable parameters.

The Lund symmetric fragmentation function is motivated by the requirements of Lorentz in-

variance, acausality, and left-right symmetry. The Lund Area Law [41] which states that the

probability to produce a set of hadrons with momentum p1, p2, · · · , pn and total momentum

Ptot is given by

dPn({pj};Ptot) ∝ exp(−bA) (1.3.9)

where A is the area spanned by the color string before breakup in the 1+1 space-time diagram

as shown in the shaded region in Figure 1.3.6 and b is a parameter related to the density of

hadronic states and the breakup properties of the string field, respectively. [41]

The probability is proportional to the size of the phase space and is exponentially suppressed

by A. This can be understood as similar to a quantum mechanical tunneling through a

potential barrier as the potential energy stored in a color string is proportional to its length

in the space-time diagram. Figure 1.3.6 shows a representation of color fluctuations in the

string and the production of baryon and antibaryon pairs. The dynamcial correlations in

the baryon/antibaryon pair production that arise from the string breaking will be discussed

in Section 6.1.

1.4 Hyperon spin structure

It is well known that the spin structure of proton, neutron, and other baryons is non-trivial.

Since all baryons are three-quark states (qqq), one may build SU(3)-flavor symmetrical wave

function of any member of the spin-1
2
baryon octet or spin-3

2
baryon decuplet using the lowest
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Figure 1.3.6: Representation of color fluctuations in the string. At the right-hand side we
have a pair of wrongly colored pair q1(b)q̄1(b̄) and q1(g)q̄1(ḡ) forming an effective diquark-
antidiquark pair, yielding a pair of baryon and antibaryon, neighbors in rank. At the left-
hand side, there is a production of a baryon and an antibaryon with a meson between
them, arising from two breakups in a color fluctuation region. The production of baryon is
suppressed when compared to that of mesons. [8]

mass flavors (u, d, and s quarks). (Figure 1.4.1)

In the naive Constituent Quark Model [1] all quarks are assumed to be in S-state and spin of

a baryon is composed of the constituent quark spins. The wave function of the Λ0 hyperon

can be written as

|Λ ⇑〉 =
1√
18

[(u ↑ d ↓ +u ↓ d ↑)− (u ↓ d ↑ +u ↑ d ↓)] s ↑ +cycl.perm. (1.4.1)

where ⇑ denotes that the baryon is in a pure spin state and ↑ and ↓ denote spin states of the

constituent quarks. Using this wave function, the quark polarization Pq in a fully polarized
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(a) (b)

Figure 1.4.1: (a) The S = 1/2 ground state baryon octet and the (b) S = 3/2 baryon
decuplet in the quark model.

baryon can be directly calculated as

〈Λ ⇑ |σu,dz |Λ ⇑〉 = Pu,d = 0 〈Λ ⇑ |σsz|Λ ⇑〉 = Ps = 1 (1.4.2)

According to the simple model, the spin of the Λ0 hyperon is entirely carried by the s quark,

while the ud pair is in a spinless (singlet) state.

One should keep in mind that such a simple model also predicts the spins in proton and

neutron contributed dominantly from the u and d quarks. However, in late 1980’s it was

discovered that only a small fraction of the proton’s spin, less than 30%, is carried by quarks.

This is known as the “proton spin crisis” [42–45]. Testing whether the spin information in

the s quark is preserved during its hadronization into the Λ0 hyperon can therefore shed

light on how well such a simple model performs to model the hyperon.
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1.5 Λ0 hyperon

1.5.1 Brief history of discovery

First discovered in the October 1950 by V. D. Hopper and S. Biswas from the University of

Melbourne [46], the Λ0 hyperons were produced by cosmic rays and detected in photographic

emulsions flown in a balloon at 21,000 m. They were found to live much longer than expected

at about 10−10 s instead of 10−23 s. This particle was later named the lambda particle (Λ0)

and the properties that caused its long lifetime is dubbed “strangeness”. That name was

later inherited by one of the quarks (s) from which the Λ0 particle is constructed. Some key

parameters for Λ0(Λ̄0) are given in Table 1.3.

Table 1.3: Key parameters for Λ0 hyperon. [47]

Parameter Value
I
(
JP
)

0
(

1
2

+)
mass [MeV] 1115.683± 0.006
mean life [10−10s] 2.632± 0.020
branching ratio BR

(
Λ0 → pπ−

)
[%] 63.9± 0.5

branching ratio BR
(
Λ0 → nπ0

)
[%] 35.8± 0.5

parity-violating decay parameter αΛ for Λ0 → pπ− 0.642± 0.013

1.5.2 Self-analyzing properties

The Λ0(Λ̄0) hyperon, being the lightest baryon containing the s(s̄) quark, is produced in

copious amount in particle accelerators. Its long decay length and its fully-reconstructible

decay channel Λ0 → pπ− (Λ̄0 → p̄π+), with a branching fraction of 63.9%, makes possible for

its reconstruction as a signature displaced secondary vertex with a pair of oppositely charged

tracks. The asymmetric (parity-violating) nature [48,49] of the decay, which is characterized
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by the asymmetry parameter αΛ, enables the determination of its spin polarization through

the angular distribution of its decay proton. As a result, Λ0 polarization itself has been a very

rich research topic. For instance, the Λ0 polarization measured in hard scattering process

in fixed target experients as shown in Figure 1.5.1 are much larger than the predictions of

perturbative QCD of a few percents [50] and has been a major puzzle for the past thirty

years. Recent related measurements at ATLAS include transverse polarization [51] and

production [52] measurements.

Figure 1.5.1: Dependence of the polarization in inclusive Λ0 production in p− p and p−Be
collisions at 400 GeV as a function of pT for two xF bins. [53]

1.6 Spin-statistics theorem

All particles either have integer spin (Bosons) or half-integer spin (Fermions). The spin-

statistics theorem further relates the intrinsic spin of a particle to the particle statistics

it obeys. The wave function of identical integer-spin particles has the same value when

two particles exchange positions and is called symmetric. In contrast, the wave function of
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identical half-integer spin particles changes sign when two particles are swapped and is called

antisymmetric.

An immediate implication is that the wave function of identical fermions must vanish as the

two particles get closer together in space-time, but there is no restriction on the number

of identical bosons occupying the same quantum state. This is also known as the Pauli

exclusion principle. The building blocks of matter such as protons, neutrons and electrons

are fermions and can occupy space and form all kinds of macroscopic structures we see in

our daily lives. Force mediators such as photons are bosons.

In Chapter 2, past experiments that attempted to measure the emitter size of fermions (e.g.

Λ0-Λ0 and proton-proton) and bosons (e.g. kaon-kaon and pion-pion) pair production are

reviewed. Suppression/enhancement of certain spin states can be probed through spin-spin

correlation (identical vs nonidentical spin states) or dynamical correlation in the momentum

phase space (space-time separation of particles at production) to determine the effective

range of the spin-statistics (Fermi-Dirac statistics for fermions and Bose-Einstein statistics

for bosons) as well as its dependence on the baryon mass.
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Chapter 2

Past measurements and methodolgy

This chapter reviews the experimental techniques used in the measurement of correlations

of di-hyperon pairs either taken from past experiments or proposed by theorists for future

studies. Experimental results from several past related measurements are also reviewed

with their major findings briefly discussed. The main goal is to better understand how our

analysis and results may fit into the existing correlation measurement landscape and their

implications on baryon/antibaryon production models.

2.1 Methodology

2.1.1 Two-particle correlation function

The Fermi-Dirac (FD), Bose-Einstein (BE) and the dynamical correlations can be studied

in terms of two-particle correlation function C2 defined as

C2(p1, p2) =
ρ2(p1, p2)

ρ1(p1)ρ1(p2)
(2.1.1)
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where p1 and p2 are the 4-momenta of particles. ρ2 is a two-particle density of particles

with 4-momenta p1 and p2 respectively. ρ1 is a single-particle density for each particle. The

ratio is therefore proportional to the conditional probability of creating a pair of particles

with 4-momenta p1 and p2 with respect to an independently produced pair with the same

kinematics. It can be used to look for enhancement or suppression in the pair production

probability. The variables p1 and p2 can be replaced by other kinematic variables of interest

in Eq. (2.1.1). One possible choice of parameterization of the correlation function is to use

the azimuthal angle and pseudorapidity differences ∆φ = φ1 − φ2 and ∆η = η1 − η2 [54].

The corresponding two-particle correlation function is defined as

C2(∆η,∆φ) =
Nref

Nexp

S(∆η,∆φ)

B(∆η,∆φ)
, (2.1.2)

where

S(∆η,∆φ) =
d2Nexp

d∆ηd∆φ
(2.1.3)

and

B(∆η,∆φ) =
d2Nref

d∆ηd∆φ
. (2.1.4)

Nexp and Nref are the numbers of pairs of particles reconstructed in the experimental and

reference sample. This gives a two-dimensional differential ratio and the structures at dif-

ferent kinematic regions such as the collinear region (∆η,∆φ) ∼ (0, 0) and the back-to-back

region ∆φ ∼ π can be studied.

Another common parameterization of the correlation function is to use the 4-momenta dif-
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ference Q =
√
−(p1 − p2)2 and it takes into account all possible degrees of freedom. Q ∼ 0

implies that the two particles are essentially produced in unison. It is therefore a favorable

variable to be used to probe the FD or BE correlation and the corresponding emitter radius.

The correlation function is replaced by

C2(Q) =
Nref

Nexp

· S(Q)

B(Q)
. (2.1.5)

where

S(Q) =
dNexp

dQ
(2.1.6)

and

B(Q) =
dNref

dQ
. (2.1.7)

A reference sample free of BE or FD correlations can be defined in different ways: Monte

Carlo without such kind of correlations, pairs of unlike-sign hadrons, pairs with particles

from different events, or from different hemispheres (mixings) [55].

Some experiments use the so-called “double-ratio” method in which the correlation function

is defined as

Cd−r(Q) =
Cdata

2 (Q)

CMC
2 (Q)

(2.1.8)

where Cdata
2 (Q) and CMC

2 (Q) represent correlation functions defined in Eq. (2.1.5) for the

experimental data and the MC sample.
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As pointed out by Ref. [8], the major experimental challenge is to choose an appropriate

reference sample such that the detector effects and the dynamical correlations are correctly

modeled and the FD or BE effects can be isolated by comparing the data with the reference

sample. Also, the results obtained by using the “double-ratio” method turn out to depend

heavily on the modeling of the dynamical correlation in the Monte Carlo simulation. Pos-

sible tuning using nonidentical baryon pairs, such as the studies with pΛ0 and p̄Λ̄0 at the

ALICE [54] and STAR [56] experiments, would be needed to make sure that the FD-free

dynamical correlation is simulated correctly.

For an estimation of the production source extent of the di-hyperon pair, different param-

eterizations may be used. The most common one is the Goldhaber parameterization [57]

which is defined as

C2(Q) = N(1 + βe−R
2Q2

), (2.1.9)

where N is the normalization constant, R is the space-time extent of the source and β is the

suppression factor.

2.1.2 Spin composition extraction

The spin composition of the di-hyperon system can be extracted using the proton decay

angle distributions. Let us denote y∗ as the cosine of the angle θ between decay protons of

each parent hyperon. Each proton should be transformed to its hyperon rest frame.

Taking into account P -violation at the Λ0 decay from the di-hyperon system, one obtains
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dN/dy∗|S=0 = N
(
1∓ α2

Λy
∗) , dN/dy∗|S=1 = N

(
1± α2

Λ

3
y∗
)
. (2.1.10)

where S is the spin of the di-hyperon system.

For a system of two spin-1
2
fermions, the di-hyperon system can either be in S = 0 or S = 1

state, the decay angle distribution can be parameterized as the a function of the fraction of

the S = 1 contribution ε as follows:

dN/dy∗ = (1− ε) dN/dy∗|S=0 + εdN/dy∗|S=1 = N

(
1 +

(
4

3
ε− 1

)
α2

Λy
∗
)
. (2.1.11)

A more detailed derivation of the angular distribution of the decay (anti)protons with re-

spect to different spin and polarization configurations and the parameterization used in this

analysis can be found in Section 7.1. An alternative definition of decay angle is suggested

by Ref. [3] using the decay angles of the two (anti)protons with respect to the orientation of

each of their parent hyperon in the helicity frame. The two decay-angle bases are related by

simple geometry as shown in Figure 9.4.19 and Eq. (9.4.15).

2.2 Experimental results from other experiments

A review on existing results of correlation measurement for di-hyperon pairs coming from

ALICE [54] experiment at the LHC, OPAL [5], DELPHI [6], and ALEPH [7] experiments

at LEP [58], NA49 [59] experiment at CERN, and EXCHARM [9] spectrometer at the

Serpukhov accelerator as well as the latest results from SELEX [4] experiment (Fermilab

E781) and STAR [10,56] experiment at RHIC will be presented in the following sections.
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2.2.1 Results from ALICE

The two-particle correlation functions were measured in pp collisions at 7 TeV using data

collected at the ALICE detector. [54] The analysis was carried out for pions, kaons, protons,

and lambdas, for all particle/antiparticle combinations for all the pairs. The correlation

function used is similar to the one defined as in Eq. (2.1.1), except that observable Q is

replaced by the azimuthal angle and pseudorapidity differences ∆φ and ∆η.

(a) (b)

Figure 2.2.1: ∆η integrated projections of correlation functions for combined pairs of (a) like
sign and (b) unlike sign baryon and/or antibaryon pairs as functions of ∆φ. Bottom panels
shows ratios to proton/antiproton correlations. Statistical (bars) and systematic (boxes)
uncertainties are plotted. [54]

A significant depletion around (∆η,∆φ) ∼ (0, 0) is observed for baryon-baryon and antibaryon-

antibaryon pairs and this is not seen in baryon-antibaryon pairs. (Figure 2.2.1) The analy-

sis is complemented by MC model calculations using PYTHIA6.4 Perugia-0, Perugia-2011,

PYTHIA8, and PHOJET (v.1.12). The correlation function of the of baryons in simulations

are found to be significantly different than those found in collision data. (Figure 2.2.2) While
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the most surprising result is obtained for baryon-baryon (antibaryon-antibaryon) pairs where

models are unable to reproduce even qualitatively the depletion which is observed experi-

mentally, the correlations for baryon-antibaryon are qualitatively comparable between data

and MC, with the simulated ones much stronger than those observed in collision data.

(a) (b)

Figure 2.2.2: ∆η integrated projections of correlation functions for (a) Λ0Λ̄0 and (b)
Λ0Λ0+Λ̄0Λ̄0 events as functions of ∆φ, for ALICE data and four MC models, namely
PYTHIA6 Perugia-0 (red), PYTHIA Perugia-2011 (green), PYTHIA8 Monash (blue), and
PHOJET (purple). Bottom panels show ratios of MC models to ALICE data. Statistical
(bars) and systematic (boxes) uncertainties are plotted. [54]

2.2.2 Results from LEP

The results of the correlation measurements of the three LEP experiments, OPAL [5], DEL-

PHI [6], and ALEPH [7] are summarized in Table 2.1. The baryon-pairs are selected from

Z0 poles produced in e+e− collisions at the LEP collider. The method of “double-ratio” as
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described in Eq. (2.1.8) has been used to measure the momentum correlation. They all found

similar results with a production radius of the order of 0.15 fm. The result is later criticized

by Ref. [8] that the results depend heavily on the description of correlation in the MC, which

should in principle be free of FD effects. This correlation cannot be constrained by data as

it is impossible to switch off the FD effects. It is the difference between the correlation in

data and the FD-free MC which is interpreted as the FD effect. Ref. [8] suggests the use of

pΛ and p̄Λ̄ as a tool to study the baryon-baryon correlation in hadronization in absence of

FD effects.

As for the spin correlation, the LEP experiments reported FD effects which is reflected as

a dominance of S = 0 state at small Q-values. The reported results as shown in Table 2.1

are consistent with those obtained from the analyses of momentum correlation. A combined

fit for the S = 1 fraction is done as a function of Q as shown in Figure 2.2.3. However, as

pointed out by Ref. [8], the statistics is too limited to conclude for a reliable determination

of the range of the FD effect.

Table 2.1: Experimental results for λ and R from FD correlations CFD = 1 − λe−R
2Q2

between baryon-pairs produced in e+e− annihilations at the LEP collider. [8]

R(fm) λ Experiment
p̄p̄ 0.14± 0.06 0.76± 0.33 OPAL

0.11± 0.01 0.49± 0.09 ALEPH
0.16± 0.05 0.67± 0.25 DELPHI

Λ0Λ0 0.11± 0.02 0.59± 0.10 ALEPH
0.17± 0.14 Spin Analysis ALEPH

0.19+0.37
−0.07 Spin Analysis OPAL

0.11+0.05
−0.03 Spin Analysis DELPHI
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Figure 2.2.3: (a) The S = 1 fraction, ε, of the Λ0Λ0(Λ̄0Λ̄0) pairs measured as a function of
Q by the ALEPH, DELPHI, and OPAL collaborations. The solid line represents the results
of the fit of ε(Q) = 0.75[1 − e−R

2
ΛΛQ

2
] to the data points. [58] (b) The ∆χ2 = χ2 − χ2

min

dependence on RΛΛ. [58]

2.2.3 Results from SELEX (E781)

The Hanbury Brown-Twiss (HBT) interferometry of Λ0Λ0 pairs produced in Σ−A interactions

is carried out using a Λ0Λ0 spin composition measurement with data taken by the SELEX

experiment (Fermilab E781), which accumulated data during the 1996-97 fixed target run at

Fermilab. The suppression of S = 1 state in the range of four-momenta difference Q < 1.5

GeV was found for Λ0Λ0 events. For Q > 1.5 GeV it was found to be consistent with

statistical spin mixture.

For the Λ0Λ̄0 system it was found to be consistent with the expectation for a statistical

spin mixture. An estimation of the space-time extent of Λ0Λ0 production region gives R =

0.31± 0.11stat ± 0.04syst fm. [4]
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Figure 2.2.4: Spin one contribution ε(Q) for Λ0Λ0 (red circle) and Λ0Λ̄0 (blue square) systems
for different subranges selection measured at the SELEX (E781) experiment. Solid black
curve represents a fit by the Goldhaber parameterization, purple dashed horizontal line
represents statistical spin distribution. [4]

2.2.4 Results from STAR

pΛ0 correlation is measured in Au + Au collision at
√
sNN = 200 GeV by the STAR exper-

iment at RHIC. [56] The pΛ0 and p̄Λ̄0 interaction potentials are relatively well understood

and their source sizes are inferred. As the p̄Λ0 and pΛ̄0 final state interactions (FSI) are

unknown, the scattering lengths and source sizes are extracted by fitting the data from the

STAR experiment with the Lednicky and Lyuboshitz analytical model. In addition to con-

straining baryon-antibaryon potentials, this information determines unknown p̄Λ0 and pΛ̄0

annihilation cross sections that are useful to constrain heavy-ion cascade models. The source

radii r0 are measured to be about 3 fm for pΛ0 and p̄Λ̄0 systems and 1.5 fm for p̄Λ0 and pΛ̄0

systems.

Λ0Λ0 correlation is measured in Au + Au collision at
√
sNN = 200 GeV by the STAR

experiment at RHIC. [10] The emitter size RΛΛ is measured to be 3.13 fm. Contributions

from feed-down include 10% of Σ0Λ0, 5% of Σ0Σ0, and 4% of Ξ−Ξ−. Only 44% of the Λ0Λ0
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are primary.

(a) (b)

Figure 2.2.5: (a) The purity and momentum-resolution corrected correlation functions
Ctrue(k∗) for (a) pΛ0, p̄Λ̄0, (b) p̄Λ0, pΛ̄0 measured from the STAR experiment. Curves corre-
spond to fits done using the Lednicky and Lyuboshitz analytical model. [56] (b) (pΛ0)⊕(p̄Λ̄0)
and (p̄Λ0)⊕(pΛ̄0) combined correlation functions measured from the STAR experiment. Cor-
relation functions are corrected for purity and momentum resolution. Curves correspond to
fits done using the Lednicky and Lyuboshitz analytical model. [56]

2.2.5 Results from NA49

pΛ0 correlation function is measured for the 20% most central Pb + Pb reactions at 158 A

GeV. [59] The fit results suggest a Gaussian source size of RG = 3−4 fm which is compatible

with the NA49 result on pp correlations RG = 4.0± 0.15+0.06
−0.18 fm.

