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Abstract

Quarks, the smallest element of matter, cannot exist as a free particle. Quarks have a color charge
and are confined inside color-neutral composite particles such as baryons consisting of three quarks.
Quantum chromodynamics (QCD), the fundamental theory of strong interactions, does not rule
out the existence of exotic hadrons. The exotic hadrons consisting of six quarks are called as a
dibaryons, particularly a dibaryons with multiple s quarks as multi-strange dibaryons, which are not
discovered yet with certainty. Multi-strange dibaryons can lead to not only further understanding
of QCD by showing a new hadronic form, but also providing an additional information on baryon-
baryon interactions.
H dibaryon and NΩ dibaryon are leading candidates for multi-strange dibaryons because the

Pauli blocking does not work and attractive forces between the two baryons, which are enough for
dibaryon formation predicted by Lattice QCD calculations, have been observed. They are expected
to have decay channels H → ΛΛ, pΞ and NΩ → ΛΞ . Thus, they can be directly searched by
invariant mass reconstruction with decay particles.

The Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN),
the world’s largest and most powerful particle accelerator, can produce abundance of baryons in-
cluding multiple s quarks. We have searched for H dibaryon and NΩ dibaryon using the LHC Run
2 pp and p-Pb collision data obtained by the ALICE experiment. The invariant mass distributions
of ΛΛ, pΞ ,ΛΞ have been obtained. Their possible signals have been evaluated based on the sta-
tistical hypothesis test, the CLs calculation, with the obtained mass distributions. As a result, no
significance above 2σ uncertainty of the experimental sensitivity due to a statistical fluctuation is
observed assuming the signal widths of ΛΛ, pΞ ,ΛΞ are 5, 10 and 20 MeV/c2, respectively.

In conclusion, we did not find any evidence for the existence of the multi-strange dibaryons in
this study.



Contents

1 Introduction 1
1.1 Quantum Chromodynamics (QCD) . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Hadron picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Quark model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Meson nonet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Baryon decouplet and octet . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.2 Exotic hadron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Dibaryon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Baryon-baryon interaction in flavor SU(3) . . . . . . . . . . . . . . . . . 5
1.3.2 H dibaryon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.3 NΩ dibaryon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 High energy hadron collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Dibaryon yields order estimation using statistical hadronization model . . . . . . 10
1.6 Purpose of this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Experimental setup 12
2.1 Large Hadron Collider (LHC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 A Large Ion Collider Experiment (ALICE) . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Central barrel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Inner Tracking Sytem (ITS) . . . . . . . . . . . . . . . . . . . . . . . . 14
Time Projection Chamber (TPC) . . . . . . . . . . . . . . . . . . . . . . 14
Time of Flight (TOF) . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.2 Global detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Zero Degree Calorimeter (ZDC) . . . . . . . . . . . . . . . . . . . . . . 16
T0 detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
V0 detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Data analysis 18
3.1 Analyzed data and event selection . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Particle identification (PID) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 PID using TPC information . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.2 PID using TOF information . . . . . . . . . . . . . . . . . . . . . . . . 20

i



3.3 Invariant mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Candidate selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.4.1 Proton candidate selection . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4.2 Λ candidate selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4.3 Ξ− candidate selection . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5 Dibaryon mass resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5.1 ΛΛ mass resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5.2 pΞ and ΛΞ mass resolution . . . . . . . . . . . . . . . . . . . . . . . . 29

pT resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
ϕ resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Result and Discussion 30
4.1 Pair invariant mass distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 Background estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2.1 Combinatorial background . . . . . . . . . . . . . . . . . . . . . . . . . 32
Segmentation of low multiplicity events . . . . . . . . . . . . . . . . . . 34
Consideration for events generated the hyperons . . . . . . . . . . . . . . 35

4.2.2 Jet and flow contributions . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Evaluation of multi-strange dibaryon signal significance based on statistical hypoth-

esis testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.1 CLs method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Introducing a test statistic . . . . . . . . . . . . . . . . . . . . . . . . . 40
Definition of confidence level . . . . . . . . . . . . . . . . . . . . . . . 41
Confidence level for signal CLs . . . . . . . . . . . . . . . . . . . . . . 41

4.3.2 Results of CLs calculation . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Summary 48

References 49

Acknowledgment 52

ii



List of figures

1.1 QCD coupling constant αs(Q) [1] . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 (left) Pseudoscalar mesons in SU(3) (right) Vector mesons in SU(3) . . . . . . . . 3
1.3 (left) Baryon (J = 1