The significance of the measured Λ0Λ0 correlation function is unfortunately limited by low

statistics and does not show any clear structure. A comparison is done with theoretical

expectations in an attempt to limit the range of possible parameter values. A fit is performed

where RG and Λ0 are fixed and the scattering length f0, describing the strength of the
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interaction, is varied. The fit results indicate that the correlation function would favor a

relatively small f0, quite independent from the assumed source size.

(a) (b)

Figure 2.2.6: (a) The Λ0p correlation function for the 20% most central Pb + Pb reactions
at 158 AGeV from the NA49 experiment. The lines represent fits of the calculated c.f. with
fixed λ parameter (dashed) and free λ (solid). [59] (b) The Λ0Λ0 correlation function for the
20% most central Pb + Pb reactions from the NA49 experiment. The lines display the fit
results of the calculated c.f. to the data for different fixed Gaussian source radii RG. [59]

2.2.6 Results from EXCHARM

Correlation of pairs of Λ0 hyperons, neutral kaons, and charged pions having a low relative

momentum are analyzed on data obtained at the EXCHARM detector in neutron-carbon

interactions at an average neutron energy of 51 GeV. [9]

RΛΛ is measured ranging from 0.39 − 4.0 fm and λ is measured to be between -0.47 and
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-0.45 using the single and double ratio methods. Correlation between charged pions and

that produced in association with K0
S and Λ0 are also measured. It is observed that the

dimensions of production region decreases with increasing mass of particle under study.

Figure 2.2.7: Correlation functions for pairs of (stars) charged pions and (closed circles)
Λ0 hyperons obtained from the EXCHARM experiment. The background distribution was
obtained by the double-ratio method. The curves represent the result of approximations by
a Gaussian function and a first-degree polynomial. [9]

2.3 Summary of past measurements and methodology

Past correlation measurements, both dynamical correlations in the momentum and angular

phase space and spin analyses, of various identical or nonidentical baryon and meson pairs

have been reviewed.

The measurements have been carried out at a wide variety of collisions, ranging from heavy

ions to pp and e+e− collisions. Most of the correlation functions were measured as a function
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of Q which specifies the space-time distance between the particle pairs at production. The

emitter sizes of pair productions are measured ranging from the order of 0.1 fm to 4 fm.

Enhancement of production is observed for identical meson pairs such as ππ and K0
sK

0
s while

suppression is observed for identical fermion pairs such as pp and Λ0Λ0. Cross correlation

between nonidentical pairs such pΛ0 and p̄Λ̄0 are also studied to understand the dynamical

correlation in baryon/antibaryon production free from FD or BE correlations. The results

are limited by low statistics for the spin analyses and difficulties in finding an appropriate

reference sample in the case of the “double ratio” method.

Since baryon production is among the most poorly understood aspects of the fragmentation

model, having experimental measurements and constraints at a different energy regime from

the past experiments is crucial to the tuning of event generators. It would be particularly

interesting to test how well the string model performs at such high energy. It is hoped that

with the large amount of data generated at the LHC, this analysis can be the first attempt

to test if the results from the past measurements can be reproduced, possibly with lower

statistical uncertainties and hopefully pave the way for more future analyses in this area at

the LHC.
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Chapter 3

Experimental setup

This chapter gives a brief overview to the LHC (Large Hadron Collider) and CERN (Eu-

ropean Organization for Nuclear Research, formerly “Conceil Européen pour la Recherche

Nucléaire”) in Chapter 3.1 and the ATLAS detector in Chapter 3.2. More details can be

found in various design concept and technical reports for the LHC [60–63] and the ATLAS

detector [64–66].

3.1 The Large Hadron Collider

The LHC is a proton-proton collider, currently having both the highest energy and luminosity

of beams in the world. (Table 3.1) It spans the Swiss-French border near the city of Geneva in

Switzerland with a diameter of 27 km at a depth ranging from 50 to 175 meters underground.

It was built by CERN between 1998 and 2008 and it resides in a tunnel which was formerly

used to house the Large Electron-Position Collider (LEP) [67] which operated from 1989

to 2000. The collider tunnel contains two adjacent parallel beamlines that interact at four

points as shown in Figure 3.1.1.
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Figure 3.1.1: Eight octants and four collision points (stars) at the LHC [68].

3.1.1 Performance goals

The number of events per second generated in the LHC collisions is given by:

Nevent = Lσevent (3.1.1)

where σevent is the cross section for the event under study and L the machine luminosity.
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The machine luminosity depends only on the beam parameters and can be written for a

Gaussian beam distribution as:

L =
N2
b nbfrevγr
4πεnβ∗

F (3.1.2)

where Nb is the number of particles per bunch, nb the number of bunches per beam, frev

the revolution frequency, γr the relativistic gamma factor, εn the normalized transverse

beam emittance, β∗ the beta function at the collision point, and F the geometric luminosity

reduction factor due to the crossing angle at the interaction point (IP)

F =

(
1 +

(
θcσz
2σ∗

)2
)−1/2

(3.1.3)

θc is the full crossing angle at the IP, σz the RMS bunch length, and σ∗ the transverse RMS

beam size at the IP. The above expression assumes round beams, with σz � β, and with

equal beam parameters for both beams. The exploration of rare events in the LHC collisions

therefore requires both high beam energies and high beam intensities.

The LHC has a designed center-of-mass energy (
√
s) of 14 TeV for proton-proton (pp) col-

lisions. After a magnetic quench occurred in 2008 which damaged over 50 superconducting

magnets and led to a leakage of six tonnes of helium into the tunnel [69], the LHC has only

operated at reduced energies of 900 GeV in 2009, 7 TeV in 2010 and 2011, 8 TeV in 2012

and 13 TeV in 2015 and 2016. The data analyzed in this paper was collected at the ATLAS

detector dated back in year 2010. The LHC is expected to resume its nominal collision

center-of-mass energy of 14 TeV before or after the long shutdown 2 (LS2) in 2018-2019 [70].

The designed luminosity of the LHC at 1034 cm−2s−1 was first reached in June 2016 [71]. With
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potential upgrades scheduled during the long shutdown 3 (LS3) in 2023-2025, the levelled

luminosity in the High Luminosity configuration (HL-LHC) may be further increased by 5

to 7 folds to reach 7 to 7.5× 1034 cm−2s−1. With a performance of 300 fb−1/year, this would

allow an integrated luminosity of almost 4000 fb−1 to be collected by 2035 [70]. Some key

LHC parameters can be found in Table 3.1.

Table 3.1: Key LHC parameters [68,72].

Parameter Design
Circumference [m] 26659
Dipole operating temperature [K] 1.9
Number of arcs (2450 m Long) 8
Number of straight sections (545 m long) 8
Main RF system [MHz] 400.8
Number of RF cavities per beam 8
Number of magnets 9593
Number of main dipoles 1232
Number of main quadrupoles 392
Stored energy in magnet [GJ] 11
Current in main dipole [A] 11800
Energy density of the LHC magnet [kJ/m] 500
Nominal energy, protons [TeV] 7
Minimum distance between bunches [m] ∼ 7
Bunch spacing [ns] 25
Design luminosity [cm−2 s−1] 1034†
No. of protons per bunch 1.15× 1011

No. of bunches per proton beam 2808
Stored beam energy [MJ] 360
Average crossing rate [MHz] 31.6
Number of collisions per second [million] 600
† Design luminosity has been reached in June 2016 [71]
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3.1.2 Superconducting magnets

Some 1232 dipole magnets keep the beams travel on their circular path, producing a peak

magnetic field of 8.33 T required for the nominal beam energy at 7 TeV. 392 quadrupole

magnets are used to keep the beam focused so as to maximize the chances of interaction at

the four interaction points where the two opposite beams cross. Over 1600 superconducting

magnets are installed, each typically weights over 27 tonnes. In order to produce the required

magnetic field strength, copper-clad niobium-titanium has been used in the magnet which is

kept at an operation temperature of 1.9 K using over 96 tonnes of superfluid helium-4, which

also makes the LHC the largest cryogenic facility in the world at liquid helium temperature.

3.1.3 Accelerator complex

A long chain of accelerators are used to prepare protons for injection into the LHC as shown in

Figure 3.1.2. Protons are obtained by stripping the orbiting electrons from hydrogen atoms.

They are then inserted into the Proton Synchrotron Booster (PSB) at an energy of 50 MeV

from Linac2. The booster accelerates protons to 1.4 GeV which are then fed to the Proton

Synchrotron (PS) where they are further accelerated to 25 GeV. After that the beam is fed to

the Super Proton Synchrotron (SPS) where protons are accelerated to 450 GeV before being

transferred to the LHC, both in clockwise and anticlockwise directions, and are accelerated

for 20 minutes to reach their nominal energy at 7 TeV. The beams will then circulate for many

hours inside the LHC beam pipes under normal operation conditions. As a consequence of

the acceleration scheme, the proton beams circulate the ring in bunches. Under nominal

operation, each proton beam contains 2808 bunches, with each bunch containing about 1011

protons. These bunches are a few centimeters long and are 7.5 meters apart (25 ns bunch
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spacing). A small gap in the proton beam allows the beam dump magnets have time to

ramp up to full field strength.

Figure 3.1.2: The CERN accelerator complex as of 2016 [73].

3.1.4 Detectors at LHC

There are four major experiments located at four collision points (See Figure 3.1.1) along the

LHC where the beamlines of two oppositely running beams cross and beam collisions hap-

pen, they are called ALICE (A Large Ion Collider Experiment) [74], ATLAS (A Toroidal
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LHCApparatuS) [64], CMS (CompactMuon Solenoid) [75], LHCb (LargeHadron Collider

beauty) [76] respectively. Among the experiments ATLAS and CMS are the only two exper-

iments where all-purpose detectors are installed. They are designed to measure a wide range

of physics objects and processes. ALICE focuses on lead-ion collision and LHCb is a forward

detector specializes in measurement of b-hadrons. There are three other detectors TOTEM

(TOTal Elastic and diffractive cross section Measurement) [77], MoEDAL (Monopole and

Exotics Detector At the LHC) [78] and LHCf (Large Hadron Collider forward) [79] which

are much smaller in size and are designed for very specific research.

3.2 The ATLAS experiment and detector

The ATLAS detector is an all-purpose detector designed to measure a plethora of physics

objects. It has a dimension of 25 m in diameter and 44 m in length, weighing approximately

7000 tonnes - roughly twelve times the maximum takeoff weight of the Airbus A380 [80].

It consists of the following sub-detectors for the reconstruction of different physics objects:

the inner detector (ID) for tracking of charged particles, the electromagnetic and hadronic

calorimeters for electrons, photons, τ and jet reconstruction and the muon spectrometer

(MS) for reconstruction of muons. A magnet system is installed to provide the necessary

magnetic field to make momentum measurement of charged particles possible. It consists of

a thin solenoid placed at the outer radius of the inner detector and three independent air

core toroids placed in the muon spectrometer outside the hadronic calorimeter. A cut-away

diagram of the ATLAS detector is shown in Figure 3.2.1. A high quality trigger and data

acquisition system allows timely filtering and storage of useful events given the astronomically

high rate of collisions and limited resources.
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Figure 3.2.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25
m in height and 44 m in length. The overall weight of the detector is approximately 7000
tonnes. [64]

3.2.1 The coordinate system

The coordinate system used in ATLAS is described here as it is frequently used throughout

this thesis. It is a right-handed coordinate system centered on the nominal interaction point

with the x-axis pointing towards the center of the LHC ring, y-axis vertical and z-axis along

the beam line. The half of the detector on the positive z-axis is referred to as the “A-side”

while the other half is the “C-side”. Events are often described using polar coordinates. The

azimuthal angle φ is measured from the x-axis around the beamline and the polar angle θ is

measured from the positive z-axis towards the y-axis. The rapidity is defined as
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y = ln

√
E + pz
E − pz

. (3.2.1)

It is preferred over θ since differences in rapidity are Lorentz invariant under boosts along

the beamline (z-axis). For highly relativistic particle, pseudorapidity is preferred as a good

approximation to rapidity as differences between E and p are hard to measure. It is defined

as

η = − ln tan(
θ

2
) (3.2.2)

and it goes from zero at the transverse (x-y) plane to plus or minus infinity along the

beamline. The distance ∆R is defined using the pseudorapidity and the azimuthal angle

as ∆R =
√

(∆η)2 + (∆φ)2. The transverse momentum pT , the transverse energy ET and

the transverse missing energy Emiss
T are all defined in the transverse plane. Conservation of

momentum can be used in the transverse plane to calculate the transverse missing energy

since we know that the initial transverse momentum is zero. In contrast, the z momenta of

the initial colliding partons are often unknown. It is therefore important to use quantities

that are not sensitive to boosts along the z-axis, such as relative rapidity (∆y), relative

pseudorapidity (∆η), distance (∆R), and the aforementioned transverse quantities.

3.2.2 Performance goals

The benchmark physics goals include good momentum resolution and reconstruction effi-

ciency for charged particles in the inner detecter. A good electromagnetic calorimetry for

electron and photon identification and measurement. An excellent and hermetic hadronic
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calorimetry for jet measurement and accurate determination of missing transverse energy.

Inner detector together with the muon spectrometer must accurately reconstruct and mea-

sure low-pT muons. The muon spectrometer must also be able to independently identify and

measure high-pT muons. Lastly, a highly efficient triggering system is required to trigger on

low transverse-momentum objects with sufficient background rejection, which is essential to

many physics processes of interest. The general performance goals of the ATLAS detector

are listed in Table 3.2.

Table 3.2: General performance goals of the ATLAS detector. For high-pT muons, the muon-
spectrometer performance is independent of the inner detector system. The units for E and
pT are in GeV. [64]

Detector component Required resolution η coverage
Measurement Trigger

Tracking σpT /pT = 0.05%pT ⊕ 1% ±2.5
EM calorimetry σE/E = 10%/

√
E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
barrel and endcap σE/E = 50%/

√
E ⊕ 3% ±3.2 ±3.2

forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT /pT = 10% at pT = 1 TeV ±2.7 ±2.4

The following sections describe each subdetector separately, following closely the reference

[64].

3.2.3 Inner detector

The ATLAS inner detector [81,82] is the most important sub-detector to our analysis because

it is where the Λ0 or Λ̄0 hyperon decays and then reconstructed as a secondary vertex formed

by a pair of positively and negatively charged tracks.

The inner detector is contained in the cavity of the electromagnetic calorimeter (ECal). It
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Figure 3.2.2: Cut-away view of the ATLAS inner detector. [64]

is 7 m long, with a radius of 1.15 m. It is designed for robust pattern recognition, accurate

measurement of momentum, both primary and secondary vertex measurements and electron

identification. It consists of high resolution silicon pixel and strip detectors in the inner

part of the tracking volume and a continuous straw-tube tracking detectors with transition

radiation capability in its outer part. The silicon detectors are arranged in cylindrical layers

parallel to the beam axis in the barrel region and perpendicuar discs in the end-cap region.

Each layer consists of a number of modules with independent read-out electronics.

• Pixel technology (Pixel) [83, 84] is used for the innermost part of the tracking system

with high granularity around the interaction point for vertex reconstruction. It has
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three layers in the barrel region and three layers in the end-cap discs. Digital readout

allows limited measurement of charge deposited in the pixel by charged particles. It

also has the finest granularity of all the ID components with over 80 million of readout

channels. The spatial resolution is 10 µm in φ direction and 115 µm in z direction.

• SemiConductor Tracker (SCT) [85] is made of four barrel layers and nine endcap discs

on each side. It provides precise measurement of track space-points. Silicon micro-

strip technology is used to minimize cost and the number of readout channels (totaled

at about 6 millions). The drawback is that it measures in only one dimension per-

pendicular to the strip. A two-dimensional position measurement is made possible in

each module by using two silicon wafers rotated by an angle of 40 mrad. The spatial

resolution of the SCT is 17 µm in φ direction and 580 µm in z direction.

• Transition-Radiation Tracker (TRT) [86] is located in the outermost part of the ID.

The TRT straws are laid in parallel to the beam in the barrel region and radially in

the endcaps.The TRT straws are surrounded by radiator. Charged particle passing the

radiator produces transition radiation proportional to its Lorentz factor γ. There are

two thresholds on charge deposited in the straws - which is proportional to the intensity

of a transition radiation - distinguish relativitic electrons and low-pT hadrons.

A typical track has 3 pixel layers and 8 strip layers with typically four space points. A large

number of tracking points (typically 36 per track) is provided by TRT.
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Figure 3.2.3: Cut-away view of the ATLAS calorimeter system. [64]

3.2.4 Calorimeters

The ATLAS calorimeters [87–89] consist of several sampling detectors with φ-symmetry and

full coverage over the range |η| < 4.9. Over the η region matched to the inner detector,

the fine granularity of the EM calorimeter is well suited for the precision measurement of

elections, photons, τ ’s, hadronic jets and Emiss
T . A cut-away view of the calorimeter system is

available in Figure 3.2.3. Both the EM and hadronic calorimeters consist of an absorber and

an active material. The absorber is usually of high density and serves for electromagnetic

and hadronic shower development. The active material collects and measures the energy
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deposited, which is usually a fraction of the total energy of the parent particle. Calibration is

then done to calculate the energy of the parent particle. Different calorimeters are described

below:

• The EM calorimeter uses liquid Argon (LAr) as the active material and lead plates

as the absorber. It consists of the barrel region in |η| < 1.475 and the endcap region

in 1.375 < |η| < 3.2. Alternating sampling layers of 2.1 mm are filled by LAr with

readout electrodes in the middle. The lead absorber plates are typically 2 mm thick, all

shaped in a novel accordion geometry to allow fast response and full azimuthal coverage

without dead regions. There is also a presampler layer of only LAr in |η| < 1.8 to

measure the energy lost by electrons and photons to the material before the calorimeter.

• The hadronic calorimeter uses steel as the absorber and plastic scintillating plates

(tiles) as the active material. It consists of the tile calorimeter in the barrel region

in |η| < 1.0, the extended barrel region in 0.8 < |η| < 1.7. The tiles are 3 mm

thick and the total thickness of the iron plates in one period is 14 mm. Two sides

of the scintillating tiles are read out by wavelength shifting fibers into two separate

photomultipliers.

• The LAr hadronic endcap calorimeter uses copper as the absorber and the LAr forward

calorimeter uses copper and tungsten. Both calorimeter use LAr as the active material.

The LAr hadronic endcap region covers 1.5 < |η| < 3.2 and the LAr forward calorimeter

covers 3.1 < |η| < 4.9.

The calorimeter is expected to completely contain the EM and hadronic showers to avoid any

punch-through into the muon system. The total amount of material before the first active

layer of the muon system in units of nuclear interaction length is shown in Figure 3.2.4.
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Figure 3.2.4: Cumulative amount of material, in units of interaction length, as a func-
tion of |η|, in front of the electromagnetic calorimeters, in the electromagnetic calorimeters
themselves, in each hadronic compartment, and the total amount at the end of the active
calorimetry. Also shown for completeness is the total amount of material in front of the first
active layer of the muon spectrometer (up to |η| < 3.0). [64]

3.2.5 Muon spectrometer

The muon spectrometer [90] is located in the outer part of the ATLAS detector enclosing

the calorimeters. It is designed to detect charged particles exiting the barrel and end-cap

calorimeters and to measure their momentum precisely. It covers the pseudorapidity range

|η| < 2.7 and is designed to trigger on these charged particles in the range |η| < 2.4. It

has a performance goal of a standalone transverse momentum resolution of 10% for 1 TeV

tracks. The measurement of momentum is based on the principle of magnetic bending of
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the trajectories of charged particles by a magnetic field. The magnetic field is provided by

large superconducting air-core toriod magnets in the barrel region and two smaller end-cap

magnets inserted in the barrel toroid at each end and lined up with the central solenoid.

The barrel toroid provides 1.5 to 5.5 Tm of bending power in the pseudorapidity range

0 < |η| < 1.4 and the end-cap toroid provides 1 to 7.5 Tm in the range 1.6 < |η| < 2.7. A

cut-away view of the muon spectrometer is shown in 3.2.5.

Figure 3.2.5: Cut-away view of the ATLAS muon system. [64]

Monitored Drift Tube (MDT) chamber is used for precision tracking due to its high mea-

surement accuracy, predictability of mechanical deformations and simplicity of construction.

It consists of three stations arranged as three concentric cylindrical shells around the beam
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axis in the barrel region (|η| < 1.0), and four stations in the endcap region (1.0 < |η| < 2.7),

arranged as four disks. The MDT is a pressurized cathode tube with a diameter of 29.970

mm, filled with 93% Argon and 7% CO2 maintained at 3 bar. The central tungsten-rhenium

anode wire has a diameter of 50 µm and is maintained at a potential of 3080 V. Electrons

resulting from the ionization of muons passing through the pressurized gas are collected at

the central wire and the drift time gives the shortest distance between the central wire and

the muon tracks. The concentricity of the wire is guaranteed with respect to the tube with an

accuracy of 10 µm. The average resolution is 80 µm per tube layer and 35 µm per chamber.

Cathode Strip Chambers (CSC) is used to replace the innermost disk of the MDT in the

endcap region (2.0 < |η| < 2.7) due to their higher rate capability and time resolution. They

are multiwire proportional gas chambers filled with 80% Argon and 20% CO2, maintained

at 1 bar. The chambers are segmented into small and large chambers with gold-plated

tungsten-rhenium anode wires of diameter 30 µmmaintained at 1900 V, oriented in the radial

direction. The cathode strips are segmented and are oriented both parallel and orthogonal

to the anode wires. They allow both coordinates to be measured from the induced-charge

distribution with a spatial resolution of the chamber is 60 µm per CSC plane and a time

resolution of 7 ns. The CSCs have a maximum drift time of about 20 ns, compared to about

700 ns for the MDT chambers.

Two types of fast tracking chambers are installed to deliver track information for triggering

within a few nanosecond after the passage of the particle. They are the Resistive Plate

Chambers (RPC) in the barrel region (|η| < 1.05) and the Thin Gap Chambers (TGC) in

the endcap region (1.05 < |η| < 2.4). The design goal is the keep a reliable beam-crossing

identification with over 99% probability.

In the barrel region, RPCs are used due to good spatial and time resolution as well as
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adequate rate capability. A RPC has no wires, which simplifies its construction and makes

chambers less sensitive to small deviations from planarity if appropriate spacers are used

to keep the gap width constant. Being located in the comparatively homogeneous field

of the barrel toroid and having sufficient spacing between the three trigger layers, RPCs

give sufficient trigger selectivity even with moderate channel count, i.e. spatial resolution.

They have a spatial resolution of 10mm in both z and φ directions per chamber and a time

resolution of 1.5 ns.

In the endcap region, TGCs have been selected: they operate on the same principle as multi-

wire proportional chambers, and they provide good time resolution and high rate capability.

Their spatial resolution is mainly determined by the readout channel granularity, which can

be adjusted to the needs by wire ganging. TGCs have demonstrated a high level of reliability

and robustness in previous experiments. They have a spatial resolution of 2 - 6 mm in R

and 2 - 7 mm in φ directions per chamber and a time resolution of 4 ns.

3.2.6 Magnet system

This section gives a brief description of the magnetic system [91], which consists of a central

solenoid and three toroids (one barrel and two end-caps). A diagram of the magnet windings

and tile calorimeter steel of the ATLAS magnet system is shown in Figure 3.2.6.

The ATLAS detector uses a superconducting magnet system to bend charged particles and

to measure their momenta. This bending is due to the Lorentz force and is proportional to

the velocity of the particle. It is perpendicular to both the velocity of the particle and the

direction of the magnetic field. Since particles produced at the LHC energy are traveling

at very close to the speed of light, the forces acting on particles of different momenta are
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roughly equal. As a consequence, high-momentum particles get deflected very slightly, while

low-momentum particles curve significantly. The amount of curvature of the track of a

particle can therefore be used to determine its momentum. For a three-point measurement,

the relative momentum resolution degrades linearly with transverse momentum, improves

linearly with increasing magnetic field and quadratically with radial extension of detector.

The magnet system is arranged such that the Central Solenoid (CS) [92] provides the Inner

Detector with magnetic field, surrounded by a system of three large air-core toroids gener-

ating the magnetic field for the muon spectrometer. The CS extends over a length of 5.3 m

and has a bore of 2.4 m. The two End-Cap Toroids (ECT) [93] are inserted into the Barrel

Toroid (BT) [94] at each end and line up with the CS. The BT consists of eight very large

air-core superconducting barrel loops. They have a length of 5 m, an outer diameter of 10.7

m and an inner bore of 1.65 m. The overall dimensions of the magnet system are 26 m in

length and 20 m in diameter and it stores a total of 1.6 GJ of energy.

The CS provides a central field of 2 T with a peak magnetic field of 2.6 T at the supercon-

ductor itself. Its near uniform direction and strength allow very accurate measurement to be

made. Particles with momenta below about 400 MeV will be curved so strongly that they

will loop forever in the field and most likely not measured. The BT and ECT have peak

magnetic fields on the superconductor at 3.9 and 4.1 T respectively. The BT provides 2 to

6 Tm and the ECT contributes with 4 to 8 Tm in the 0.0 - 1.3 and 1.6 - 2.7 pseudorapidity

ranges respectively. The bending power is lower in the transition regions where the two

magnets overlap (1.3 < |η| < 1.6).

The magnets are cooled by forced flow of helium at 4.5 K through tubes welded on the

casting of the windings. The CS is cooled via a dewar coupled to the refrigerator. The BE

and ECT have cold helium pumps to guarantee cooling by forced helium flow. A central
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refrigeration plant located in the side cavern supplies the cooling power and the services are

distributed among the four magnets. Electrically all torioid coils are connected in series,

they have a 21 kA power supply and are equipped with control systems for fast and slow

energy dumps. The CS is energized by an 8 kA power supply. A quench protection system

is used to safety dissipate the stored energy without overheating the coil windings.

Figure 3.2.6: Geometry of magnet windings and tile calorimeter steel. The eight barrel toroid
coils, with the end-cap coils interleaved are visible. The solenoid winding lies inside the
calorimeter volume. The tile calorimeter is modelled by four layers with different magnetic
properties, plus an outside return yoke. For the sake of clarity the forward shielding disk is
not displayed. [64]

3.2.7 Trigger and data acquisition systems

In order to cope with large volumes of data within nanosecond timescales, the ‘trigger’ system

is designed to select interesting events quickly and efficiently. Roughly one billion events per
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second occur within the ATLAS detector at LHC design intensity. It is technically impossible

to store all the data for all events. It is therefore necessary to develop a strategy to reject

uninteresting events and retain only the interesting ones. This is done in three successive

stages carried out by the trigger system [95]. They include a hardware-based Level-1 (L1)

trigger and a two-stage High Level Trigger (HLT) consisting of the Level-2 (L2) and the

event filter (EF) triggers. Each trigger level refines the decision made at the previous level

and applies additional selection criteria. A schematics of the trigger and data acquisition

system in 2012 (Run 1) is shown in Figure 3.2.7.
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Figure 3.2.7: Block diagram of the ATLAS trigger and data acquisition systems in 2012
(Run 1). [96]
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The L1 trigger [97] reduces the event rate from 40 MHz to 75 kHz within a time frame

of 2.5 microseconds. It uses reduced-granularity information from a subset of detectors for

different objects. The muon triggers consist of the RPC and TGC, which are triggered by

high-pT muons. Muon tracks are found by measuring hits in one plane and then searching

for additional hits in nearby planes along pre-determined patterns. The calorimeter trigger

receives 7,200 analog signals from the electromagnetic and hadronic calorimeters, which are

a sum of several calorimeter cells and are of reduced granularity. Specialized hardware is

used to search for patterns as expected for electrons, photons, τ -leptons and jets. The L1

calorimeter system can also calculate the amount of missing energy in an event. For each

object found by the L1 systems, a ‘region of interest’ (RoI) is identified. Analog signals

from the interacting particles are processed by the front-end electronics and are digitized

and stored in the Level-1 buffer. The data waits in these buffers until the decision from the

L1 trigger is made. The identified objects are sent to a central trigger processor where up

to 128 different criteria are stored. If the event passes one of the stored criteria, a so-called

L1 accept is sent to the detector which signals the front-end hardware to send the data to

the Readout Drivers (RODs), otherwise the data is removed from the L1 buffer.

The L2 trigger reduces the event rate to below 3.5 kHz within 10 milliseconds. It is seeded

by the regions of interest and it runs more complex lepton, photon and jet identification

algroithms using information from the tracking detectors, the muon spectrometer and the

full granularity information from the calorimeters. If the event passes one of the 256 different

L2 event criteria, the full detector information is sent to the event filter system, where a final

selection is carried out.

The EF trigger reduces the event rate to 200 Hz within one second. It uses offline analysis

procedures on fully-built events using commercial computers. Over 17,000 computing cores
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are used in L2 and event filter systems. If the event is selected, the data is transferred to

permanent storage at the CERN computing center for offline analysis, otherwise the event

is deleted from the RODs.
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Figure 3.2.8: Total output trigger rates as a function of instantaneous luminosity in a sample
run from period I for each trigger level in 2010. [98]
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Figure 3.2.9: Total output trigger rates as a function of instantaneous luminosity in a sample
run from period I for each stream in 2010. B-jet triggers are included in the JetTauEtmiss
stream and B-physics triggers are included in the muon stream. [98]
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Chapter 4

Data and simulation samples

This chapter describes the minimum bias and the muon stream data samples, the mixed

data sample, and the Monte Carlo sample used in this analysis. The muon and minimum

bias trigger systems at ATLAS are also described in detail.

4.1 Data sample

The data set used in this analysis was recorded by ATLAS in 2010 of proton-proton collisions

provided by the LHC at the center-of-mass energy of 7 TeV. The integrated luminosity for

each period in 2010 running is shown in Table 4.1 and Figure 4.0.1. The periods A-H add

up to an integrated luminosity of 22.12 pb−1.

Ideally, the minimum bias stream sample should be used to reduce biases introduced by the

triggers. However, due to relatively low statistics of the sample, the muon stream sample,

which is the data stream with the highest statistics, is used in the full analysis of the spin

correlation extraction and systematic uncertainties estimation. The results of analysis using
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Figure 4.0.1: Profile with respect to time of the cumulative luminosity recorded by ATLAS
during stable beams in

√
s = 7 TeV pp collisions in 2010. [98]

Table 4.1: Data-taking periods for proton-proton runs in 2010 [98].

Period
∫
L[pb−1] Max. L[cm−2s−1]

A 0.4×10−3 2.5× 1027

B 9.0×10−3 6.8× 1028

C 9.5×10−3 2.4× 1029

D 0.3 1.6× 1030

E 1.4 3.9× 1030

F 2.0 1.0× 1031

G 9.1 7.1× 1031

H 9.3 1.5× 1032

I 23.0 2.1× 1032

the minimum bias sample with limited statistics is then used to compare with the muon

sample results to make sure no large discrepancy between the two samples.

A Good Runs List (GRL)∗ is used to ensure the detector conditions and data quality match
∗data10_7TeV.periodAllYear_DetStatus-v21-pro05_CoolRunQuery-00-04-00_Tracking.xml
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the standard approved by the ATLAS data quality group. Only luminosity blocks selected in

the GRL is used for event selection in the analysis. The trigger selection has been removed

to maximize the data statistics. Trigger mappings as shown in Figures 9.0.4 and 9.0.5

are created for the minimum bias and muon streams separately to determine the trigger

distributions and hence the dominant triggers in each data stream.

4.1.1 Muons stream sample

The periods A1-D6 in physics_MuonswBeam† stream contain about 53M events and the

periods E1-H2 in physics_Muons‡ stream contain about 131M events have been used in the

muon stream sample.

4.1.2 Minimum Bias stream sample

The periods A-H in physics_MinBias§ stream contains about 167M events have been used

in the minimum bias stream sample.

4.2 Triggers

4.2.1 Muon triggers

Muons are triggered in the ATLAS experiment within a rapidity range of |η| < 2.4. This

region is segmented into the endcap region (|η| > 1.05) and barrel region (|η| < 1.05). The
†data10_7TeV.period

[
A-D

]
.physics_MuonswBeam.PhysCont.AOD.repro05_v02/

‡data10_7TeV.period
[
E-H

]
.physics_Muons.PhysCont.AOD.repro05_v02/

§data10_7TeV.period
[
A-H

]
.physics_MinBias.PhysCont.AOD.repro05_v02/
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barrel region of the MS includes RPCs to provide fast trigger signals and MDTs for precision

hits in the η coordinate. The endcap region is equipped with TGCs for the trigger signals and

MDTs for precision hits. CSCs are also installed in 2 < |η| < 2.4 to reduce the background

sensitivity in this region.

At L1, muons are selected using hit information from the RPC and TGC detectors. A

coincidence is formed from η and φ projections of hits in different layers of the muon stations.

Muon candidates are then passed on to the high level trigger which encompasses a fast

algorithm stage (L2) and the event filter. At L2 the candidate from L1 is refined including

the data of the precision muon detectors and other detector elements. The L2 MS only

algorithm has access to the data in the RoI defined by the L1 candidate. The momentum

and track parameters of the muon candidate are refined by fast fitting algorithms and Look-

up-tables (LUTs).

A pattern recognition algorithm selects hits from the MDT based on a region identified

by the L1. A track fit is performed using the MDT drift times, and a pT measurement is

assigned from LUTs. Additionally, the L2 muon combined algorithm uses the ID tracks to

combine the muon candidate reconstructed with data from the MS with tracks from the

ID to refine the track parameter resolution. The combination allows to reject muons from

in-flight decays of light mesons and from cosmic radiation.

A third algorithm, the L2 isolated muon algorithm, combines MS information, ID tracks

and calorimetric information to find isolated muon candidates. The algorithm is seeded by

the L2 muon combined algorithm and evaluates the electromagnetic and hadronic energy

deposits as measured by the calorimeters in cones centered around the muon direction. For

the muon selection two different concentric cones are defined: An internal cone chosen to

contain the energy deposited by the muon itself, and an external cone, containing energy
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Figure 4.2.1: L1 RPC trigger efficiency for combined muons reconstructed offline. A Fermi
function is fitted to the measurements for each trigger. Statistical uncertainties are repre-
sented by vertical bars. [98]
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Figure 4.2.2: L1 TGC trigger efficiency for combined muons reconstructed offline. A Fermi
function is fitted to the measurements for each trigger. Statistical uncertainties are repre-
sented by vertical bars. [98]
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from detector noise and other particles.

At the EF level the full event data are accessible. The muon reconstruction starts from

the RoI identified by L1 and L2, reconstructing segments and tracks from the trigger and

precision chambers. The track is then extrapolated to the interaction region to form a muon

candidate using data only from the MS, resulting in the EF MS only trigger. Similar to

the L2 algorithms the muon candidate is combined with an ID track to form a EF muon

combined candidate. This “outside-in” strategy is complemented by a second algorithm which

starts with ID tracks and extrapolates to the muon detectors to form EF muon inside-out

candidates. All three EF algorithms rely on offline tools to reconstruct muons online in the

trigger.

This section is mainly adapted from Ref. [99].

4.2.2 Minimum Bias triggers

The Minimum Bias (MB) trigger [100] is used to select inelastic collisions while avoiding

biasing the sample. As its name suggests, some bias is present due to various reasons, such

as minimum energy thresholds or limited geometrical acceptance of the trigger. The ATLAS

experiment uses two complementary minimum bias triggers, working at different trigger

levels.

The MBTS (Minimum Bias Trigger Scintillator) [101] is one of the triggers that have been

used in the very early phase of the data taking in order to select Minimum Bias events

generated in the proton-proton collisions. The MBTS detector is formed by two disks in-

stalled at |z| = 3.56 m between the Inner Detector and the Liquid Argon calorimeter in the

forward region covering the rapidity range 2.09 < |η| < 3.84. Each disk consists of 16, 2-cm
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polystyrene-based scintillator counters. The single disk is separated into an inner and an

outer ring organized into 8 independent φ sectors. Light emitted by each scintillator seg-

ment is collected by wavelength-shifting optical fibers and guided to a photomultiplier tube

(PMT). The PMT signal is read out by the Tile Calorimeter electronics. The MBTS signals,

after being shaped and amplified, are fed into leading edge discriminators and sent as 25 ns

pulses to the Central Trigger Processor (CTP). The MBTS multiplicity is then calculated

for each side independently and with such information three L1 trigger items are formed:

L1_MBTS_1, L1_MBTS_2 and L1_MBTS_1_1. They require a signal from the electrostatic beam

pick-up devices (BPTX), and the first also at least one MBTS hit, the second also at least

two MBTS hit and the third also at least one MBTS hit per side respectively. This trigger

is highly efficient in selecting inelastic proton-proton collisions.
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Figure 4.2.3: The L1_MBTS_1 trigger efficiency for inelastic pp collisions at
√
s = 7 TeV

in 2010. The shaded areas represent the statistical and systematic uncertainties added in
quadrature. The statistical uncertainty is negligible compared to the systematic uncer-
tainty. [98]
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The second is the ID based MB trigger mbSpTrk (control trigger) [102]. It is a supporting

trigger designed to be a minimally biased trigger which can be used to measure the trigger

efficiencies of the other MB triggers. It uses central tracking detectors to perform inelastic

event selection on randomly seeded filled bunches to avoid any selection bias. The trigger

mbSpTrk uses the ID Pixel and SCT detectors. It covers the complete ID tracking region up

to |η| < 2.5. The alogrithms detect central detector activity by forming space-points in both

Pixel and SCT in the L2 trigger. Track reconstruction is then performed on the whole event

at the EF trigger. Both triggers are essential to cover the whole of the particle kinematic

spectra.

Other MB triggers include LUCID (LUminosity Cherenkov Integrating Detector) [103,104],

ZDC (Zero Degree Calorimeter) [105] and BCM (Beam Conditions Monitor) [106]. They are

forward detectors that can also be used to trigger MB events and expand the pseudorapidity

coverage from 5.61 < |η| < 5.93 (LUCID) to |η| > 8.3 (ZDC).

4.3 Mixed data sample

Mixed samples are created by mixing single Λ0/Λ̄0 candidates selected from odd and even

events. It is used as the reference sample in the correlation function in the dynamcial

correlation measurement and is used to build the templates in the spin correlation extraction.

4.4 Monte Carlo sample

A sample of 20M minimum bias events was generated with PYTHIA 6.421 [34] using the

ATLAS minimum bias tune (AMBT1) [107] and MRST2007LO [108] parton distribution
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functions. The GEANT4 package [109] is used to simulate the propagation of generated

particles through the detector [110]. GEANT4 also handles decays of long-lived unstable

particles, such as pions, kaons and Λ0 hyperons. It decays Λ0 and Λ̄0 with a uniform angular

distribution, which corresponds to zero polarization and correlation. Mixed samples are

created in a similar manner as the data. Since the MC sample has a somewhat different

kinematic distributions when compared to the data sample as shown in Figure 6.4.1 and

limited statistics, it has been used only for systematic uncertainty estimation. The mixed

data sample is used as the reference sample in the spin correlation extraction.
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Chapter 5

Reconstruction and candidate selection

This chapter discusses the reconstruction of long-lived 2-prong decay candidates in the inner

tracker and the selection of Λ0 and Λ̄0 candidates, followed by the modeling of signal and

background components of the invariant mass distribution and the definition of signal and

background regions.

5.1 Reconstruction

Long-lived 2-prong decay candidates (V 0’s) are reconstructed using the standard ATLAS V 0

finder package in default setting. It is designed to reconstruct decays V 0 → f+f−, where

f± are charged tracks. Transition Radiation Tracker (TRT) can be used to identify elec-

trons, however its capacity of identifying p/π/K is limited and is not used in this analysis.

Track pairs with opposite charge are used as input tracks in the InDetV0Finder package. A

three-dimensional vertex fitting is first carried out without any mass or pointing constraint.

It tries to intersect circles that are (R, φ) projections of the helical trajectories of the two

tracks. If the circles intersect, the intersection with smaller z difference between the two
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helices extrapolated to the intersection is chosen. If the circles do not intersect, the vertex

approximation is taken as the point of closest approach of the two circles. If the uncon-

strained fit satisfies a number of condition, mass constrained fits, assuming Λ0, Λ̄0, K0
S and

γ hypotheses, are performed. The invariant mass of the V 0 candidate is calculated under

Λ0 → pπ−, Λ̄0 → p̄π+, K0
S → π+π− and γ → e+e− hypotheses. For example, Λ0 → pπ−

hypothesis means proton mass is assigned to the positive track and pion mass is assigned to

the negative track. The data is reconstructed with the requirement on the track transverse

momentum, ptrkT > 50 MeV. The reconstructed mass resolution for Λ0 and Λ̄0 is about 3.5

MeV (Tables 5.2 and 5.3) and a mass window of roughly 5 times the resolution is used in

the mass constrained fit (Figure 5.3.1).