2) in SU(3) (right) Baryon (J = 3
2) in SU(3) . . . . . . . . . 4

1.4 Assumed dibaryon states (red, green, and blue circles represent quarks, respectively.) 5
1.5 Mapping of two-particle correlation functions to interactions[13] a : A baryon pair

produced from a source in hadronic collisions interacting with each other b : An
example of the potential between a pair c : Definition of the correlation function d
: Relationship between potential and correlation function of a pair . . . . . . . . . 6

1.6 Exclusion area in the Λ-Λ scattering parameters [16] . . . . . . . . . . . . . . . . 7
1.7 p-Ξ and p-Ω correlation fuction [13] . . . . . . . . . . . . . . . . . . . . . . . . 8
1.8 Calculated p-Ω− and n-Ω− binding energy [20] . . . . . . . . . . . . . . . . . . 9
1.9 Comparison of hyperon yield enhancement as a function of particle multiplicity in

pp, p-Pb, and Pb-Pb collisions [21] . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.10 Mass dependence of hyperon yields compared with predictios of the statistical hadroniza-

tion model [22] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 The CERN accelerator complex [30] . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 A general view of the ALICE detector [30] . . . . . . . . . . . . . . . . . . . . 13
2.3 An elevation view of the ITS [33] . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 A general view of the TPC [36] . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5 Super Module of TOF [38] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Schematic of the placement of T0 and V0 detector [41] . . . . . . . . . . . . . . 16
2.7 Quarts-fiber spaghetti calorimeters [40] . . . . . . . . . . . . . . . . . . . . . . 17

3.1 Energy loss of charged particles in matters [42] . . . . . . . . . . . . . . . . . . 19
3.2 Energy loss distribution measured by TPC . . . . . . . . . . . . . . . . . . . . . 20
3.3 Velocity β distribution measured by TOF . . . . . . . . . . . . . . . . . . . . . 21
3.4 Λ decay topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 Λ invariant mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Ξ− decay topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.7 Ξ− invariant mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.8 ΛΛ resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

iii



3.9 (left) pT resolution pT dependence (right) ϕ resolution pT dependence . . . . . . 29

4.1 ΛΛ (Λ̄Λ̄) invariant mass distributions for p-Pb (left) and pp (right) . . . . . . . . . 30
4.2 pΞ− (p̄Ξ+) invariant mass distributions for p-Pb (left) and pp (right) . . . . . . . 31
4.3 ΛΞ− (Λ̄Ξ+) invariant mass distributions for p-Pb (left) and pp (right) . . . . . . . 31
4.4 (left) The comparison of ΛΛ (Λ̄Λ̄) invariant mass distributions in the same events

and mixed events (right) The ratio of mixed and same event distributions . . . . . 32
4.5 (left) The comparison of pΞ− (p̄Ξ+) invariant mass distributions in the same event

and mixed event (right) The ratio of mixed and same event distributions . . . . . . 33
4.6 (left) The comparison of ΛΞ− (Λ̄Ξ+) invariant mass distributions in the same event

and mixed event (right) The ratio of mixed and same event distributions . . . . . . 33
4.7 ΛΛ (Λ̄Λ̄) invariant mass distribution in each multiplicity classes . . . . . . . . . . 34
4.8 The comparison of ΛΛ (Λ̄Λ̄) invariant mass distribution at the same event and mixed

event after improvement mixed event similarity . . . . . . . . . . . . . . . . . . 35
4.9 The comparison of pΞ− (p̄Ξ+) invariant mass distribution at the same event and

mixed event after improvement mixed event similarity . . . . . . . . . . . . . . . 36
4.10 The comparison of ΛΞ− (Λ̄Ξ+) invariant mass distribution at the same event and

mixed event after improvement mixed event similarity . . . . . . . . . . . . . . . 36
4.11 ΛΛ (Λ̄Λ̄) invariant mass distribution in each multiplicity classes after improvement

mixed event similarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.12 (left) The comparison of ΛΛ (Λ̄Λ̄) invariant mass distributions at same events and

mixed events (right) The invariant mass distributions after subtraction of the mixed
event distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.13 The effect of jet and flow correlation assumed in real data (black) the distribution in
real data (green) the distribution by jet and flow correlation in real data (blue) the
combinatorial distribution in real data (red) the distribution by jet and flow correla-
tion + the combinatorial distribution in real data . . . . . . . . . . . . . . . . . . 39

4.14 The distributions of p(log Q|s+ b) and p(log Q|b) with d=370, b=400, s=20 . . . 41
4.15 (Left) The fit result of ΛΛ invariant mass distribution with a 4th order fit function.