5.2 Candidate selection

The Λ0 and Λ̄0 candidate selection has largely been inherited from a previous analysis on

the measurement of transverse polarization of Λ0 and Λ̄0 hyperons from Refs. [51, 111]. An

outline of the strategy used is listed below:

• Λ0 and Λ̄0 candidates are reconstructed using the standard ATLAS V 0 reconstruction

tool as described in Section 5.1

• Additional cuts are applied to improve the quality of reconstructed Λ0/Λ̄0 candidates

and reduce background

• Cuts on the mass hypothesis for Ks → π+π− and γ → e+e− are applied to get rid of

candidates misidentified as Λ0/Λ̄0 candidates to further reduce the background
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• Events with at least one pair of Λ0Λ̄0 , Λ0Λ0 or Λ̄0Λ̄0 are saved. Decay angles in the

helicity frame for the selected Λ0/Λ̄0 candidates are calculated

• For single V 0 sample, events with at least one Λ0 or one Λ̄0 are saved. Λ0 and Λ̄0

selected from different events are joined to produce the mixed data sample which is

used as the reference sample in the correlation measurement

The details of V 0 selection are listed below:

• Reconstructed invariant mass mpπ falls between 1100 and 1135 MeV

• Vertex χ2 probability > 0.05 (To ensure quality of reconstructed secondary vertex)

• Number of pixel and SCT hits > 3 for each reconstructed track (To ensure quality of

reconstructed tracks that formed the secondary vertex)

• Fraction of high threshold TRT hits < 0.14 (To remove electron background)

• γ removal: mee < 75 MeV (To remove photon conversion background)

• K0
S removal: 480 < mππ < 515 MeV (To remove K0

S background)

• Λ0 decay length Lxy > 15 mm (To reduce secondary vertex formed by combinatoric

tracks)

• Significance of Λ0 decay length σLxy > 15 (To remove secondary vertex formed by

combinatoric tracks)

• Significance of the shortest distance between the refitted track of V 0 and the primary

vertex a0/σa0 < 3 (To select candidates originating from the primary vertex)
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• For V 0 pairs selected from the same event, any pair sharing any reconstructed track is

removed (To remove candidates reconstructed using overlapped tracks)

The determination of the values of the selection cuts are done using signal and background

MC sample shown in Figure 5.2.3.

𝐿"#

𝑝

𝜋

A0
PV

SV

Figure 5.2.1: Decay topology of a Λ0 candidate. PV and SV denote the primary vertex and
secondary vertex respectively. A0 is the three-dimensional distance between the refitted track
(dashed line) and the primary vertex. Lxy is the transverse distance between the primary
vertex and the secondary vertex. The secondary vertex is reconstructed using a pair of
oppositely charged tracks labeled p and π curving in opposite directions inside a magnetic
field perpendicular to the transverse plane along the beam line in the inner tracker.
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Figure 5.2.2: Event display of a Λ0 → pπ decay in the inner tracker in xy and zR projections.
Highlighted tracks in red are the vertex-refitted tracks for proton and pion candidates. The
blue-dashed track is the vertex-refitted track for the Λ0 candidate. The three concentric rings
represent 3 sub-detectors of the inner tracker: pixel, semiconductor tracker, and transition
radiation tracker. [111]
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Figure 5.2.3: Distributions of selection variables for signal and background candidates in
the minimum bias MC sample. All plots show candidates after the final selection and are
normalized to the same area. The cumulative χ2 probability of the vertex fit Pχ2 (top-
left), the Λ0 impact parameter significance a0/σa0 (top-right), the transverse decay distance
significance Lxy/σLxy (middle-left), the angle between the Λ0 production and decay planes
φ∗ (middle-right), the invariant mass under K0

S mass hypothesis (bottom-left) and the γ
hypothesis (bottom-right) are shown. Cuts are indicated by dashed lines. [111]
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At least one Λ0 and one Λ̄0 are required in each Λ0Λ̄0 event. For like-type events, at least two

of the same type candidates have to be present in the same event. All possible combinations

of V 0 are paired up for unlike-type events with multiple Λ0 or Λ̄0 candidates and for like-type

events with more than two candidates. The selection yields for data and MC samples and

their corresponding mixed samples are shown in Table 5.1.

Table 5.1: Selection results for Λ0Λ̄0 , Λ0Λ0 and Λ̄0Λ̄0 pairs selected from the same event in
data (Data sample), from different events in data (Mixed data sample), from the same event
in MC (MC sample) and from different events in the MC (Mixed MC sample).

Type of hyperon pairs Λ0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Data sample (minbias) 53,561 25,551 20,127
(muon) 295,202 140,232 113,596

Mixed data sample (minbias) 595,869 671,355 594,813
(muon) 2,534,826 2,823,627 2,527,252

MC sample 2,679 1,005 673
Mixed MC sample 54,460 67,182 53,439

5.3 Signal and background modeling

The invariant mass distribution of the Λ0 or Λ̄0 candidates in the range [1100, 1135] MeV are

fitted with a 2-component PDF as M(m) = NsigMsig(m) + NbkgMbkg(m) where Msig(m)

and Mbkg(m) denote the normalized signal and background components respectively. Nsig

and Nbkg are the signal and background yields. The signal component can be expressed as

Msig(m) = f1G(m−mΛ, σ
L
1 , σ

R
1 ) + (1− f1)G(m−mΛ, σ

L
2 , σ

R
2 ) (5.3.1)

where G(m−mΛ, σ
L, σR) is an asymmetric Gaussian function with mean mΛ, left width σL

and right width σR, f1 is the fractional contribution of the first Gaussian function. The
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background component is modeled by a linear function as

Mbkg(m) =
1

∆m
[1 + c0(m−mc)] (5.3.2)

where ∆m = mhigh−mlow is the width of the mass window being fitted, mhigh and mlow are

the upper and lower bounds of the fit, mc is the mid-value of the mass window and c0 is the

fit parameter of the linear polynomial function. The invariant mass resolution is calculated

as the square-root of the variance of the signal component as

σm =

√
1

2

[
f1

(
(σL1 )2 + (σR1 )2

)
+ (1− f1)

(
(σL2 )2 + (σR2 )2

)]
. (5.3.3)

The double asymmetric Gaussian function is used to account for the peak asymmetry caused

by the track reconstruction inefficiency for low pT tracks, i.e. protons and pions.

5.4 2D signal region

The invariant mass peak of each hyperon as shown in Figure 5.4.1 is fitted with a double

asymmetric Gaussian signal componentMsig(m) and a linear polynomial background com-

ponentMbkg(m) (Section 5.3 and Figure 5.3.1) with the RooFit package [112]. A 2D PDF

is built by multiplying the two 1D PDFs

M(m1,m2) = NsigMsig(m1)Msig(m2) +NbkgMbkg(m1)Mbkg(m2) (5.4.1)

The signal yieldNsig and background yieldNbkg are allowed to flow in the extended maximum
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Figure 5.3.1: Hyperon invariant mass spectrum of (a) Λ1 (Λ0Λ̄0), (b) Λ2 (Λ0Λ̄0), (c) Λ1

(Λ0Λ0+Λ̄0Λ̄0) and (d) Λ2 (Λ0Λ0+Λ̄0Λ̄0) fitted with a double asymmetric Gaussian signal
function (Eq. (5.3.1)) and a linear polynomial background function (Eq. (5.3.2)) using the
RooFit package [112]. The fit results are expressed in terms of the signal fraction fsig =
Nsig/(Nsig + Nbkg), the position of mass peak mΛ and the mass resolution σm as shown in
the figures.
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likelihood fit while the shape of the signal and background components are fixed. The signal

fraction in a bin centered at (m1,m2) can be calculated as follows

fsig(m1,m2) =

∫ m1+∆

m1−∆
dm′1

∫ m2+∆

m2−∆
dm′2NsigMsig(m

′
1)Msig(m

′
2)∫ m1+∆

m1−∆
dm′1

∫ m2+∆

m2−∆
dm′2M(m′1,m

′
2)

(5.4.2)

where 2∆ is the bin size. The resulting 2D signal fraction plots are shown in Figure 5.4.3.

The signal region is determined by varying the lower bound mlow and upper bound mhigh

of the mass range of the 2D mass window and maximizing the signal significance S =

Nsig/
√
Nbkg in the region. A 2D scanning is done by varying mhigh and mlow each at a step

size of 1 MeV in the mass range [1100, 1135] MeV with mlow < mhigh. The signal region that

maximizes the signal significance was found to be [1112, 1120] MeV for both Λ1 and Λ2 for

all four types of events. The signal fractions fsig, as defined in Eq. (5.4.2), in all the signal

regions are above 98% for all four types of events. The results of the scanning is shown in

Tables 5.4 and 5.5.
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Table 5.2: Summary of the fit results for the invariant mass peaks for all four types of events
for the muon stream sample.

Event type Λ0Λ̄0 Λ0Λ0 + Λ̄0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Signal fraction fsig [%] 88.1± 0.3 86.1± 0.3 86.6± 0.4 85.4± 0.4
Λ1 invariant mass mΛ1 [MeV] 1115.80± 0.02 1115.73± 0.02 1115.76± 0.03 1115.69± 0.03
Λ2 invariant mass mΛ2 [MeV] 1115.65± 0.02 1115.78± 0.03 1115.79± 0.04 1115.76± 0.04

Λ1 mass resolution σmΛ1
[MeV] 3.55± 0.07 3.56± 0.08 3.57± 0.11 3.55± 0.13

Λ2 mass resolution σmΛ2
[MeV] 3.57± 0.08 3.55± 0.09 3.55± 0.11 3.56± 0.14

Table 5.3: Summary of the fit results for the invariant mass peaks for all four types of events
for the minimum bias stream sample.

Event type Λ0Λ̄0 Λ0Λ0 + Λ̄0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Signal fraction fsig [%] 89.3± 0.6 88.2± 0.6 89.0± 0.9 87.4± 1.0
Λ1 invariant mass mΛ1 [MeV] 1115.82± 0.06 1115.70± 0.06 1115.76± 0.09 1115.66± 0.08
Λ2 invariant mass mΛ2 [MeV] 1115.67± 0.05 1115.76± 0.06 1115.81± 0.09 1115.71± 0.08

Λ1 mass resolution σmΛ1
[MeV] 3.56± 0.16 3.50± 0.18 3.56± 0.30 3.46± 0.25

Λ2 mass resolution σmΛ2
[MeV] 3.55± 0.19 3.63± 0.21 3.67± 0.31 3.58± 0.29
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Figure 5.4.1: Uncorrected 2D distributions of hyperon invariant masses (m1 vs m2) for (a)
Λ0Λ̄0, (b) Λ0Λ0 + Λ̄0Λ̄0, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events in the mass range [1100,1135] MeV.
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Figure 5.4.2: 2D distributions of hyperon invariant masses (m1 vsm2) overlaid with fit model
M(m1,m2) as defined by Eq. (5.4.1) for (a) Λ0Λ̄0, (b) Λ0Λ0 + Λ̄0Λ̄0, (c) Λ0Λ0, and (d) Λ̄0Λ̄0

events in the mass range [1100,1135] MeV. The results are expressed in terms of the signal
fraction fsig, the position of Λ1 mass peak for m1, the position of Λ2 mass peak m2, the
width of Λ1 mass peak σm1 and the width of Λ2 mass peak σm2 .
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Figure 5.4.3: The signal fraction fsig, calculated using the signal component and background
component of the fit modelM(m1,m2) in Eq. (5.4.2), as a function of invariant masses m1

and m2 for (a) Λ0Λ̄0, (b) Λ0Λ0 + Λ̄0Λ̄0, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events using bin size of 1
MeV in the mass range [1100,1135] MeV. The area with high signal fraction is slightly skewed
to the high mass region as a result of the track reconstruction inefficiency.
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Table 5.4: Summary of the fit results for the signal regions that give the maximum signal
significance for all four types of events using the muon sample. The fit results for the full
mass range are also shown here for comparison. The fit results are expressed in terms of the
signal yield Nsig, the background yield Nbkg, and the signal fraction fsig.

Event type Λ0Λ̄0 Λ0Λ0 + Λ̄0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Signal region [mhigh, mlow] [MeV] [1112, 1120] [1112, 1120] [1112, 1120] [1112, 1120]
Signal yield Nsig 162990 133653 74374 59275

Background yield Nbkg 1881 1861 988 872
Signal fraction fsig [%] 98.85 98.63 98.68 98.55

Full range [mhigh, mlow] [MeV] [1100, 1135] [1100, 1135] [1100, 1135] [1100, 1135]
Signal yield Nsig 264729 218529 121502 97036

Background yield Nbkg 35852 35284 18723 16553
Signal fraction fsig [%] 88.07 86.10 86.65 85.43

Table 5.5: Summary of the fit results for the signal regions that give the maximum signal
significance for all four types of events using the minimum bias sample. The fit results for
the full mass range are also shown here for comparison. The fit results are expressed in terms
of the signal yield Nsig, the background yield Nbkg, and the signal fraction fsig.

Event type Λ0Λ̄0 Λ0Λ0 + Λ̄0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Signal region [mhigh, mlow] [MeV] [1112, 1120] [1112, 1120] [1112, 1120] [1112, 1120]
Signal yield Nsig 28809 23988 13411 10539

Background yield Nbkg 330 339 187 131
Signal fraction fsig [%] 98.87 98.61 98.62 98.77

Full range [mhigh, mlow] [MeV] [1100, 1135] [1100, 1135] [1100, 1135] [1100, 1135]
Signal yield Nsig 47244 39177 21973 17623

Background yield Nbkg 6315 6499 3577 2503
Signal fraction fsig [%] 88.21 85.77 86.00 87.57
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Chapter 6

Dynamical correlations

This chapter discusses the dynamical correlations of the hyperon-pairs in the rapidity and

momentum phase space as measured in the data and that predicted in the string fragmen-

tation model in PYTHIA event generator.

6.1 Predictions of the string model

As discussed in Section 1.3.6, baryon-antibaryon pairs can be produced when the string

breaks by the production of diquark-antidiquark pair in the string model. This mechanism

produces strongly correlated baryon-antibaryon pairs which share two quarks with flavors in

common. This correlation is stronger than observed and this is because the diquarks can be

produced in a stepwise manner with mesons (M) pop up in between the diquarks. This is also

known as the “popcorn” mechanism and results in baryon and antibaryon pairs further apart

in rapidity and momentum space. A baryon-antibaryon pairs (BB̄) are often produced from

a single diquark-antidiquark breakup as baryon production is suppressed when compared

to meson production. The baryon and antibaryon pairs are produced as neighbors and not
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far from each other in the momentum space. In contrast, two baryons (antibaryons) are

necessarily produced from two different BB̄ pairs and must be separated by at least one

antibaryon (baryon), often with one or more mesons. As a result, the string model predicts

positive correlation for Λ0Λ̄0 pairs and anticorrelation for Λ0Λ0 or Λ̄0Λ̄0 pairs [8].

Figure 6.1.1: The correlation function C2(Q) plotted as a function of Q for PYTHIA simu-
lation sample for pp- (×), p̄p̄- (*), and pp̄-pairs (+) from 0 to 10 GeV. [8]

A similar behavior can be found between proton-antiproton, proton-proton and antiproton-

antiproton produced in PYTHIA generator as shown in Figure 6.1.1, adapted from Ref. [8].

6.2 Dynamical correlations in data and MC samples

The correlation function defined in Section 2.1.1 is calculated as a function of Q, ∆φ12, and

cos ∆φ12 for unlike-type (Λ0Λ̄0) and like-type (Λ0Λ0+Λ̄0Λ̄0) events.

Λ0Λ̄0 events have shown very strong positive correlation for Q < 2 GeV for both minimum

bias and muon sample while Λ0Λ0+Λ̄0Λ̄0 events have shown some small anticorrelation as

Q gets close to zero as shown in Figure 6.2.1. The data is overlaid with minimum bias
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MC sample for both type of hyperon pairs in Figure 6.2.2. The positive correlation is

overestimated in the MC sample for Λ0Λ̄0 events and the anticorrelation is consistent between

data and MC samples except the first bin which shows two standard deviations from zero

and has a rather large statistical uncertainty. It is shown that the measured correlation

function distributions are very similar to those for proton/antiproton created by PYTHIA

event generator as shown in Figure 6.1.1.

Figure 6.2.3 shows the correlation functions for minimum bias and muon samples as functions

of ∆φ12 in the domain of [−1, 2π − 1) to better illustrate the peak near zero. Figure 6.2.4

shows the correlation functions of minimum bias and muon data samples overlaid with that

of MC sample. The results are similar to that obtained from the ALICE experiment as

shown in Figure 2.2.1.

Figure 6.2.5 shows the same correlation functions for minimum bias and muon samples as

functions of of cos ∆φ12. Figure 6.2.6 shows the correlation function of data overlaid with that

of MC sample for comparison. The positive correlation in the MC sample near cos ∆φ12 = 1

is again overestimated for the Λ0Λ̄0 events. Small enhancement is observed at cos ∆φ12 ∼ −1

where the hyperon pairs are produced nearly back-to-back for both Λ0Λ̄0 and Λ0Λ0+Λ̄0Λ̄0

cases.

The Λ0Λ̄0 events in the muon sample has slightly stronger positive correlation when compared

to that in the minimum bias sample for Q and ∆φ12 near zero as shown in Figure (a)

of 6.2.1, 6.2.3, and 6.2.5. The small difference may be caused by the difference in efficiency

as hyperon pairs in the muon sample has slightly higher combined transverse momentum

than those in minimum bias sample.
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Figure 6.2.1: The correlation function C2(Q) plotted as a function of Q for (a) Λ0Λ̄0 and (b)
Λ0Λ0+Λ̄0Λ̄0 pairs in muon (black) and minimum bias (red) data samples.
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Figure 6.2.2: The correlation function C2(Q) plotted as a function of Q for (a) Λ0Λ̄0 and (b)
Λ0Λ0+Λ̄0Λ̄0 pairs in muon data (black), minimum bias data (red), and minimum bias MC
(blue dashed) sample. 1 GeV bin size has been used to accommodate the low statistics in
MC sample.
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Figure 6.2.3: The ∆η integrated projections of the correlation function C(∆φ12) for (a)
unlike-type and (b) like-type hyperon pairs for ∆φ12 ∈ [−1, 2π − 1) where ∆φ12 = φ1 − φ2

is the difference in azimuthal angles of the two hyperons in the lab frame for muon (black)
and minimum bias (red) data samples.
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Figure 6.2.4: The ∆η integrated projections of correlation function C(∆φ12) for (a) unlike-
type and (b) like-type hyperon pairs for ∆φ12 ∈ [−1, 2π − 1) where ∆φ12 = φ1 − φ2 is the
difference in azimuthal angles of the two hyperons in the lab frame for muon data (black),
minimum bias data (red), and minimum bias MC (blue) samples.
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Figure 6.2.5: The cosine of the ∆η integrated projections of the correlation function
C(cos ∆φ12) for (a) unlike-type and (b) like-type hyperon pairs for cos ∆φ12 ∈ [−1, 1] where
∆φ12 = φ1 − φ2 is the difference in azimuthal angles of the two hyperons in the lab frame
for muon (black) and minimum bias (red) data samples.
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Figure 6.2.6: The cosine of the ∆η integrated projections of the correlation function
C(cos ∆φ12) for (a) unlike-type and (b) like-type hyperon pairs for cos ∆φ12 ∈ [−1, 1] where
∆φ12 = φ1 − φ2 is the difference in azimuthal angles of the two hyperons in the lab frame
for muon data (black), minimum bias data (red), and minimum bias MC (blue) samples.
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6.3 “Popcorn” mechanism

The “popcorn” mechanism in the string model allows a set of mesons to be produced in be-

tween the baryon and antibaryon and thus helps to regulate the momentum correlation of the

produced baryon and antibaryon pairs. Currently, only the simplest scenario is implemented

in the PYTHIA generator wherein at most one intermediate meson may be produced. The

“popcorn” mechanism is controlled by three parameters in the StringFlav class, namely

StringFlav:popcornRate, StringFlav:popcornSpair, and StringFlav:popcornSmeson,

and they have the following functions [34, 35]:

• StringFlav:popcornRate gives the relative rates of B B̄ and B M B̄ production and

roughly as Prob(B M B̄) / (Prob(B B̄) + Prob(B M B̄)) = popcornRate / (0.5 +

popcornRate). (default = 0.5; minimum = 0.0; maximum = 2.0)

• StringFlav:popcornSpair gives extra suppression for having an ss̄ pair shared be-

tween B and B̄ in a B M B̄ configuration. (default = 1.0; minimum = 0.0; maximum

= 1.0)

• StringFlav:popcornSmeson gives extra suppression for having a strange meson M in

a B M B̄ configuration. (default = 0.5; minimum = 0.0; maximum = 1.0)

The differential cross section ratio for data in the signal region (SR) and the full mass window

at reconstucted level is overlaid with the “popcorn” parameters at default PYTHIA setting at

generator level in Figure 6.3.1. It is discovered that the distribution of the data events in the

SR and that of the MC sample agrees surprisingly well with each other. The differential cross

section ratio as a function of Q under different popcorn settings are shown in Figure 6.3.2. It
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is shown that the distribution is quite insensitive to different popcorn settings. This suggests

that the “popcorn” mechanism affects baryon-antibaryon and baryon-baryon/antibaryon-

antibaryon production at roughly the same rate for all values of Q. Further studies can

be done using different tunings and results from different fragmentation and hadronization

models such as the cluster-hadronization model to see if the shape of the differential cross

section ratio as a function of Q is unique to baryon/antibaryon production in the string

model regardless of the suppression from meson production.