The real data is indicated by the blue symbols and the fit function is indicated by the
red doted line. (Right) The residual distribution after subtraction of the fit function
from the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.16 (Left) The fit result of pΞ invariant mass distribution with a 4th order fit function.
The real data is indicated by the blue symbols and the fit function is indicated by the
red doted line. (Right) The residual distribution after subtraction of the fit function
from the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

iv



4.17 (Left) The fit result of ΛΞ invariant mass distribution with a 4th order fit function.
The real data is indicated by the blue symbols and the fit function is indicated by the
red doted line. (Right) The residual distribution after subtraction of the fit function
from the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.18 sCL90% as a function of the ΛΛ invariant mass . . . . . . . . . . . . . . . . . . . 46
4.19 sCL90% as a function of the pΞ invariant mass . . . . . . . . . . . . . . . . . . . 46
4.20 sCL90% as a function of the ΛΞ invariant mass . . . . . . . . . . . . . . . . . . 47

v



1 Introduction

1.1 Quantum Chromodynamics (QCD)
The protons and neutrons (nucleons) that make up matter are composed of three quarks, which are

the smallest element of matter. The basic theory of the strong interaction between quarks is called
QCD by comparing the fact that the stability of three quarks is similar to the three primary colors
of light. QCD describes all the physical phenomena associated with strong interactions. Starting
from the properties of quarks, it is possible to derive the properties of nucleons and even the nuclear
force by using this theory. However, these calculations are not easy. This is because QCD has
the property of asymptotic freedom, which means that the interaction becomes stronger in the low
energy region. The coupling constant αs for QCD is expressed as a function of the momentum
transfer Q in Eq.1.1, where nq is the number of quark types and ΛQCD is the momentum scale that
characterizes the coupling strength.

αs(Q) ≃ 12π

(32− 2nq) ln
(
Q2/Λ2

QCD

) (1.1)

Fig. 1.1: QCD coupling constant αs(Q) [1]
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Fig.1.1 shows the momentum scale dependence of αs. It shows the values of αs measured for
various reactions as a function of the scale Q for that reaction. The black curve is the result of a
theoretical calculation, showing that the theory agrees well with the data. In the high energy region
(short range region) whereQ is sufficiently large compared to ΛQCD, αs becomes sufficiently small.
Therefore, it can be described by perturbation theory. On the other hand, the perturbation expansion
does not converge due to the increase of αs in the low energy region (long range region). Therefore,
QCD cannot be described by perturbation theory. The most promising method for solving QCD in
such low energies is lattice QCD. This is a method of solving approximate QCD on a lattice di-
viding 4-dimensional spacetime by numerical simulation. Recently, lattice QCD calculations using
supercomputers have made it possible to study the color confinement mechanism of quarks and the
interaction between hadrons.

1.2 Hadron picture

1.2.1 Quark model

Quarks cannot exist as a free particle and are captured inside hadrons, which are color-neutral
composite particles. Hadrons are generally classified into baryons, which consist of three quarks,
and mesons, which consist of two quarks. Baryons are fermions typified by nucleons. Mesons
are bosons typified by π, the first meson predicted by Hideki Yukawa in 1935[2] and discovered
by cosmic ray observation in 1947[3]. Later on, baryons such as K-meson, Λ, and Ξ with new
quantum number Strangeness (S) were discovered one after another.

The discovery of these multiple hadrons led to the view that hadrons are composite particles made
from elementary particles. Experimentally, the existence of quarks in hadrons was confirmed in the
late 1960s by deep inelastic scattering, in which high-energy electrons collide with hadrons. The
quark model[4] [5] was considered by Gell-Mann and Zweig in 1964 to systematically organize
such various hadrons. According to the quark model, the properties of hadrons are determined by
their constituent quarks. Each quark has a spin of 1/2 and a baryon number B = 1/3. In addition,
the chargeQ, the third component of isospin I3, the strangeness S, and the hypercharge Y are given
as additive quantum numbers. The relational expression for these quantum numbers is shown in
Eq.1.2, 1.3, and this is called Gell-Mann-Nishijima formula.