Q [MeV]
0 2000 4000 6000 8000 10000

/d
Q

)
Λ

Λ
/d

Q
)/

(d
N

Λ
Λ+

Λ
Λ

(d
N

0

0.2

0.4

0.6

0.8

1

1.2

 [1112,1120] MeV0V
m

 [1100,1135] MeV0V
m
PYTHIA (default)

ATLAS Internal
 = 7 TeV, Muons

(a)

Q [MeV]
0 2000 4000 6000 8000 10000

/d
Q

)
Λ

Λ
/d

Q
)/

(d
N

Λ
Λ+

Λ
Λ

(d
N

0

0.2

0.4

0.6

0.8

1

1.2

 [1112,1120] MeV0V
m

 [1100,1135] MeV0V
m
PYTHIA (default)

ATLAS Internal
 = 7 TeV, Min.Biass

(b)

Figure 6.3.1: Differential cross section ratio of Λ0Λ0 + Λ̄0Λ̄0 to Λ0Λ̄0 events as a function
of Q for (a) muon and (b) minimum bias stream data samples with signal mass window
[1112,1120] MeV (black) and full mass window (red) overlaid with PYTHIA simulation
sample (blue dashed) at default setting at generator level.
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Figure 6.3.2: Differential cross section ratio of Λ0Λ0 + Λ̄0Λ̄0 to Λ0Λ̄0 events as a function of
Q for MC sample with different popcorn settings with (a) popcornRate, (b) popcornSpair,
and (c) popcornSmeson set at default (black), minimum (red), and maximum (blue) values
in the PYTHIA event generator. The shape of the differential cross section ratio is measured
to be quite stable with respect to different popcorn settings.
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6.4 Excess of Λ0Λ̄0 events near the (ΛΛ) threshold

The Λ0Λ0 and Λ̄0Λ̄0 events are combined to form the like-type sample and its result is used to

compare with the unlike-type sample. Figure 6.4.2 shows that there are excess Λ0Λ̄0 events

near the (ΛΛ) threshold up to 4-5 GeV. The excess events also have slightly higher average

combined pT and smaller opening angle ∆R than the like-type events. It is therefore useful

to study the PYTHIA generator [34, 35] to understand the origin of the hyperon pairs in

the region where the excess events are observed. One should however keep in mind that the

MC sample does overestimate the excess events (Figure 6.4.1) and many baryon resonances

are missing due to unknown branching fractions [34]. The composition of the excess events

in the MC sample is discussed in Section 6.5 and are found to be originated from hyperon

pairs sharing common ancestors, decaying either directly or through feed-down from some

heavier hyperons such as Σ0† and Σ∗(1385)‡.

Comparisons of the kinematic distributions between the like-type and unlike-type events are

shown in Figure 6.4.2. It is shown that at large invariant mass mΛ1+Λ2 or opening angle ∆R

regions the two types of events agree very well. This is expected as the two hyperons would

in such case be produced independently at a large distance and hence with little correlation,

regardless of whether they are of the same type or opposite types.

†Σ0 → Λ0 + γ BR = 100% [47]
‡Σ∗0/± → Λ0 + π0/± BR = (87.0±1.5)% [47]

99



 [MeV]
2Λ+1ΛM

E
ve

nt
s

0

5000

10000

15000

20000

25000

30000

35000
 (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

 (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

 (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

ATLAS Internal  = 7 TeVs
[1112,1120] MeV∈0Vm

 [MeV]
2Λ+1ΛM

5000 10000

R
at

io
s

0
0.5

1
1.5

2 )2Λ,
1

ΛR(∆
E

ve
nt

s

0

5000

10000

15000

20000

25000

30000

35000  (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

 (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

 (Data, Muon)Λ-Λ
 (Data, Min.Bias)Λ-Λ
 (MC, Min.Bias)Λ-Λ

ATLAS Internal  = 7 TeVs
[1112,1120] MeV∈0Vm

)2Λ,
1

ΛR(∆
0 2 4 6

R
at

io
s

0
0.5

1
1.5

2

 [MeV]
2Λ+1ΛM

E
ve

nt
s

0

2000

4000

6000

8000

10000
 (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

 (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

 (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

ATLAS Internal  = 7 TeVs
[1112,1120] MeV∈0Vm

 [MeV]
2Λ+1ΛM

5000 10000

R
at

io
s

0
0.5

1
1.5

2 )2Λ,
1

ΛR(∆

E
ve

nt
s

0

2000

4000

6000

8000

10000

12000

14000

16000

18000  (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

 (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

 (Data, Muon)Λ-Λ/Λ-Λ
 (Data, Min.Bias)Λ-Λ/Λ-Λ
 (MC, Min.Bias)Λ-Λ/Λ-Λ

ATLAS Internal  = 7 TeVs
[1112,1120] MeV∈0Vm

)2Λ,
1

ΛR(∆
0 2 4 6

R
at

io
s

0
0.5

1
1.5

2

Figure 6.4.1: Invariant mass mΛ1+Λ2 (left, normalized in [6200, 12200] MeV) and opening
angle ∆R (right, normalized in [2.4, 6.0]) distributions for Λ0Λ̄0 (upper) and Λ0Λ0+Λ̄0Λ̄0

(lower) pairs in muon data (black) and minimum bias data (red), and minimum bias MC
(blue) samples. The excess Λ0Λ̄0 events near (ΛΛ) threshold are overestimated in MC sample.
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Figure 6.4.2: Invariant mass mΛ1+Λ2 (upper), opening angle ∆R (middle) and transverse
momentum pT,Λ1+Λ2 (lower) distributions for unlike-type (Λ0Λ̄0) (black) and like-type (Λ0Λ0

+ Λ̄0Λ̄0) (red) events at reconstructed level for muon (left) and minimum bias (right) data
samples. An excess of unlike-type over like-type events is observed near the (ΛΛ) threshold.
The excess events also have slightly higher average combined pT,Λ1+Λ2 than the like-type
events.
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6.5 Composition of Λ0Λ̄0 peak from MC studies

As discussed in Section 6.4, the Λ0Λ̄0 peak near the (ΛΛ) threshold is overestimated by the

MC sample as can be shown in Figure 6.4.1. It is therefore very tempting to understand

where those Λ0Λ̄0 pairs are originated in the PYTHIA generator. 5000 events at generator

level have been analyzed using the MC sample†. No selection cut has been applied except

the selection for Λ0 and Λ̄0. The events are classified into four categories:

• Direct common ancestor (Black): Hyperon pairs share direct production vertex

• One intermediate state (Red): Either one of the hyperon decayed from the shared

production vertex through an intermediate state

• Two intermediate states (Blue): Both hyperons decayed from the shared production

vertex through an intermediate state

• More intermediate states (Green): Other unclassified events with more intermediate

states

(a) (b) (c)

Figure 6.5.1: Classification of ancestor types of hyperon pairs with a (a) direct common
ancester, (b) one intermediate state, and (c) two intermediate states.

†mc10_7TeV.105001.pythia_minbias.evgen.EVNT.e577_tid153938_00
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The decay topologies of the first three ancestor types for hyperon pairs sharing a common

production vertex are shown in Figure 6.5.1. It is shown that the excess events near the

(ΛΛ) threshold and in the small ∆R region are originated from hyperon pairs produced from

a shared production vertex, either directly or with both or one of the hyperons decayed

through an intermediate state as shown in Figure 6.5.2.

Further studies revealed that all events with common ancestor in the first three cate-

gories descended from a common production vertex identified as string (PDG ID = 92)

in the PYTHIA generator which represents the parton system in the string fragmentation

model [34,35]. Most of the intermediate states are identified as either string or Σ resonances

such as Σ0, Σ∗0(1385), and Σ∗±(1385) as shown in Figure 6.5.3. Σ0, which decays into Λ0

and photon γ with 100% branching fraction, and Σ∗0, which decays into Λ0 and π0 with a

branching fraction of 88%, cannot be reconstructed as photon and π0 do not leave a track in

the inner tracker and are too soft to reach the calorimeter. Attempts to reconstruct and veto

the Σ∗±(1385) using the decay channel Σ∗± → Λ0π± in our data sample have been made by

a undergraduate as a summer project‡§. Mass hypothesis is done on the refitted track of Λ0

or Λ̄0 candidates and each of the associated tracks in each event. The pion mass is assigned

to the track and the combined invariant mass mΛπ of the Λ0 or Λ̄0 candidate and the “pion”

track is required to be close to the Σ resonance mass. The attempt was not very successful

due to the very short lifetime (τ ∼ 10−23) of Σ which results in a production vertex very close

to the primary vertex and a large number of background associated tracks (Ntrack ∼ 100)

coming from the same primary vertex. (Figure 6.5.4) The track multiplicity was reduced

from an average of around 100 down to around 20 after additional selection cuts, such as
‡http://cds.cern.ch/record/1748073
§https://indico.cern.ch/event/309212/contributions/1681322/attachments/590939/813416/

thirdPresentation.pdf
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opening angle ∆R(Λ, π) and pT,Λπ, based on MC studies with Σ signal and background are

applied, but the number of tracks are still too high for the Σ∗(1385) fed-down removal to

work without removing a large proportion (∼ 90%) of the Λ0 or Λ̄0 candidates. Selection of

Σ∗(1385) by training Boosted Decision Trees (BDT) on MC signal and background events

will be attempted before submitting for final publication if time allows.

(a) (b)

Figure 6.5.2: Stacked distributions of (a) invariant mass mΛΛ and (b) opening angle ∆R for
the Λ0Λ̄0 events which share direct (black), one intermediate state (red), two intermediate
states (blue), and other unclassified events (green). It is shown that the excess events near
the (ΛΛ) threshold and in the small ∆R region are originated from hyperon pairs produced
from a shared production vertex, either directly or with both or one of the hyperons decayed
through an intermediate state.
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(a) (b)

(c) (d)

Figure 6.5.3: PDG IDs of (a) & (b) the intermediate states and (c) the common ancestor of
the Λ0Λ̄0 events which share direct parent (black), with one intermediate state (red), with
two intermediate states (blue), and other unclassified events (green). (d) Number of events
for each category of events. It is shown that the majority of the intermediate states are
either string or Σ0/Σ∗(1385) resonances. All the events with common ancestor in the first
three categories descended from string.
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sample. The track multiplicity distribution is peaked around 80 for both type of events.
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Chapter 7

Extraction of spin correlation

This chapter describes the measurement strategy and details of the extraction of the spin

correlation, the estimation of statistical and systematic uncertainties, and a summary of the

results.

7.1 Spin correlation and decay angles

One way of studying the correlation is to determine the spin composition of the system , and

the spin composition can be studied indirectly through the correlation between the decay

protons of the di-hyperon state as described below.

The normalized angular distribution at the decay Λ0 → p+ π− takes the form:

dw(n)

dΩn

=
1

4π
(1 + αΛPΛn) (7.1.1)

where PΛ is the polarization vector of the Λ0 particle, n is the unit vector along the direction

of proton momentum in the rest frame of the Λ0 particle, αΛ = 0.642 ± 0.013 is the decay
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asymmetry parameter for Λ0 [47].

Now we consider the double angular distribution of flight direction of the decay protons of

two Λ0 decay into the channel Λ0 → p + π−, normalized by unity. It is described by the

following formula:

d2w(n1,n2)

dΩn1dΩn1

=
1

16π2
[1 + αΛP1n1 + αΛP2n2 + α2

Λ

3∑
i=1

3∑
k=1

Tikn1in2k] (7.1.2)

where P1 and P2 are the polarization vectors of the first and second Λ0 particle, Tik are the

correlation tensor components, n1 and n2 are the unit vectors along the direction of first and

second proton momentum in the rest frame of their respective parent Λ0 particles.

The angular correlation, integrated over all angles except the angle between the vectors n1

and n2 can be described by the formula:

dw(cos θ∗)

d cos θ∗
=

1

2
(1 +

1

3
α2

ΛT cos θ∗) =
1

2
(1 + Aα2

Λ cos θ∗) (7.1.3)

where A = (Naligned − Nantialigned)/Ntotal is the spin correlation parameter that we extract

from data in this analysis, the correlation tensor T = Wt − 3Ws can be expressed in terms

of the relative fractions of the singlet state Ws and triplet state Wt, and it does not depend

on the polarization vectors.

Due to CP-invariance, the coefficients of P-odd angular asymmetry for the decay Λ0 → p+π−

and Λ̄0 → p̄+π+ have equal magnitude and opposite signs: αΛ̄ = - αΛ = -0.642. The angular

correlation for Λ0 Λ̄0 pairs decay becomes:

dw(cos θ∗)

d cos θ∗
=

1

2
(1− 1

3
α2

ΛT cos θ∗) =
1

2
(1− Aα2

Λ cos θ∗) (7.1.4)
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Figure 7.1.1: Definition of decay angle θ∗

which is the angle between the flight direc-
tions of p1 and p2 in the rest frame of their
respective parents Λ1 and Λ2 in their common
center-of-mass frame.
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Figure 7.1.2: Distributions of y∗ (cos θ∗) at
true level for pure singlet and triplet states for
Λ0 Λ̄0 events. For like-type events, the slopes
become the negative of the Λ0 Λ̄0 case with
the same absolute values.

The derivation of the angular correlation cos θ∗ here is mainly adapted from Ref. [113]. cos θ∗

and y∗ will be used interchangeably from now on. The goal of this analysis is to extract the

variable A in Eqs. (7.1.3) and (7.1.4) as a function of Q, where Q is the relative 4-momentum

of the hyperon pair as defined earlier.

By measuring the slope of the cos θ∗ distribution as shown in Figure 7.1.2, the value of A

in Eqs. (7.1.3) and (7.1.4) can be extracted from data. A finite spin correlation due to the

spin alignment of the initial state is expected only in the very small Q-value region [3] while

FD correlation between the like pairs is expected to have a suppression of S = 1 state in a

Q-value region less than 0.5 GeV [8–10].
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7.2 Experimental considerations

The direction of the spin alignment of the hyperon pairs can be inferred from the asymmetric

angular distribution of the decay particles, namely the decay proton(antiproton) for Λ0(Λ̄0).

Unfortunately, the detector, the track reconstruction inefficiency in particular, can distort

the angular distributions. An appropriate reference sample is therefore needed to model

the distortion of the angular distribution in absence of any spin correlation. As discussed

before, the MC sample has very limited statistics and its kinematic distributions are very

different from data (Figure 6.4.1), the mixed data sample is used as the reference sample for

the estimation of the effect of the track reconstruction inefficiency of the data sample.

The following factors have been taken into consideration to justify the use of data-driven

mixed sample as the appropriate reference sample for spin correlation extraction

• Hyperon pairs selected from odd and even events will have uncorrelated angular dis-

tribution in the absence of detector effect

• Detector effects depend solely on the kinematics of the hyperon but not on its origin

of production after the hyperon is produced

• Each hyperon is reconstructed independently in the data sample and the interference

between the reconstruction of multiple hyperons in the same event can be neglected

• The angular distribution is well reconstructed enough to be used to inject spin corre-

lation to the mixed sample to create the templates

More details of the methodology will be discussed in the following few sections.
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7.3 Weighting of reference sample

From Figure 6.2.1, the mixed data sample has dynamical correlations somewhat different

from that of the data sample, especially for Λ0Λ̄0 events. The reference sample is therefore

weighted to improve agreement with the data sample (kinematic weighting) and to allow

assignment of different spin correlation to the hyperon pairs (correlation weighting). As Λ0

and Λ̄0 hyperons have different reconstruction efficiency and kinematic distribution, separate

corrections have to be made for each type of hyperon pairs. The weighting consists of a two-

step process:

1. Correlation weighting is performed by weighting the mixed data sample by a factor of

(1± Aα2
Λ cos θ∗) for different input A-values.

2. Kinematic weighting is then performed independently in each Q bin.

In step one, the true decay angle cos θ∗true should ideally be used for injecting the spin

correlation. However, such decay angle is not available in the data-driven reference sample.

As a result, the reconstructed decay angle cos θ∗reco (which will be referred to as cos θ∗ from

now on) is used for correlation weighting instead.

In step two, the following kinematic variables have been used:

• Opening angle between Λ1 and Λ2: ∆R(Λ1,Λ2)

• Invariant mass of Λ1, Λ2 and the hyperon pairs: mΛ1 , mΛ2 and mΛ1+Λ2

• Transverse momentum of Λ1, Λ2 and the hyperon pairs: pT,Λ1 , pT,Λ2 and pT,Λ1+Λ2

• Pseudorapidity of Λ1, Λ2 and the hyperon pairs: ηΛ1 , ηΛ2 and ηΛ1+Λ2

111



Iterative weighting has been used to make sure all kinematic variables agree between the

data sample and the reference sample. At each iteration, each event in the reference sample

is assigned a weight such that the distribution of the current kinematic variable agrees

between the data sample and the reference sample. The weight is then updated in the

next iteration for the next variable. The iteration continues until the weights of the events

become stable. The kinematic distributions before and after kinematic weighting are shown

in Figures 9.3.13, 9.3.14, 9.3.17, 9.3.18, 9.3.17, and 9.3.18.

After some careful studies, it is found that the kinematic distribution and the angular corre-

lation are slightly correlated. Weighting the aforementioned kinematic variables may distort

the angular correlation. As the mixed data sample and the data sample have very similar

kinematic distributions in most of the phase space except in the small Q-value range for

Λ0Λ̄0 events where the data events have significantly higher combined transverse momentum

pT,Λ1+Λ2 and smaller opening angle ∆R(Λ1,Λ2), the systematic uncertainty due to kinematic

weighting is treated naively by repeating the analysis without kinematic weighting and taking

the difference between the new value and the baseline values as the uncertainty.

7.4 Minimum χ2 method

After performing the correlation and kinematic weightings as discussed in the previous sec-

tion, the modified Pearson’s χ2 test statistic for comparing usual and weighted histograms

as described in Ref. [114] is calculated to quantify the compatibility of the cos θ∗ distribution

between each pair of data and template. Each template is weighted to a different A-value, as

shown in Figure 7.4.1 for both like-type and unlike-type events in the range 0 < Q < 1 GeV

as an example. The best-fitted A-value of data is determined by minimizing the value of χ2
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and the uncertainty is estimated by the variation of A at χ2
min+1 as shown in Figure 7.4.1 (b)

and (d). The extracted A-values are plotted with the corresponding statistical uncertainties

as a function of Q in Figure 7.8.1.
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Figure 7.4.1: Reconstructed cos θ∗ distribution for (a) Λ0Λ̄0 and (c) Λ0Λ0+Λ̄0Λ̄0 events in
the range 0 < Q < 1 GeV in the signal region. Black: data; blue: template with A = 0;
green/magenta: template weighted to A = +1 or -1; red: templates weighted to A values
of ±0.1,±0.2 and ±0.5. χ2 vs ATrue distribution for (b) Λ0Λ̄0 and (d) Λ0Λ0+Λ̄0Λ̄0 events in
the range 0 < Q < 1 GeV in the signal region. The extracted A-value is determined by the
minimum value of χ2 as indicated by blue dashed lines. The uncertainty of A is estimated
by the variation of A at χ2

min + 1 as indicated by red dashed and solid lines.
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7.5 Statistical uncertainties

Statistical uncertainties can be reduced by increasing the sample size of data. The method of

minimum χ2 is used to determine the best-fitted A-value for data. The statistical uncertainty

is estimated at the variation of A at χ2
min + 1, as shown in Figures 7.4.1b and 7.4.1d. The

statistical uncertainty of the extracted A-values are plotted as a function of Q are shown in

Figure 7.8.1.

7.6 Systematic uncertainties

The systematic uncertainties are estimated by varying different aspects of the analysis and

measuring how each affects the measured values of the spin correlation. The main contri-

bution of systematic uncertainties are kinematic weighting, binning and template statistics.

The uncertainties are assumed to be uncorrelated and are added in quadrature to obtain a

total systematic uncertainty. All uncertainties are treated symmetrically except the uncer-

tainty due to kinematic weighting. The systematic uncertainties considered are described in

the following subsections.

7.6.1 Kinematic weighting

The difference between A-values measured with and without kinematic weighting is treated

as the systematic uncertainty.

Kinematic weighting can change the input spin correlation ATrue of the template if there

is correlation between ATrue and the kinematic variables that were used in the weighting
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process. The templates may not correspond to injected A-values after kinematic weighting.

To estimate the effect of kinematic weighting, the analysis is repeated without the kinematic

weighting in which case the templates correspond to the injected A-values but may have

kinematics different from the data. The difference in kinematics between the data and the

templates are assumed to be caused by the difference in A-value and the difference in detector

effects is neglected. The extracted alternative A-values are then compared to the default

results and the difference is treated as the systematic uncertainty. This is the dominating

systematic uncertainty in the first bin (0 < Q < 1 GeV) for all four types of events due to the

strikingly different kinematics between the data and templates for Λ0Λ̄0 and low template

statistics in general. (Figure 7.6.1) This is a very conservative estimation of the uncertainty

due to kinematic weighting. Nonetheless, this uncertainty is relatively small in the range

1 < Q < 10 GeV where the kinematics of the data and the mixed data sample are very

similar.

7.6.2 Binning

The effect of re-binning the cos θ∗ distribution has been studied. The analysis is repeated with

2-times finer and coarser binning of the cos θ∗ distribution. The new results are compared

to the baseline result and the difference in each case is calculated. The larger of the two is

treated as the systematic uncertainty.

7.6.3 Template statistics

Limited statistics of the data-driven template projects into the precision with which the A-

value extracted by the minimum χ2 method. To estimate the effect of the limited statistics of
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Figure 7.6.1: pT,Λ1+Λ2 distributions for (a) Λ0Λ̄0 and (b) Λ0Λ0+Λ̄0Λ̄0 events in the first bin
(0 < Q < 1 GeV) for data and template samples before kinematic weighting. The Λ0Λ̄0 data
events have a higher average combined pT than the mixed sample events before kinematic
weighting. The large discrepancy in the pT spectrum led to a huge systematic uncertainty
due to kinematic weighting and is shown in the first bin in Figure 7.8.1b. Λ0Λ0+Λ̄0Λ̄0 events
in data and template samples have similar pT,Λ1+Λ2 distributions and correspond to a much
smaller systematic uncertainty as shown in Figure 7.8.1a.

the data-driven template, the template is split into 4 statistically independent sub-samples.

A measurement is then performed with each sub-sample on the data and the differences to

the baseline result is calculated. The uncertainty is estimated as a standard deviation of

the obtained differences scaled down by a factor of
√

3, to account for the fact that each

sub-sample has 4-times less events than the original one.

7.6.4 Background

The A-values and the signal fractions fsig are measured separately in the signal region

[1112, 1120] MeV and sidebands [1100, 1107]
⋃

[1125, 1135] MeV and the A-values are re-
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calculated in each bin taken into account the contribution from background.

Let fSR and fBG be the signal fractions measured in the SR and BG regions, ASR and ABG

be the spin correlations measured in the signal and background regions and Asig and Abkg

be the spin correlations of the signal and background events. Asig and Abkg can be expressed

as follow

ASR = fSRAsig + (1− fSR)Abkg (7.6.1)

and

ABG = fBGAsig + (1− fBG)Abkg. (7.6.2)

From (7.6.1) ×(1− fBG) - (7.6.2) ×(1− fSR), we have

Asig =
1

fSR − fBG

[
(1− fBG)ASR − (1− fSR)ABG

]
(7.6.3)

Asig is computed by Eq. (7.6.3) and is compared to the default results computed using events

in the signal region without background subtraction. The difference between the alternative

and the default values is treated as the systematic uncertainty.

The spin correlation in the BG region is assumed to be constant. In principle, such assump-

tion can be relaxed by splitting the BG region into sidebands and corners if enough statistics

is available in the BG region and the signal purity in the SR region is low. However, since

the signal purity in the SR region is above 98%, such higher-order effect is neglected.
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7.6.5 Width of signal region

The width of the signal region is varied up and down by 2 MeV. The difference between the

alternative value and the default value is calculated in each case. The larger difference is

taken as the systematic uncertainty.

7.6.6 Event migration

The measured A values are plotted as a function of reconstructed Q while the results should

be interpreted as a function of true Q. Using the MC sample, the fraction of events migrated

from neighboring bins to the bin of interest is calculated. The MC sample has been weighted

kinematically to the data. Migration matrices of reconstructed Q versus true Q, normalized

in true Q bins, are shown in Figure 7.6.2. The diagonal terms represent events in which

the true Q is reconstructed in the same bin while the off-diagonal terms correspond to the

true Q that is distorted as it is reconstructed. A corrected A′ value for the true Q bin is

calculated as the following weighted average

A′i =
∑
j

mijAj (7.6.4)

where A′i is the corrected spin correlation for i-th bin in true Q, Aj is the original spin

correlation for the j-th bin in reconstructed Q, mij is the j-th term in the i-th column in

the migration matrix as shown in Figure 7.6.2. The systematic uncertainties due to event

migration is calculated by measuring the difference between the baseline results A and the

weighted average A′ in each bin.
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Figure 7.6.2: Migration matrices of reconstructed Q versus true Q normalized in bins of true
Q for (a) Λ0Λ̄0, (b) Λ0Λ0+Λ̄0Λ̄0, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events.

7.6.7 Decay angle resolution

The mixed MC sample is weighted to the mixed data sample and cos θ∗true is used for

correlation weighting instead of cos θ∗reco.
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In the correlation weighting, a non-zero spin correlation is introduced to the uncorrelated

template by assigning a weight of w(cos θ∗) = (1 ± α2
Λ cos θ∗) to each event in the sample.

In the ideal case, the true decay angles cos θ∗true should be used in the correlation weighting

process. However, owing to the limited statistics of the full-simulated MC sample, an uncor-

related data-driven template has been used as a benchmark to extract the spin correlation

from data. As only the reconstructed decay angles are available in the data-driven template,

they are used to weight the template to introduce non-zero spin correlations. This is not

ideal because the finite resolution of the decay angle reconstruction would smear the true

decay angle and get reflected in the distribution of the reconstructed angle. This is shown

by the resolution matrices of reconstructed decay angle cos θ∗reco versus true decay angle

cos θ∗true in Figure 7.6.3.

A template weighted by the true decay angle cos θ∗true will therefore produce a reconstructed

decay angle distribution with a smaller A-value due to the smearing effect of the finite detec-

tor resolution when compared to one weighted by reconstructed decay angle. The A-value

extracted using templates weighted by the true decay angle will be larger for the same recon-

structed decay angle distribution in data. To estimate the uncertainties caused by such effect,

an uncorrelated mixed MC sample is first weighted to have the same kinematic distribution

and the decay angle distribution as the data. Then, two lists of templates are produced

by weighting to different A-values using the true decay angle and the reconstructed decay

angle. The A-value of the data is extracted as a function of Q using the two list of tem-

plates and the difference between these two results is treated as the systematic uncertainties.

The systematic uncertainties due to decay angle resolution are found to be negligible when

compared to other uncertainties.
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Figure 7.6.3: Resolution matrices for decay angle cos θ∗ (y∗) normalized in bins of true cos θ∗

(y∗) for (a) Λ0Λ̄0, (b) Λ0Λ0+Λ̄0Λ̄0, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events.

7.6.8 Uncertainty of α parameter

The decay parameter αΛ of Λ0 is measured to be 0.642 ± 0.013 [47]. The corresponding

systematic uncertainty propagated to the measurement of A is estimated by repeating the
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measurement with αΛ varied up and down by 0.013. The difference between the new result

and the baseline result is calculated in each case. The larger of the two values is treated as

the systematic uncertainty. Such uncertainties are found to be negligible when compared to

other uncertainties.

7.7 Summary of uncertainties estimation

The total systematic uncertainties of the spin correlation parameter are found to be less

than 0.1 for most of the Q range with the exception of the first bin where 0 < Q < 1

GeV. For the like-type events, the total systematic uncertainty is around 0.2 in the first

bin. For the unlike-type events, the total systematic uncertainty is around 0.6 and is mainly

due to the systematic uncertainty of kinematic weighting. The breakdowns of the sources of

systematic uncertainties in bins ofQ are shown in Tables 7.1, 7.2, 7.3, and 7.4∗. The dominant

systematic uncertainty, uncertainty of kinematic weighting, is treated asymmetrically to

avoid misleading the reader of the actual range of the uncertainty. The uncertainty is included

in the calculation of the total uncertainty in either the upside or the downside depending on

whether the uncertainty is positive or negative respectively. The asymmetric total systematic

uncertainties are listed in Tables 7.5 and 7.6.

∗The number of digits here is only for illustration purposes for some uncertainties of particularly small
values. For the actual number of significance figures of the total uncertainties, readers should refer to
Tables 7.5 and 7.6.

123



Table 7.1: Summary of systematic uncertainties for Λ0Λ̄0 events in the range 0 < Q < 10
GeV. The systematic uncertainties in each bin are assumed to be uncorrelated and are
added in quadrature to compute the total uncertainty. The uncertainties are broken down
as follows: 1. Kinematic weighting 2. Template statistics 3. Binning 4. Width of signal
region 5. Background 6. Event migration 7. Decay angle resolution 8. Uncertainty of α
parameter

Q [GeV] 1 2 3 4 5 6 7 8 Total
0-1 0.62340 0.07705 0.02553 0.03060 -0.00280 -0.00126 0.00275 0.00143 0.62942
1-2 0.00296 0.02534 0.00429 0.00104 -0.00037 0.00208 -0.00063 0.00053 0.02599
2-3 -0.08520 0.00952 0.00167 0.00516 0.00040 -0.00188 0.00053 0.00201 0.08594
3-4 -0.03703 0.01148 0.00540 0.00261 -0.00169 0.00064 -0.00084 0.00009 0.03928
4-5 -0.00661 0.01177 0.00731 0.00773 -0.00052 -0.00070 0.00027 0.00050 0.01722
5-6 -0.00659 0.00958 0.00274 0.00854 0.00278 0.00448 -0.00096 0.00156 0.01571
6-7 -0.00595 0.01477 0.00534 0.00305 -0.00230 -0.00250 -0.00226 0.00103 0.01758
7-8 -0.00760 0.01872 0.00582 0.00598 -0.00103 0.00001 0.00055 0.00160 0.02195
8-9 -0.00013 0.01111 0.00266 0.01207 -0.00036 -0.00089 -0.00104 0.00234 0.01684
9-10 -0.02451 0.02549 0.00518 0.01117 0.00208 -0.00756 0.00147 0.00341 0.03843

Table 7.2: Summary of systematic uncertainties for Λ0Λ0+Λ̄0Λ̄0 events in the range 0 < Q <
10 GeV. The systematic uncertainties in each bin are assumed to be uncorrelated and are
added in quadrature to compute the total uncertainty. The uncertainties are broken down as
follows: 1. Kinematic weighting 2. Template statistics 3. Binning 4. Width of signal region
5. Background 6. Event migration 7. Decay angle resolution 8. Uncertainty of α parameter

Q [GeV] 1 2 3 4 5 6 7 8 Total
0-1 -0.20046 0.03267 0.04350 0.01707 -0.00064 0.00226 0.00531 0.00019 0.20849
1-2 -0.03274 0.00402 0.00289 0.00929 -0.00525 0.00082 0.00019 0.00194 0.03485
2-3 0.02605 0.00346 0.00472 0.00703 -0.00057 -0.00324 0.00017 0.00440 0.02816
3-4 -0.00473 0.00597 0.00190 0.00319 -0.00006 0.00354 0.00063 0.00044 0.00922
4-5 -0.00584 0.00965 0.00328 0.00221 -0.00176 -0.00507 0.00057 0.00209 0.01328
5-6 -0.00492 0.00432 0.00229 0.00071 -0.00008 0.00610 0.00158 0.00168 0.00955
6-7 -0.00287 0.00706 0.00268 0.00618 0.00035 -0.00744 0.00054 0.00019 0.01262
7-8 -0.00657 0.01658 0.00201 0.01042 0.00301 0.00527 0.00037 0.00308 0.02185
8-9 -0.00556 0.01327 0.00133 0.00580 -0.00021 0.00668 0.00030 0.00339 0.01728
9-10 -0.00885 0.02582 0.00631 0.00469 -0.00516 -0.00901 -0.00040 0.00061 0.03025
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Table 7.3: Summary of systematic uncertainties for Λ0Λ0 events in the range 0 < Q < 10
GeV. The systematic uncertainties in each bin are assumed to be uncorrelated and are
added in quadrature to compute the total uncertainty. The uncertainties are broken down
as follows: 1. Kinematic weighting 2. Template statistics 3. Binning 4. Width of signal
region 5. Background 6. Event migration 7. Decay angle resolution 8. Uncertainty of α
parameter

Q [GeV] 1 2 3 4 5 6 7 8 Total
0-1 -0.12839 0.01107 0.07503 0.02277 -0.00112 -0.00421 0.00987 0.00457 0.15130
1-2 -0.02586 0.00376 0.01095 0.02020 -0.00347 0.00281 0.00017 0.00098 0.03509
2-3 0.01547 0.00767 0.00513 0.00345 -0.00058 -0.00482 0.00039 0.00510 0.01964
3-4 -0.01143 0.00806 0.00300 0.00396 0.00027 0.00569 0.00011 0.00124 0.01595
4-5 -0.00501 0.01353 0.00609 0.00379 -0.00033 -0.00527 0.00054 0.00173 0.01705
5-6 -0.00426 0.00525 0.00644 0.00781 -0.00124 0.00622 0.00232 0.00142 0.01399
6-7 -0.01354 0.01102 0.00485 0.00724 -0.00123 -0.00616 0.00065 0.00123 0.02055
7-8 -0.00581 0.01456 0.00693 0.01177 0.00113 0.00785 0.00317 0.00057 0.02248
8-9 -0.00972 0.01272 0.00216 0.00564 -0.00096 -0.01370 0.00285 0.00252 0.02227
9-10 -0.00523 0.04971 0.00699 0.00631 -0.00287 0.01331 0.00568 0.00221 0.05301

Table 7.4: Summary of systematic uncertainties for Λ̄0Λ̄0 events in the range 0 < Q < 10
GeV. The systematic uncertainties in each bin are assumed to be uncorrelated and are
added in quadrature to compute the total uncertainty. The uncertainties are broken down
as follows: 1. Kinematic weighting 2. Template statistics 3. Binning 4. Width of signal
region 5. Background 6. Event migration 7. Decay angle resolution 8. Uncertainty of α
parameter

Q [GeV] 1 2 3 4 5 6 7 8 Total
0-1 -0.14019 0.04258 0.01826 0.04086 0.00014 0.00250 -0.01992 0.00203 0.15452
1-2 -0.03012 0.00472 0.00476 0.00592 -0.00737 -0.00027 -0.00128 0.00315 0.03245
2-3 0.03906 0.00460 0.00615 0.01118 -0.00056 -0.00088 -0.00024 0.00332 0.04149
3-4 -0.00300 0.00530 0.00573 0.00543 -0.00044 0.00112 0.00213 0.00218 0.01049
4-5 -0.00915 0.01178 0.00055 0.00435 -0.00275 -0.00477 0.00083 0.00256 0.01671
5-6 -0.00350 0.01023 0.00409 0.00909 0.00145 0.00576 -0.00042 0.00204 0.01599
6-7 0.00592 0.01115 0.00816 0.00423 0.00225 -0.00970 0.00138 0.00082 0.01859
7-8 -0.01358 0.02425 0.00344 0.00869 0.00463 -0.00083 -0.00342 0.00618 0.03053
8-9 -0.03977 0.01165 0.00645 0.00609 0.00186 0.04422 0.00103 0.01099 0.06227
9-10 -0.02637 0.02404 0.00877 0.01176 -0.00984 -0.03872 0.01082 0.00333 0.05669
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7.8 Results

7.8.1 Spin correlation A vs Q for muon sample using 1 GeV bin

size for the muon sample with both statistical and systematic

uncertainties

The spin correlation A in the helicity frame as defined in Eqs. (7.1.3) and (7.1.4) has been

extracted as a function of Q with 1 GeV bin size for the muon sample. The total uncertainty,

which is the quadrature sum of the statistical and systematic uncertainties as described in

Section 7.7, is calculated independently for each Q bin. All the systematic uncertainties are

treated symmetrically except that due to kinematic weighting. The results are summarized

in Figure 7.8.1 as well as in Tables 7.5 and 7.6.
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Figure 7.8.1: Extracted spin correlation A in the helicity frame as a function of Q for (a)
like-type, (b) unlike-type, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events for 0 < Q < 10 GeV using the
minimum χ2 method. The statistical uncertainties indicate variation of A at χ2

min + 1, as
described in Figure 7.4.1b. The total uncertainties are calculated by adding the statistical
and systematic uncertainties in quadrature.
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Table 7.5: Extracted spin correlation A in the helicity frame as a function of Q for unlike-type
(Λ0Λ̄0) and like-type (Λ0Λ0+Λ̄0Λ̄0) events.

Q [GeV] A for Λ0Λ̄0 A for Λ0Λ0+Λ̄0Λ̄0

0-1 −0.026+0.089
−0.090 (stat) +0.629

−0.087 (syst) −0.012+0.107
−0.105 (stat) +0.057

−0.208 (syst)
1-2 0.015± 0.038 (stat) +0.026

−0.026 (syst) −0.045± 0.048 (stat) +0.012
−0.035 (syst)

2-3 −0.047± 0.031 (stat) +0.011
−0.086 (syst) −0.096± 0.036 (stat) +0.028

−0.011 (syst)
3-4 −0.006± 0.030 (stat) +0.013

−0.039 (syst) −0.006± 0.032 (stat) +0.008
−0.009 (syst)

4-5 0.009± 0.032 (stat) +0.016
−0.017 (syst) −0.045± 0.032 (stat) +0.012

−0.013 (syst)
5-6 0.034± 0.035 (stat) +0.014

−0.016 (syst) 0.042± 0.036 (stat) +0.008
−0.010 (syst)

6-7 −0.027± 0.041 (stat) +0.017
−0.018 (syst) −0.002± 0.042 (stat) +0.012

−0.013 (syst)
7-8 −0.041± 0.049 (stat) +0.021

−0.022 (syst) 0.075± 0.049 (stat) +0.021
−0.022 (syst)

8-9 −0.058± 0.058 (stat) ±0.017 (syst) 0.082± 0.058 (stat) +0.016
−0.017 (syst)

9-10 −0.082+0.071
−0.070 (stat) +0.030

−0.038 (syst) −0.012+0.071
−0.072 (stat) +0.029

−0.030 (syst)

Table 7.6: Extracted spin correlation A in the helicity frame as a function of Q for Λ0Λ0 and
Λ̄0Λ̄0 events.