Q = I3 +
Y

2
(1.2)

Y = B + S (1.3)

The quark model explains well the origin of hadrons and their quantum numbers by using these
quark quantum numbers.
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Meson nonet

The mesons are assumed to be composed of qq (where q is a quark), and its total spin is 0 or 1.
For the three flavors of quarks u, d, and s (flavor SU(3)), there are nine combinations (nonet).

3⊗ 3 = 8⊕ 1 (1.4)

This implies that the 9 states can be decomposed into a 8 dimensional irreducible representation and
a 1 dimensional representation[6]. These can be represented as in Fig.1.2.

Fig. 1.2: (left) Pseudoscalar mesons in SU(3) (right) Vector mesons in SU(3)

Baryon decouplet and octet

A baryon in flavor SU(3) can be decomposed into a decouplet, octet, and a singlet as in Eq.1.5.

3⊗ 3⊗ 3 = 10⊕ 8⊕ 1 (1.5)

Due to the SU(6) symmetry, which takes into account spin and flavor, the decouplet and octet are
the ground states, i.e, there are 18 different baryons. These are represented as shown in the Fig 1.3.
The total spin of the baryon is 1/2 or 3/2, and the mapping of the total angular momentum J and
parity P to the decouplet and octet is as follows.

JP =
1

2

+

Baryonoctet (1.6)

JP =
3

2

+

Baryondecouplet (1.7)

In addition, Baryons with non-zero strangeness (Λ, Σ , Ξ , Ω , etc.) are called hyperons.
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Fig. 1.3: (left) Baryon (J = 1
2) in SU(3) (right) Baryon (J = 3

2) in SU(3)

1.2.2 Exotic hadron

Since the quark model was established, few hadrons with structures other than baryons and
mesons had been discovered. However, since the beginning of the 21st century, a number of ex-
otic hadrons have been reported that cannot be explained by conventional hadron image. Exotic
hadrons are called tetraquarks (qqqq), pentaquarks (qqqqq), and hexaquarks (qqqqqq), and so on,
depending on the number of quarks, respectively.

The first exotic hadron observed was X(3872)[8], which consists of four quark configurations,
reported by the KEK/Belle experiment in 2003. Starting from this report, peak structures have
been observed in the invariant mass spectrum in the high energy region, such as Y (4260)[9], dis-
covered by ISR (initial state radiation) searches and Pc(4380) and Pc(4450)[10] observed by the
LHCb group in 2015. However, the inner structure of all the exotic hadrons are not yet clarified.
The nature of exotic hadrons is closely related to various properties of QCD, and it is expected
that understanding what kind of quark structure is allowed in exotic hadrons will provide important
information for the color confinement problem.

1.3 Dibaryon
One kind of the exotic hadrons, a composite particle consisting of six quarks is called a dibaryon,

and especially a dibaryon containing multiple s quarks is called multi-strange dibaryon. As shown
in the Fig.1.4, there are two possible states of the dibaryon: (i) multi-quark state, in which six quarks
are compactly assembled, and (ii) baryon molecular state, in which two baryons are bound together.
The multi-strange dibaryon has yet to be discovered, even though its existence has not been ruled

4



out by QCD. In either state (i) or (ii), If the dibaryon can be experimentally confirmed, it will be
a new kind of hadron that does not correspond to the known quark model and will lead to further
understanding of QCD.

Fig. 1.4: Assumed dibaryon states (red, green, and blue circles represent quarks, respectively.)

1.3.1 Baryon-baryon interaction in flavor SU(3)

The baryon-baryon interaction is an essential information for considering the existence of dibaryon,
and has been studied both theoretically and experimentally. By understanding the baryon-baryon
interaction in detail, we can learn the knowledge of whether there is enough attraction to form a
bound state between the two baryons.

Theoretically, it has recently been calculated using lattice QCD, which is a first-principles QCD
calculation. The latest lattice QCD calculations by the HAL QCD group have successfully repro-
duced the nuclear forces in agreement with nucleon-nucleon scattering data[11], which was previ-
ously difficult to achieve. The group has also calculated the hyperon-nucleon and hyperon-hyperon
interactions with the realistic quark masses, and the results indicate the possible existence of several
multi-strange dibaryons.

Experimentally, two-particle correlation measurements using high energy hadron collisions are
major method. The two-particle correlation function C(k∗) is expressed with the distribution func-
tion of the particle emission source and the two particle wave function ψ, as in Eq.1.8, where r∗ is
the two-particle relative distance and k∗ is the two-particle relative momentum.