Q [GeV] A for Λ0Λ0 A for Λ̄0Λ̄0

0-1 −0.114+0.138
−0.135 (stat) +0.080

−0.151 (syst) 0.033+0.163
−0.160 (stat) +0.065

−0.154 (syst)
1-2 −0.024± 0.063 (stat) +0.024

−0.035 (syst) −0.073± 0.073 (stat) +0.012
−0.032 (syst)

2-3 −0.111± 0.048 (stat) +0.020
−0.012 (syst) −0.071± 0.053 (stat) +0.041

−0.014 (syst)
3-4 0.032± 0.043 (stat) +0.011

−0.016 (syst) −0.046± 0.049 (stat) ±0.010 (syst)
4-5 −0.037± 0.043 (stat) +0.016

−0.017 (syst) −0.056± 0.049 (stat) +0.014
−0.017 (syst)

5-6 0.036± 0.048 (stat) +0.013
−0.014 (syst) 0.051± 0.054 (stat) ±0.016 (syst)

6-7 −0.027± 0.057 (stat) +0.015
−0.021 (syst) 0.022± 0.062 (stat) +0.019

−0.018 (syst)
7-8 0.015± 0.066 (stat) ±0.022 (syst) 0.148+0.072

−0.073 (stat) +0.027
−0.030 (syst)

8-9 −0.057± 0.079 (stat) +0.020
−0.022 (syst) 0.261± 0.086 (stat) +0.048

−0.062 (syst)
9-10 0.054+0.094

−0.095 (stat) ±0.053 (syst) −0.076± 0.109 (stat) +0.050
−0.057 (syst)
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7.8.2 Spin correlation A vs Q for minimum bias sample using 1 GeV

bin size

The spin correlation A in the helicity frame as defined in Eqs. (7.1.3) and (7.1.4) has been

extracted as a function of Q with 1 GeV bin size for minimum bias sample as shown in

Figure 7.8.2.
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Figure 7.8.2: Extracted spin correlation A in the helicity frame as a function of Q for (a)
like-type, (b) unlike-type, (c) Λ0Λ0, and (d) Λ̄0Λ̄0 events for 0 < Q < 10 GeV using the
minimum χ2 method. The statistical uncertainties indicate variation of A at χ2

min + 1, as
described in Figure 7.4.1b. Only statistical uncertainties are shown here. The first bin in
Figure (d) is missing due to low statistics.
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7.8.3 Spin correlation A vs Q for muon and minimum bias sample

using 200 MeV bin size

The spin correlation A in the helicity frame as defined in Eqs. (7.1.3) and (7.1.4) has been

extracted as a function of Q with 200 MeV bin size for muon and minimum bias sample as

shown in Figure 7.8.3.
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Figure 7.8.3: Extracted spin correlation A in the helicity frame as a function of Q for (a)
like-type for muon sample, (b) unlike-type for muon sample, (c) like-type for minimum
bias sample, and (d) unlike-type for minimum bias sample for 0 < Q < 10 GeV using the
minimum χ2 method with 200 MeV bin size. The statistical uncertainties indicate variation
of A at χ2

min+1, as described in Figure 7.4.1b. Only statistical uncertainties are shown here.
The first bin in Figures (a) and the first two bins in Figures (c) & (d) are missing due to
low statistics.
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7.8.4 Spin correlation A vs ∆φ12 for muon and minimum bias sample

The spin correlation A in the helicity frame as defined in Eqs. (7.1.3) and (7.1.4) has been

extracted in terms of the A parameter as a function of ∆φ12 for muon and minimum bias

sample as shown in Figure 7.8.4.
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Figure 7.8.4: Extracted spin correlation A in the helicity frame as a function of Q for (a)
like-type for muon sample, (b) unlike-type for muon sample, (c) like-type for minimum bias
sample, and (d) unlike-type for minimum bias sample for ∆φ12 ∈ [−1, 2π − 1) using the
minimum χ2 method. The statistical uncertainties indicate variation of A at χ2

min + 1, as
described in Figure 7.4.1b. Only statistical uncertainties are shown here.
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Chapter 8

Discussion

This chapter discusses the interpretations and implications of the results from the dynamcial

correlation and spin correlation measurements.

It is demonstrated that the dynamical correlations measured in both the muon and mini-

mum bias sample are qualitatively consistent with the predictions of the string model, with

Λ0Λ̄0 being positively correlated and Λ0Λ0+Λ̄0Λ̄0 being anticorrelated at small Q and ∆φ

close to zero. The similarity of such dynamical correlations between Λ0/Λ̄0 particle and

proton/antiproton may suggest that this dynamical correlation is a universal characteristic

for baryon/antibaryon production in the string model.

The MC study in Section 6.5 suggested that the excess Λ0Λ̄0 events originated from the

parton system in the string fragmentation model, and the excess of Λ0Λ̄0 events observed in

the muon and minimum bias samples can therefore be interpreted as hints for ss̄ production

from the string model at the LHC energy regime.

The MC study in Section 6.5 also showed that a significant proportion of the excess Λ0Λ̄0
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decayed from feed-down from heavier hyperon resonances such as Σ0† and Σ∗(1385)‡. The

spin correlation originated from the ss̄ that arose from the string breaking in the string

fragmentation model could be diluted through the feed-down and results in a spin correlation

value too small to be significant enough to be measured. This is especially true in the small

Q region where correlation is expected to appear and data statistics is limited.

The spin correlation is measured to be consistent with zero for both Λ0Λ̄0 and Λ0Λ0+Λ̄0Λ̄0

events for Q ∈ [1, 10] GeV and Q ∈ [0, 10] GeV respectively in the muon and minimum bias

samples. The spin correlation extracted as a function of ∆φ is also measured to be consistent

with zero, including the region near zero where dynamcial correlation is the strongest.

In the context of the string model, a ss̄-pair cannot be produced at exactly the same space-

time point and they are produced with some spacial separation [115]. In such a case, the ss̄

system would be created with some finite angular momentum ~L in the transverse direction

as shown in Figure 8.0.1. In order to cancel this angular momentum, the sum of the spin

angular momentum of the s and s̄ must be transverse to the direction of motion of the s and

s̄ in the center-of-mass frame. The magnitude of the spin angular momentum of a ss̄-pair

must be equal to |~L| and opposite in direction in order to keep the total angular momentum

conserved, that is to be the same as before a ss̄-pair was created, at zero. The longitudinal

component of the spin correlation would therefore have be close to zero which is consistent

with the negative results of our spin correlation measurement.

Last but not least, there is also a possibility that the assumption of the Constituent Quark

Model is not valid and the spin contribution of other baryon components such as gluons and

sea quarks destroyed the spin information carried by the s(s̄) quark during its hadronization
†Σ0 → Λ0 + γ BR = 100% [47]
‡Σ∗0/± → Λ0 + π0/± BR = (87.0±1.5)% [47]
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Figure 8.0.1: A spin-zero ud-diquark is scattered with transverse momentum ~q⊥. An ss̄-pair
is created from the color field with an angular momentum ~L = ~q × ~k⊥ in the direction of m̂
where |~q| is the distance between the s and s̄ quarks. [115]

into the Λ0(Λ̄0) hyperon. This interpretation would disprove the assumption made in Ref. [3]

that the Λ0(Λ̄0) hyperon retains the spin information in the s(s̄) quark. This should not be

too surprising since the same model failed to explain the origin of spin in proton [42–45],

which is nothing but a lighter cousin of the Λ0 hyperon.

All in all, there are several possible explanations for the spin correlation to be either diluted

or destroyed in the fragmentation and hadronization processes and our negative results are

consistent with these scenarios.
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Chapter 9

Conclusion and outlook

9.1 Conclusion

The results of the correlation measurements for the unlike-type (Λ0Λ̄0), like-type (Λ0Λ0+Λ̄0Λ̄0),

Λ0Λ0, and Λ̄0Λ̄0 events using data with a center-of-mass energy of 7 TeV collected in 2010

at the ATLAS detector are presented here.

The spin correlation is extracted using the minimum χ2 method with data-driven templates

created by mixing uncorrelated hyperon pairs from odd and even events. Nine templates are

created with injected A-values ranging from -1 to 1. The templates are weighted to have the

same kinematic distributions as the data sample to ensure identical detector effects in data

and templates. The spin correlation is then extracted by interpolating the χ2-values. The

injected A-value that minimizes the χ2-value is determined to be the A-value of the data

sample and it is measured as a function of Q from 0 to 10 GeV using a bin size of 1 GeV

as shown in Figure 7.8.1. The total uncertainty is less than 0.1 and is dominated by the

statistical uncertainty everywhere except for Q less than 1 GeV. The extracted correlation is

consistent with zero with occasional statistical fluctuations in the large Q region where data

138



statistics is limited. The total uncertainty in the first Q bin is dominated by the systematic

uncertainty due to kinematic weighting. The huge uncertainty for Λ0Λ̄0 events in the first

bin is caused by the strong momentum correlation in data, which is destroyed in the event

mixing in order to create the templates.

The dynamical correlation between Λ0Λ̄0, Λ0Λ0, and Λ̄0Λ̄0 events have been extracted using

the differential cross section ratio between the data sample and the mixed sample as a

function of Q, ∆φ, and cos ∆φ. Positive correlation has been observed for Λ0Λ̄0 events and

anticorrelation for Λ0Λ0 and Λ̄0Λ̄0 events for Q ∈ [0, 2] GeV. A similar structure is also

observed for proton and antiproton production in PYTHIA generator and is known to be

the consequence of string breaking in the Lund string model for baryon and antibaryon

production. Parameters controlling the “popcorn” mechanism have been modified. The

differential cross section ratio of Λ0Λ̄0 to Λ0Λ0+Λ̄0Λ̄0 is not very sensitive to the “popcorn”

parameters. It is suggested in Ref. [8] that the splitting function which determines the

fractional momentum assigned to each meson produced during the string breaking in the

string model can affect the dynamical correlations in baryon and antibaryon production. An

overestimation of the excess of unlike-type events over the like-type events near the (ΛΛ)

threshold by the Monte Carlo sample suggests that certain parameters in the PYTHIA

generator may require further tuning, especially those related to strange baryon and meson

production.

The FD correlation is expected to cause a suppression of S = 1 state in Q ∈ [0, 0.5] GeV

and additional suppression of correlation function on top of the anticorrelation created by

the string model for Λ0Λ0 and Λ̄0Λ̄0 events. The kinematic region is both statistically

limited and dynamically challenging to find an appropriate reference sample for correlation

measurement. No additional anticorrelation in Q ∈ [0, 0.5] GeV is significant enough to allow
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for a meaningful FD emitter size estimation.

9.2 Outlook

This thesis has demonstrated that measurements of correlations between the Λ0 and/or Λ̄0

hyperon pairs are feasible at the ATLAS detector. In order to probe the Q ∈ [0, 0.5] GeV

regime where the FD effects are expected to be effective, more data statistics will be needed

for future analyses to extract the FD correlation between Λ0Λ0 and Λ̄0Λ̄0 events. However,

the track pT threshold has been raised from 100 MeV in 2010 to 400 MeV in 2011 and may be

further increased to 500 MeV in future runs. As a consequence, the reconstruction efficiency

of the hyperons and the decay angles at ATLAS will be dampened. (Table 9.1) It is hoped

that with more detector upgrades, the track reconstruction efficiency will be improved to

partially compensate for the increased track pT threshold.

Given the significant overestimation of the excess Λ0Λ̄0 events, future tuning will be needed

to modify the momentum correlation of Λ0Λ̄0 production in the string fragmentation model

in the event generators. Since ss̄ produced in the string model hadronize into a family of

strange baryons and mesons, a systematic study of the whole family of strange baryons and

mesons will be needed to constrain the parameters in string model as implemented in the

MC event generators.

The dynamical correlation in proton-proton correlation has shown some dependence on

the a and b parameters in the Lund symmetric fragmentation function as defined in Eq.

(1.3.8). (Figure 9.2.1) Further studies may be carried out to check if the a and b param-

eters in the Lund symmetric fragmentation function also affects the strange baryon and

meson production and the correlation between pair-produced strange baryons and mesons.
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These parameters are handled by the parameters StringZ:aLund and StringZ:bLund in the

StringZ class in the PYTHIA event generator∗ [34, 35]. The a and b parameters in prin-

ciple can carry different values for different flavors but the option is only given for strange

quarks and diquarks in the PYTHIA event generator. They are controlled by the parame-

ters StringZ:aExtraSQuark and StringZ:aExtraSDiquark. Therefore, the correlation for

strange quarks and diquarks production can be tuned independently relative to the light

quarks.

Figure 9.2.1: pp correlation for different parameter settings in the Lund symmetric frag-
mentation function as defined in Eq. (1.3.8). Larger a and b values correspond to stronger
correlation and a deeper dip in the small Q region for the correlation function. [8]

Another useful cross-check would be to look at the dynamcial correlation between the hy-

peron pairs under different fragmentation and hadronization models such as the cluster
∗http://home.thep.lu.se/ torbjorn/pythia82html/Fragmentation.html
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model and the UCLA model. The cluster-hadronization model is implemented in both

HERWIG [36] and SHERPA [37] event generators. We can then see if the structures ob-

served in the correlation function and the differential cross section ratio are truly unique to

the string model.

The data-driven method used to extract the spin composition is limited by the fact that the

dynamical correlations between the hyperon pairs are destroyed in the event mixing, which

results in a very large systematic uncertainty in Q ∈ [0, 1] GeV in the spin correlation for

Λ0Λ̄0 events. The pΛ0 and p̄Λ̄0 correlations may be used to model the dynamical correla-

tion free of FD effects for the reference sample used in the correlation measurement, e.g.

measurements at STAR. (Figure 2.2.5) Such correlation measurements should in principle

have more data statistics as the production cross section should be proportional to single

proton/antiproton/Λ0/Λ̄0 production cross section instead of pair production. (Figure 9.2.2)

Figure 9.2.2: Multiplicity of V 0 (Λ0 or Λ̄0) candidates reconstructed in events selected from
the muon sample.
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It has to be pointed out that the dynamical correlation is calculated as the differential cross

section ratio at reconstructed level. It is under the assumption that the reconstruction

efficiency and acceptance of Λ0 and Λ̄0 are roughly the same to first order approximation

(Figure 9.2.3) and the reconstruction efficiency and acceptance of the data sample and the

mixed data sample in each Q bin are similar. The reconstruction efficiency and acceptance

can be corrected either by a bin-by-bin correction factor method or by unfolding with a

response matrix created using the true level information in the MC sample. This work can

be done in the subsequence analyses as cross check for the dynamical correlation measurement

and the two methods may be used independently as cross checks. Since the reconstruction

efficiency and acceptance depends strongly on the track pT threshold, a large difference in

the kinematic distributions will result in a large diffence in the reconstruction efficiency and

acceptance. We expect this correction to affect the region where the kinematic distributions

of the data sample and the mixed data sample are very different the most, namely Λ0Λ̄0

events in the range 0 < Q < 1 GeV. In addtion, the small discrepancy between the results

of the muon and minimum bias samples might be caused by the efficiency and acceptance

difference and the discrepancy may disappear after corrections are made.

It is also highly motivated to measure the transverse spin correlation as depicted in the

string breaking picture in Figure 8.0.1. The only complication is that for hyperon pairs of

interest with very small Q value, the pair would be almost collinear in the lab frame. As the

transverse direction is defined as the cross product of the directional vectors of the hyperons,

it may be difficult to reconstruct due to the finite resolution of the reconstructed directional

vector of the refitted track of each hyperon. MC studies using the true level information

would be needed to verify that the transverse directional vector is well reconstructed and

the measurement is made in the actual transverse direction.
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In addition, it is suggested that the analysis can be repeated with trigger selection using the

dominant triggers as shown in Figures 9.0.4 and 9.0.5 in order to improve the reproducibility

of the results. All the cross-checks and updates to be carried out in the future should be

documented in the ATLAS internal note† unless otherwise specified.

†https://cds.cern.ch/record/2239393/
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(a)

(b)

Figure 9.2.3: Efficiency maps of (a) Λ0 and (b) Λ̄0 as functions of pseudorapidity η and
transverse momentum pT of the hyperon. Λ0 has slightly higher reconstruction efficiency
than Λ̄0 due to the difference in the interaction cross section between proton and antiproton
with the detector material as pointed out in Ref. [111]. More statistics is needed to create a
more reliable efficiency map for data correction purpose.
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Appendix A
Trigger mappings

This appendix describes the trigger distributions for the muon and the minimum bias stream

samples after trigger selection is disabled in the event selection process.
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Figure 9.0.4: Trigger mapping for the muon data stream created using the Λ0Λ̄0 selection.
The dominant triggers include EF_mu6, EF_mu10 and EF_mu4_j20_matched. The trigger
mappings using the Λ0Λ0 and Λ̄0Λ̄0 selections are found to be similar to that using the Λ0Λ̄0

selection and are not shown here.
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Figure 9.0.5: Trigger mappings for the minimum bias data stream created using the Λ0Λ̄0

selection. The dominant triggers include EF_L1ItemStreamer_L1_MBTS_1, EF_mbMbts_1,
EF_mbMbts_1_NoCut_Time, EF_mbSpTrkMh_MB2 and EF_mb_M1_eff. The trigger mappings
using the Λ0Λ0 and Λ̄0Λ̄0 selections are found to be similar to that using the Λ0Λ̄0 selection
and are not shown here.
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Appendix B
Effects of track pT threshold

The effects of the track transverse momentum pT threshold are studied in this appendix.

The kinematics of the daughter proton and pion in the center-of-mass frame of the Λ0 hyperon

pair is fully determined by their respective rest masses and their decay angles θ1, φ1, θ2, and

φ2 as shown in Figure 9.4.19. As a consequence, the kinematics of the daughters in the lab

frame is fully determined by the 4-vector of the hyperon pair in the lab frame.

Considering a 1-to-2 particle decay, the 4-momenta of the particles are related by P = p1 +p2

where P = (M,~0). By writing p2 = P − p1, we obtain

p2
2 = (P − p1)2 = P 2 − 2P · p1 + p2

1 (9.1.1)

m2
2 = M2 − 2ME1 +m2

1 ⇒ E1 =
M2 +m2

1 −m2
2

2M
(9.1.2)

E2 = M − E1 ⇒ E2 =
M2 +m2

2 −m2
1

2M
(9.1.3)

From p1 =
√
E2

1 −m2
1 and p2 =

√
E2

2 −m2
2, where p1 = |~p1| and p2 = |~p2|, we have

p1 =

√
(M2 +m2

1 −m2
2)− 4M2m2

1

2M
(9.1.4)

and
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p2 =

√
(M2 +m2

2 −m2
1)− 4M2m2

2

2M
(9.1.5)

Typical values of the hyperon transverse momentum pT in the lab frame obtained from our

data are then substituted into Eqs. (9.1.4) and (9.1.5) for the two extreme cases where the

proton is either aligned or antialigned with the parent hyperon in the center-of-mass frame.

For pΛ = 0.4 GeV in the lab frame and θp ∼ 0, we have cos θp ∼ 1, sin θp ∼ 0

pp ∼
√

1.128× 0.418 = 0.614 GeV (9.1.6)

and

pπ ∼
√

1.128× 0.042 = 0.045 GeV (9.1.7)

For θp ∼ π, we have cos θp ∼ −1, sin θp ∼ 0

pp ∼
√

1.128× 0.218 = 0.232 GeV (9.1.8)

and

pπ ∼
√

1.128× 0.158 = 0.167 GeV (9.1.9)

For pΛ = 1.2 GeV in the lab frame and θp ∼ 0, we have cos θp ∼ 1, sin θp ∼ 0

pp ∼
√

2.158× 0.79 = 1.16 GeV (9.1.10)
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and

pπ ∼
√

2.158× 0.026 = 0.038 GeV (9.1.11)

For θp ∼ π, we have cos θp ∼ −1, sin θp ∼ 0

pp ∼
√

2.158× 0.58 = 0.87 GeV (9.1.12)

and

pπ ∼
√

2.158× 0.226 = 0.33 GeV (9.1.13)
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Figure 9.1.6: Reconstructed transverse momentum pT distributions for (a) proton and (b)
pion in the lab frame.

In all cases, it is shown that the pion tends to carry much less momentum than the proton

in the lab frame. In the case where the proton aligns with the parent hyperon, the pion
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has momentum much lower than the track pT threshold which is at about 100 MeV. (Fig-

ure 9.1.8) In Figure 9.1.6, the reconstructed transverse momenta of the proton and pion

peak at about 1.1 GeV and 0.3 GeV respectively, which agree quite well with our rough

estimations. Figures 9.2.11 and 9.2.12 show depletion of events in the positive quadrant of

the decay angle distributions for cos θ1 and cos θ2, which correspond to the case in which the

proton aligns with the parent hyperon and the pion has a very low transverse momentum.