C(k∗) =

∫
S(r∗)|ψ(k∗, r∗)| (1.8)

The measurement of Sirius’ angular diameter is a famous example of extracting the emission source
size from this relation using two-photon correlations and two-particle wave function[12]. TheC(k∗)
can be obtained by dividing the number of pairsNsame that satisfy a certain k∗ for particles produced
in the same collision by the number of pairs Nmixed that satisfy a certain k∗ for particles produced
in different collisions, as in Eq.1.9 [13]. In this equation, ζ(k∗) is the correction factor for the
experimental effect.

C(k∗) = ζ(k∗)
Nsame(k

∗)

Nmixed(k∗)
(1.9)
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The measuredC(k∗) can be mapped to the type of interaction between the two particles correspond-
ing to its value (Fig.1.5). When the C(k∗) value is higher than 1, there is an attractive force between
the two particles, and when it is less than 1, there is a repulsive force. Furthermore, the two-particle
wave function ψ can be determined by using a dynamical emission source, which modeled on var-
ious hadron measurements. Thus, it is possible to derive the two-particle potential experimentally
and compare it with that calculated theoretically.

Fig. 1.5: Mapping of two-particle correlation functions to interactions[13] a : A baryon pair pro-
duced from a source in hadronic collisions interacting with each other b : An example of the poten-
tial between a pair c : Definition of the correlation function d : Relationship between potential and
correlation function of a pair

6



1.3.2 H dibaryon

It is a multi-strange dibaryon consisting of quark configurations uuddss, which was first pre-
dicted by Robert Jaffe in 1977[14]. Since the Pauli blocking does not work, it is a leading candidate
for dibaryon and has been searched for many years. Based on its quark configuration, it is expected
to be a molecular state of ΛΛ or pΞ , as shown in (ii) of Fig.1.4. In the ΛΛ bound state search
performed by the LHC-ALICE experiment in 2016, no evidence for its existence was obtained[15].
On the other hand, the possibility of the existence of ΛΛ bound state was discussed based on the Λ-
Λ femtoscopic results. Fig.1.6 shows the exclusion plot of the Λ-Λ scattering parameters obtained
from pp and p-Pb collisions data in the LHC-ALICE experiment[16]. The coloring indicates the
difference of confidence level when certain parameters are excluded. In this figure, f0 is the scatter-
ing length, and d0 is the effective length. According to the standard sign convention in femtoscopy,
a positive f0 corresponds to an attractive interaction, while a negative f0 corresponds to a repulsive
potential (d0 > |f0|/2 ) or a bound state (d0 < |f0|/2 ). Based on this interpretation, there still
remains the possibility that ΛΛ exists as a bound state, since the negative f0 and d0 < 4 slight
regions are not excluded.

Fig. 1.6: Exclusion area in the Λ-Λ scattering parameters [16]

In 2020, the correlation function measurements of Λ-Λ [17] and p-Ξ [18]by the same experiment
are in good agreement with the HAL QCD results[13]. The upper plot of the Fig.1.7 shows the
measurement of the p-Ξ correlation function using the ALICE experiment pp collision data. The
black dots represent the observed data, and the green line represents the Coulomb force. This result
shows that there is an attraction between proton and Ξ that exceeds the Coulomb force. On the
other hand, the pink line is a prediction that adds the effects of the Coulomb force and the baryon
force calculated by lattice QCD, and it agrees well with the data.
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Most importantly, the HAL QCD group has suggested the existence of the H-dibaryon as a reso-
nant state of ΛΛ and pΞ from the results of the lattice QCD calculations[19].

Fig. 1.7: p-Ξ and p-Ω correlation fuction [13]

1.3.3 NΩ dibaryon

It is a multi-strange dibaryon consisting of quark configurations uudsss/uddsss, and is also
a leading candidate for dibaryons because the Pauli blocking does not work. The p-Ω correlation
function measurement was performed in 2020 by the LHC-ALICE experiment[13]. The bottom plot
of the Fig.1.7 shows the measurement of the p-Ω correlation function using the ALICE experiment
pp collision data. The black dots represent the observed data, and the green line represents the
Coulomb force. This result shows that there is an attraction between proton and Ω that exceeds
the Coulomb force. The orange line is a prediction that adds the effects of the Coulomb force and
the baryon force calculated by lattice QCD, and the blue line is the result of adding the effects
of inelastic to the prediction of the orange line. The data are roughly consistent with the lattice
QCD calculations, although there are still some uncertainties due to insufficient statistics and non-
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consideration of strangeness-rearrangement caused by not measuring Λ-Ξ correlation function. The
HAL QCD group suggest that the NΩ dibaryon exist a quasi-bound state[20]. Fig.1.8 shows the

calculated binding energy B of p-Ω− and n-Ω− and the root mean square distance
√
⟨r⟩2. This

results indicate that the binding energy of p-Ω− is 2.46±0.34MeV and the binding energy of n-Ω−

is 1.54± 0.30MeV.