The cos θ∗ distributions in Figures 9.2.9 and 9.2.10 are affected less by the track pT threshold

as the angle between the two decay protons is used and is typically averaged over the full

range of θ1 and θ2.
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Figure 9.1.7: (a) Correlation parameter vs Q for transverse momentum pT thresholds at 0,
50, 100, 150, and 200 MeV for the toy MC sample. (b) Correlation parameter vs Q for
minimum bias and muon data samples.

A toy MC sample at generator level is used to study the effect of different track pT thresh-

olds. A simplified correlation parameter C(cos θ1, cos θ2) = 〈cos θ1 cos θ2〉 − 〈cos θ1〉〈cos θ2〉

is plotted for track pT thresholds at 0, 50, 100, 150, and 200 MeV in Figure 9.1.7 (a). The
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results for minimum bias and muon data samples are shown in Figure 9.1.7 (b). The shape

of the data sample correlation parameter curve is the result of a gradual turn-on of the

track reconstruction efficiency as a function of track pT as shown in Figure 9.1.8. As a

consequence, naively calculating the correlation parameter measures the correlation due to

the track pT threshold. A more sophisticated analysis scheme is needed to isolate the decay

angle correlation due to actual spin correlation from that due to the detector effects.
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Figure 9.1.8: Track reconstruction efficiency εtrk as a function of (a) transverse momentum
pT and (b) pseudorapidity η. [116]

The track pT threshold has been increased from 100 MeV in 2010 to 400 MeV in 2011. It

may be further increased to 500 MeV in future runs. The estimated reduction of event yields

has been calculated by applying pT cuts at 400 MeV and 500 MeV to the 2010 muon and

minimum data samples. About 17-23% and 5-9% of the events remain respectively when

the track pT threshold is set to 400 MeV and 500 MeV. The selection results are shown in

Table 9.1.
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Table 9.1: Selection results for Λ0Λ̄0, Λ0Λ0, and Λ̄0Λ̄0 pairs for track pT threshold in 2010
default settings, 400 MeV, and 500 MeV for minimum bias and muon data samples. The
percentages in the bracket indicate the proportion of events left after applying the new track
pT thresholds at 400 MeV and 500 MeV relative to the selection yields using the 2010 default
settings.

Data stream Track pT threshold Type of hyperon pairs
Λ0Λ̄0 Λ0Λ0 Λ̄0Λ̄0

Minimum bias
Default in 2010 53,561 (100%) 25,551 (100%) 20,127 (100%)
400 MeV 10,020 (18.7%) 4,385 (17.2%) 3,760 (18.7%)
500 MeV 3,212 (6.0%) 1,332 (5.2%) 1,150 (5.7%)

Muon
Default in 2010 295,202 (100%) 140,232 (100%) 113,596 (100%)
400 MeV 69,575 (23.6%) 29,734 (21.2%) 25,309 (22.3%)
500 MeV 27,262 (9.2%) 11,109 (7.9%) 9,583 (8.4%)
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Appendix C
Decay angle distributions
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Figure 9.2.9: Distribution of cos θ∗ for data overlaid with three templates weighted to A = -1,
0, and 1 for Λ0Λ̄0 (left) and Λ0Λ0+Λ̄0Λ̄0 (right) in muon (top) and minimum bias (bottom)
data samples. Template-to-data ratio is shown in the ratio plot in the bottom.
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Figure 9.2.10: Distribution of cos θ∗ for Q ∈ [0, 1000] MeV for data overlaid with three
templates weighted to A = -1, 0, and 1 for Λ0Λ̄0 (left) and Λ0Λ0+Λ̄0Λ̄0 (right) in muon (top)
and minimum bias (bottom) data samples. Template-to-data ratio is shown in the ratio plot
in the bottom.
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Figure 9.2.11: Distributions of cos θ1 (left) and cos θ2 (right) for muon data sample overlaid
with three templates weighted to A = -1, 0, and 1 for Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0 (bottom)
events. Template-to-data ratio is shown in the ratio plot in the bottom.
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Figure 9.2.12: Distributions of cos θ1 (left) and cos θ2 (right) for minimum bias data sample
overlaid with three templates weighted to A = -1, 0, and 1 for Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0

(bottom) events. Template-to-data ratio is shown in the ratio plot in the bottom.
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Appendix D
Kinematic distributions before and after weighting
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Figure 9.3.13: Distributions of the invariant massmΛΛ (left) and transverse momentum pT,ΛΛ

(right) for muon data sample overlaid with templates before kinematic weighting for Λ0Λ̄0

(top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown in the ratio plot in
the bottom.
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Figure 9.3.14: Distributions of the invariant mass mΛΛ (left) and transverse momentum
pT,ΛΛ (right) for muon data sample overlaid with templates after kinematic weighting for
Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown in the ratio
plot in the bottom.
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Figure 9.3.15: Distributions of the combined pseudorapidity ηΛΛ (left) and the opening
angle ∆R (right) for muon data sample overlaid with templates before kinematic weighting
for Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown in the
ratio plot in the bottom.
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Figure 9.3.16: Distributions of the combined pseudorapidity ηΛΛ (left) and the opening angle
∆R (right) for muon data sample overlaid with templates after kinematic weighting for Λ0Λ̄0

(top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown in the ratio plot in
the bottom.
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Figure 9.3.17: Distributions of the transverse momenta of the first hyperon pT,1 (left) and the
second hyperon pT,2 (right) for muon data sample overlaid with templates before kinematic
weighting for Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown
in the ratio plot in the bottom.
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Figure 9.3.18: Distributions of the transverse momenta of the first hyperon pT,1 (left) and the
second hyperon pT,2 (right) for muon data sample overlaid with templates after kinematic
weighting for Λ0Λ̄0 (top) and Λ0Λ0+Λ̄0Λ̄0 (bottom) events. Template-to-data ratio is shown
in the ratio plot in the bottom.
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Appendix E
Relating the two decay-angle bases

θ∗ x

y

z

φ1
φ2

θ1

θ2

Λ1

Λ2

p1

p2

Figure 9.4.19: A diagram relating θ∗ to θ1, θ2, φ1 and φ2 in the helicity frame. It can be shown
that the decay angles are related by the formula cos θ∗ = sin θ1 sin θ2 cos(φ1−φ2)−cos θ1 cos θ2.

By simple 3D geometry, the two bases for the decay protons are related by a simple formula

cos θ∗ = sin θ1 sin θ2 cos(φ1 − φ2)− cos θ1 cos θ2 (9.4.14)

where θ∗ is the angle between the two decay protons in the helicity frame and θ1, θ2, φ1 and

φ2 are the polar and azimuthal angles of the decay protons with respect to their respective

parent hyperon in the helicity frame as shown in Figure 9.4.19. Since the ATLAS detector

is symmetric in φ direction, the first term in Eq. (9.4.15) would vanish when considering the

average of the quantity on both side of the expression, that is
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〈cos θ∗〉 = −〈cos θ1 cos θ2〉 (9.4.15)

where 〈cos(φ1 − φ2)〉 = 0 using the symmetry in φ direction and 〈V 〉 means the average of

the variable V for all the hyperon pairs in the data sample.
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Appendix F
Cross-checks

This appendix presents several cross-checks to verify that the assumptions made in the

analysis is grounded and the methodology used is self-consistent.

Template closure test

The template is split into four independent mixed sub-samples. Without lost of generality,

one sub-sample is chosen as the “pseudo-data" and another one as the template. The template

is then weighted to different A-values and the Pearson’s χ2 is calculated for each pair of

“pseudo-data" and template. The extracted A-value of the “pseudo-data" is determined by

locating the minimum value of χ2 in eachQ bin. Cross-checks are carried out for all four types

of events independently. The mixed sub-samples are later found to have slightly different

kinematics and that led to some fluctuations (less than 0.2) in the extracted A-values in a

few Q bins, particularly in the first bin for 0 < Q < 1 GeV. After the templates are weighted

to the “pseudo-data", the fluctuations become negligible when compared to the statistical

uncertainty and the extracted A-values are consistent with zero.

Quadrant approach

Using the convention of Ellis and Hwang [3], a one-dimensional correlation function f(x) can

be defined using the four quadrants of a cos θ2 vs cos θ1 plot as
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α2

4
f(x) =

N(TR +BL)−N(TL+BR)

N(TR +BL) +N(TL+BR)
(9.5.16)

where TR, BL, TL, and BR refer to the top-right, bottom-left, top-left and bottom-right

quadrants in the cos θ2 vs cos θ1 distributions (Figure 9.5.23) i.e. T = cos θ2 > 0, B =

cos θ2 < 0, R = cos θ1 > 0 and L = cos θ1 < 0, and x = 2ms/
√
s, where ms is the strange

quark mass and
√
s is the center-of-mass energy, is very close to zero at

√
s = 7 TeV.

(Figures 9.5.21 and 9.5.23)

Figure 9.5.20: Figure showing the four quadrants, TL, TR, BL, and BR, in the cos θ2 vs
cos θ1 plot.

The longitudinal polarization of the sample is constrained to be zero by parity conservation

as the initial state does not change with the parity transformation [117]. Combining this with

the fact that the decay angles of the mixed data sample should be uncorrelated, the cos θ2 vs

cos θ1 distribution should therefore be flat at generator level. The detector efficiency times

acceptance of the cos θ2 vs cos θ1 distribution can then be inferred from its reconstructed

distribution as εi,j = N reco
i,j /(Ntotal/Nbins) ∝ N reco

i,j for bin (i, j), where N reco
i,j is the number of
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Figure 9.5.21: Graph of correlation function f(x) defined in Eq. (9.5.16) from Ref. [3] as a
function of x = 2ms√

s
, where ms is the strange quark mass. The topmost line is for the vector

case, the lowest line is for the scalar and pseudo-scalar cases, and the intermediate line is for
the gg → s̄s case.

Figure 9.5.22: A schematics of the relationship between different combinations of polariza-
tions of the hyperon pairs and the spin alignments in the helicity frame.

reconstructed events in bin (i, j), Ntotal is the total number of events at generator level and

Nbins is the total number of bins, assuming the contribution from bin migration is negligible.
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(Figure 9.5.25) The detector effect of the data sample can then be corrected using a correction

factor R calculated using the mixed data sample as follow

N true
data(TR +BL)−N true

data(TL+BR)

N true
data(TR +BL) +N true

data(TL+BR)
=
N reco
data(TR +BL)−R×N reco

data(TL+BR)

N reco
data(TR +BL) +R×N reco

data(TL+BR)
,

(9.5.17)

where R = ε(TR +BL)/ε(TL+BR) = N reco
mixed(TR +BL)/N reco

mixed(TL+BR).

f(x) is calculated as a function of Q for all four types of events and is shown in Figure 9.5.24.

The correlation function is consistent with zero except in the large Q region for the Λ̄0Λ̄0

events where similar deviation of A from zero is also observed in the results extracted using

the minimum χ2 method. (Figure 7.8.1d)

(a) (b)

Figure 9.5.23: Distribution of cos θ2 vs cos θ1 for Λ0Λ̄0 events produced through (a)
scalar/pseudo-scalar coupling and (b) vector coupling for ms = 0. [3]
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Figure 9.5.24: Correlation function f(x) for (a) Λ0Λ̄0, (b) Λ0Λ0+Λ̄0Λ̄0, (c) Λ0Λ0, and (d)
Λ̄0Λ̄0 events. The red and blue curves correspond to measurements on mixed data sample
weighted to A = ±1 respectively using event weight 1 − Aα2 cos θ∗. In each case, all three
samples (data and mixed samples weighted to A = ±1) are corrected using a correction factor
R computed using the mixed data sample with A = 0. The dashed lines indicate f(x) = ±1
as defined in Eq. (9.5.16). The deviation from the expected value (dashed lines) is caused
by kinematic weighting, which is also the main systematic uncertainty in the minimum χ2

method. Only statistical uncertainties are shown in the figures.
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Figure 9.5.25: Migration matrices (reconstructed value versus true value) between positive
and negative quadrants for cos θ1 (a) unlike-type and (c) like-type events and cos θ2 (b)
unlike-type and (d) like-type events, computed using the mixed MC sample weighted to
data and normalized in true bins. It is shown that bin migration between the positive and
negative quadrants in the cos θ2 vs cos θ1 plot is negligible.
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Event mixing

A toy MC sample is used to generate decay angle distributions (cos θ1, cos θ2 and cos θ∗)

at true level for different polarizations P1/P2 and spin correlation A configurations. cos θ1

from odd events and cos θ2 from even events are then mixed to check if the spin correlation

in the sample would be completely erased. A simplified naive correlation parameter de-

fined as C(cos θ1, cos θ2) = 〈cos θ1 cos θ2〉 − 〈cos θ1〉〈cos θ2〉 is calculated before and after the

event mixing. For A = ±1 (100% correlated sample), the expected value of the correlation

parameter is

〈C(x, y)〉 =
1

4

(∫ 1

−1

∫ 1

−1

dxdy(1± α2xy)xy −
∫ 1

−1

∫ 1

−1

dxdy(1± α2xy)x

∫ 1

−1

∫ 1

−1

dxdy(1± α2xy)y

)
(9.5.18)

=
α2

4

(
0± x3

3

∣∣∣∣1
−1

y3

3

∣∣∣∣1
−1

− 0× 0

)
= ±α

2

9
≈ ±0.0458 (9.5.19)

where cos θ1 and cos θ2 are replaced by x and y. For A = 0 (uncorrelated sample), we have

〈C(x, y)〉 =
1

4

(∫ 1

−1

∫ 1

−1

dxdyxy −
∫ 1

−1

∫ 1

−1

dxdyx

∫ 1

−1

∫ 1

−1

dxdyy

)
= 0 (9.5.20)

1M events of a toy MC sample are generated for each of the abovementioned spin config-

uration and the resulting cos θ2 vs cos θ1 and cos θ∗ plots are shown in Figures 9.5.26 and

9.5.27. It is shown that the values of the correlation parameter before and after the event

mixing are consistent with Eqs. (9.5.18) and (9.5.20) respectively. cos θ∗ distributions also
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show slope consistent with zero after the event mixing. This is a direct numerical proof that

a reference sample free of spin correlation can be produced by event mixing. Notice that we

are assuming P1 = P2 = 0 here, similar theoretical and numerical calculations can be done

by putting the linear terms back into the Eqs. (9.5.18) and (9.5.20) for nonzero polarizations

in the sample.
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(a) (b)

(c) (d)

Figure 9.5.26: Distribution of cos θ2 vs cos θ1 of an unpolarized toy MC sample with A = 1.0
and P1 = P2 = 0.0 (a) before and (b) after event mixing A = −1.0 and P1 = P2 = 0.0 (c)
before and (d) after event mixing. It is shown that for an unpolarized sample, event mixing
completely erases the spin correlation in the sample at true level, reducing the value of the
correlation parameter from ∼ ±0.0458 to zero.
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(a) (b)

(c) (d)

Figure 9.5.27: Distribution of cos θ∗ of an unpolarized toy MC sample with A = 1.0 and
P1 = P2 = 0.0 (a) before and (b) after event mixing and with A = −1.0 and P1 = P2 = 0.0
(c) before and (d) after event mixing. It is shown that for an unpolarized sample, event
mixing completely erases the spin correlation in the sample at true level, resulting in a flat
cos θ∗ distribution.
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Appendix G
Contributions

This Appendix describes the author’s other contributions during the course of his graduate

study.

Overview

The analysis reported in this thesis accounts for only a fracction of the experience of the

author during his graduate study. The author has worked on several other projects during

his graduate study both at Michigan and at CERN.

After joining the PhD program in physics at the University of Michigan in July 2010, the

author worked on several projects as a PhD pre-candidate. One project1 is to study two

available muon reconstruction algorithms, namely MUID and STACO, to understand their

performances under different conditions in terms of the signal-to-background ratio of reso-

nances, such as ρ, φ, and J/Ψ, in the di-muon invariant mass spectrum. Another project is

to search for the Higgs boson through the H → ZZ∗ → 4l decay channel using the early 8

TeV data set. The author summarized the preliminary results in a poster2 presented at the

2012 US-ATLAS Physics Workshop3 which was hosted at Ann Arbor, MI.

After moving to CERN as a PhD candidate in September 2012, the author worked on the

maintenance and development of the MDT configuration database (DB)4 as his ATLAS
1http://www-personal.umich.edu/~hccheng/talks/tomcheng_report19102011.pdf
2http://www-personal.umich.edu/~hccheng/talks/HZZ4lAnalysisPoster.pdf
3http://atlasworkshop.physics.lsa.umich.edu/
4https://twiki.cern.ch/twiki/bin/viewauth/Atlas/MDTConfigDB
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authorship qualification requirement. The author helped developed new softwares and the

DB schema to cope with the new double-readout configuration which was planned for the

high luminosity runs after the first long shutdown (LS1). The modified DB schema was

successfully implemented in 2015. The author also helped developed a graphical user inter-

face (GUI)5 for the MDT configuration DB in collaboration with another PhD student to

facilitate the retrival and modification of MDT configuration parameters in the DB.

During the LS1, the author participated in the commissioning of the newly installed EE MDT

chamber and gave a summary talk6 on behalf of the commissioning team. The author also

supervised a CERN REU student to work on a summer research project78 on the selection

of Σ∗± which is described in Section 6.5.

Contributions at ATLAS

The author gave several talks and published a proceedings on behalf of the ATLAS Col-

laboration in conferences at national/international level, some of which are related to the

analysis reported in this thesis. Below is a list of the author’s contributions.

Talks/Conferences:

• Measurement of Correlation between Inclusively Produced Λ0Λ̄0, Λ0Λ0 and Λ̄0Λ̄0 Hy-

peron Pairs at
√
s = 7 TeV in the LHC ATLAS Experiment (Poster expected) -

2017-06-24 to 30, Gordon Research Conference 20179, Hong Kong
5https://twiki.cern.ch/twiki/bin/viewauth/Atlas/MDTConfigInterface
6http://www-personal.umich.edu/~hccheng/talks/20130528_muontalk_tomcheng.pdf
7http://cds.cern.ch/record/1748073
8https://indico.cern.ch/event/309212/contributions/1681322/attachments/590939/813416/

thirdPresentation.pdf
9https://www.grc.org/programs.aspx?id=16933
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• Searches for Heavy Quark States at ATLAS10 (Talk) - 2016-06-13, XIIth International

Conference on Beauty, Charm, and Hyperons in Hadronic Interactions, Fairfax, VA

• Measurement of Correlation of Λ Pairs with the ATLAS Detector11 (Talk) - 2015-08-05,

2015 Meeting of the APS Division of Particles and Fields, Ann Arbor, MI

• Beauty in ATLAS: New physics searches, spectroscopy and decay properties of B-

hadrons12 (Talk) - 2014-05-06, Phenomenology 2014 Symposium, Pittsburgh, PA

• Detection of the Standard Model Higgs Boson in the H → ZZ∗ → 4l channel using

relaxed cuts in event selection with ATLAS Detector (Poster) - 2012-08-13, 2012 US-

ATLAS Physics Workshop, Ann Arbor, MI

Proceedings:

• Searches for Heavy Quark States at ATLAS13 - 2016-12-09, Proceedings of XII Interna-

tional Conference on Beauty, Charm, and Hyperons in Hadronic Interactions (BEACH

2016)

ATLAS Internal Note:

• Measurement of Correlation between Inclusively Produced Λ0Λ̄0, Λ0Λ0 and Λ̄0Λ̄0 Hy-

peron Pairs at
√
s = 7 TeV in the LHC ATLAS Experiment (ATL-COM-PHYS-2016-

179814)

More information can be found on the author’s personal website15.
10http://www-personal.umich.edu/~hccheng/talks/BEACH2016_SearchesForHeavyQuarkStates_

HokChuenCheng.pdf
11http://www-personal.umich.edu/~hccheng/talks/DPF2015_LamPairCorr_HokChuenCheng.pdf
12http://www-personal.umich.edu/~hccheng/talks/Pheno2014_Beauty_in_ATLAS_v3.pdf
13http://iopscience.iop.org/article/10.1088/1742-6596/770/1/012008
14https://cds.cern.ch/record/2239393/
15http://www-personal.umich.edu/~hccheng/
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