Fig. 1.8: Calculated p-Ω− and n-Ω− binding energy [20]

1.4 High energy hadron collisions
High energy hadron collisions began in the 1980s and are now being conducted at the Large

Hadron Collider (LHC, European Organization for Nuclear Research) and the Relativistic Heavy
ion Collider (RHIC, Brookhaven National Laboratory). The high temperature, high density state
created by accelerating and colliding hadrons to near the speed of light can even produce particles
with many strangeness that cannot exist in the normal state.

In order to experimentally produce multi-strangeness dibaryons, for example, hyperons scattering
experiments are effective. However, such an experiment is technically difficult because hyperons
have short lifetimes and are too unstable to be used as a beam. Hence, High energy hadron collisions
is the only experiment for the dibaryon search now.

In proton-proton (pp) collisions, the strangeness enhancement is observed along with the increase
of particle multiplicity, and the values at high multiplicity events reach similar values to those ob-
served in Pb-Pb collisions (Fig.1.9). Furthermore, pp and proton-Pb (p-Pb) collisions have better
hyperon purity than heavy ion collisions. In fact, at the LHC, we measured the correlations of Λ-Λ,
p-Ξ , and p-Ω . Therefore, high-energy hadron collisions, especially high-multiplicity pp and p-Pb
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collisions, are suitable for multi-strange dibaryon searches.

Fig. 1.9: Comparison of hyperon yield enhancement as a function of particle multiplicity in pp,
p-Pb, and Pb-Pb collisions [21]

1.5 Dibaryon yields order estimation using statistical hadronization
model

We used statistical hadronization model to estimate the yield of H and NΩ dibaryons in pp
and p-Pb collisions, which have a better signal-to-noise ratio than Pb-Pb collisions. The statistical
hadronization model is one of the models describing the hadronization. It is a thermal equilibrium
model using a small number of parameters: temperature Tch, volume V , and chemical potential µ
when the hadron composition ratio is fixed in the reaction region. Fig.1.10 shows the results of the
hadron yield observed in the ALICE experiment, where the red dots represent the observed data.
The blue dotted line represents the yield calculated by the statistical hadronization model, and the
solid blue line is the final yield calculation including decay production. This figure shows that the
observed data agrees well with the values of the statistical hadronization model. Furthermore, the
hadron yield does not depend on the type of hadron (baryon, meson, hyperon, deuteron, 3He, etc.),
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but only on its mass. Using this results, the yield in the presence of dibaryons is estimated using
the assumed dibaryon masses and the total event number of pp and p-Pb collisions, as summarized
in the Tab.1.1. This order calculations indicate that sufficient yields in H and NΩ dibaryon are
expected in pp and p-Pb collision data.

Fig. 1.10: Mass dependence of hyperon yields compared with predictios of the statistical hadroniza-
tion model [22]

Search dibaryon pp collision (High multiplicity) p-Pb collision (Minimum bias)
H dibaryon ≈ 105−6 ≈ 104−5

NΩ dibaryon ≈ 103−5 ≈ 102−4

Tab. 1.1: Order estimation of dibaryon yields

1.6 Purpose of this study
Using the pp and p-Pb collision data measured by the LHC-ALICE experiment, we searched for

H and NΩ dibaryons, whose existence is suggested by lattice QCD calculations. The purpose
of this search is to contribute to the quark model by suggesting a new hadron form and to deter-
mine the binding energies of Λ-Λ and p-Ξ , and N -Ω system, which are additional information for
understanding of the baryon interactions in the flavor SU(3) space.
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2 Experimental setup

2.1 Large Hadron Collider (LHC)
LHC, built by European Organization for Nuclear Research (CERN), is the world’s largest and

most powerful particle accelerator (Fig.2.1). This accelerator is located about 100 meters under-
ground on the Franco-Swiss border near Geneva, Switzerland. It consists of two LHC rings with
a circumference of 27 km and a multi-stage accelerator (PS-SPS-LHC) [24]. Each accelerator ac-
celerates the particle beam to a higher energy and injects it into the next accelerator. At the next
accelerator, the particle beam is accelerated to higher energy. This process is repeated until the par-
ticle beam reaches its highest energy in the last ring, the LHC[25]. After a long shutdown for beam
energy and beam luminosity enhancement of the LHC, the operation was restarted in 2015 and pp
collisions were performed until 2018. In addition, Pb-Pb and p-Pb collisions were performed in
2015 and 2018, and 2016, respectively.

Fig. 2.1: The CERN accelerator complex [30]
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2.2 A Large Ion Collider Experiment (ALICE)
ALICE is only experiment that optimized to heavy-ion physics at the LHC. The purpose is to

reveal the physics of strongly interacting matter at extreme energy densities, where a phase of matter
called Quark-Gluon Plasma(QGP) forms [26]. The ALICE detector (Fig.2.2) ‒ 26m long, 16m
high, and 16m wide ‒ is capable of measuring the various particles produced in the experiments
over a wide range of momentum [27]. It can be divided into three major parts (a) Central barrel, (b)
Global detectors, and (c) Muon spectrometer. In the following section, I will focus especially on (a)
and (b), which are involved in this analysis.

Fig. 2.2: A general view of the ALICE detector [30]

2.2.1 Central barrel

The central barrel consists mainly of Inner Tracking System (ITS), Time Projection Chamber
(TPC), and Time of Flight (TOF), and is stored in a magnet with a magnetic field (0.5T). The
generated charged particles at the collision points are affected by Lorentz force and are bent in
their path. The central barrel reconstructs the particle tracks and measures the curvature for the
momentum of the charged particles.
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Inner Tracking Sytem (ITS)

The ITS (Fig.2.3) is the most central detector surrounding the collision points and consisted of six
cylindrical layers with two layers each of : Silicon Pixel Detectors (SPD), Silicon Drift Detectors
(SDD), and Silicon Strip Detectors (SSD) [31]. The main purpose of the ITS is to measure the
points of charged particles passed through and collision points. By comparing with the TPC track
information, it can contribute to the track reconstruction. The important rules of the ITS is as
follows[32].

• Determination the collision points (primary vertices) with a resolution better than
100 micrometer

• Reconstruction the hyperon’s decay points (secondary vertices)

• Identification the low-momentum particles

• Improvement the momentum and angle resolution for particles reconstructed by
the TPC

Fig. 2.3: An elevation view of the ITS [33]

Time Projection Chamber (TPC)

TPC (Fig.2.4) is located outside of the ITS and is the main device, in the central barrel, for
tracking of charged particles and particle identification. The inner diameter is 85 cm, the outer
diameter is about 247 cm, and the beam axial length is 500 cm, covering the region where |η| < 0.9.
It is filled with Ne-CO2-N2 gas mixture. Charged particles traversing the TPC volume ionize the
gas along their path, liberating electrons. The electrons are drifted towards the readout chamber
by a uniform electric field (400 V/cm), and the three-dimensional track of the charged particles is
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reconstructed from the position and time information of the electrons. At the same time, the readout
system provides a energy loss, which is used for charged particle identification [35].

Fig. 2.4: A general view of the TPC [36]

Time of Flight (TOF)

TOF measures the flight time of each charged particle from the collision points to the point of
arrival, so that one can identify charged particles. The ALICE TOF detector (Fig.2.5) is located at
about 3.7 m from the collision points and is consisted of 1593 Multigap Resistive Plate Chambers
(MRPCs) strip detector. The average time resolution was measured to be better than 50 ps. It
is possible to identify pions and K mesons with momentum below 2.5 GeV/c and protons with
momentum below 4 GeV/c by comparing with the TPC track information[37].
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Fig. 2.5: Super Module of TOF [38]

2.2.2 Global detector

In high-energy heavy-ion collisions, nuclei may collide with each other in central or peripheral
collisions. In order to classify these collisions, various global detectors (Fig.2.6)have been installed
in the ALICE detector. The global detector consists of Zero Degree Calorimeter (ZDC), T0 detector,
and V0 detector.

Fig. 2.6: Schematic of the placement of T0 and V0 detector [41]

Zero Degree Calorimeter (ZDC)

The ZDC is made by two identical sets of calorimeters located on both sides relative to the col-
lision point, 112.5 meters away from it. Each set of detectors consists of 2 hadronic spaghetti
calorimeters (Fig.2.7), neutron (ZN) and a proton (ZP) calorimeter. By the detection of Cherenkov
light produced by the charged particles of the shower in the fibers, we can measure the energy of
the spectator nucleons and determine the overlap region of nucleon-nucleon collisions. In Pb-Pb
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collisions, ZDC provides the centrality of the collisions, event characterization, and minimum bias
event selection[39].

Fig. 2.7: Quarts-fiber spaghetti calorimeters [40]

T0 detector

The T0 detector consists of two Cherenkov counters (T0C and T0A) located at distances of about
72.7 cm and 375 cm from the collision point. T0C covers the region where 3.28 < |η| < 2.97 and
T0A covers the region where 4.61 < |η| < 4.92. T0C and T0A has 12 cylindrical counters equipped
with a quartz radiator and a photomultiplier tube, and T0 detector can measure the collision time
with high precision (< 25 ps). This measurement is used to determine the position of the collision
point along the beam axis (with precision of± 1.5 cm) and the start time (T0) of the TOF[41].

V0 detector

The V0 detector consists of two scintillation detectors (V0A and V0C) located at distances of
about 320 cm and 90 cm from the collision point. The V0A and V0C cover the pseudo-rapidity
range 2.8 < |η| < 5.1, −3.7 < |η| < −1.7, respectively. Based on the arrival time of the particles,
V0 detector rejects the fake events generated by beam-gas interaction. In addition, The minimum
bias trigger is determined when at least one hit is detected simultaneously in V0A and V0C[41].
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3 Data analysis

3.1 Analyzed data and event selection
The data used for this study are pp collisions at

√
s = 13 TeV taken by the ALICE experiment

in 2016-2018 and p-Pb collisions at
√
sNN = 5.02 TeV taken in 2016. The minimum bias events

(MB) and the high multiplicity events (HM) were selected as the collision types for p-Pb and pp
collisions, respectively. An event that detects at least one signal in both V0A and V0C is MB, and
an event where the particle multiplicity exceeds the threshold in the V0 and SPD detector is HM.

In addition, the quality of our analysis was improved by considering the following three points.

1. The removal of multiple collision events (Pile-up rejection)

2. The quality of the collision point

3. The location of the collision point

For point 1, the pileup events was rejected in which multiple primary vertexes are reconstructed
by SPD. Next, for point 2, we confirmed whether SPD was involved in the reconstruction of the
collision points, whether the beam axial resolution of the collision points reconstructed by SPD was
less than 0.25 cm, and whether the difference between the beam axial resolution of the collision
points reconstructed by TPC and SPD was less than 0.5 cm. Finally, for point 3, we confirmed if
the difference in the beam axis between the reconstructed collision point and the standard collision
point was less than 10 cm. The number of events in pp and p-Pb collisions after these event selection
is summarized in the Tab.3.1.

Collision system number of event
pp collisions (V0 HMtrigger) 1.3× 109

pp collisions (SPD HMtrigger) 4.7× 108

p-Pb collisions (MB) 6.0× 108

Tab. 3.1: Event number in each trigger
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3.2 Particle identification (PID)
Charged pions, charged kaons, and protons, which are decay particles of hyperons, taken from se-

lected charged particle samples by particle identification (PID) using TPC and TOF. In this section,
the principle of PID for TPC and TOF are explained.

3.2.1 PID using TPC information

Scattering with electrons in atoms and molecules is the dominant reaction when charged particles
pass through a material. In this process, the electron gains energy from the charged particle, and if
that energy is sufficiently higher than the electron’s binding energy, the electron is released from the
atom or molecule. The energy loss of the charged particles is expressed by Eq. 3.1.

−dE
dx

= nZz2
4πα2(h̄c)2

mec2β2

(
ln

2mec
2β2γ2

I
− β2

)
(3.1)

In Eq 3.1, -dE is the energy loss while passing a distance dx, n is the density of atoms in the
material, Ze is the charge of the material atom, me is the mass of the electron, and βc and ze
are the velocity and particle’s charge. In addition, I is a parameter called the average excitation
potential of material atoms. An important feature of this equation is that the energy loss per unit
length −dE/dx is determined only by the charge and velocity of the particle, regardless of the type
of particle. Hence the behavior of the energy loss corresponding to the momentum in a material
depends on the particle’s mass. This property can be used to identify the charged particle.
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Fig. 3.1: Energy loss of charged particles in matters [42]
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When a charged particle passes through the ALICE-TPC, it drops its energy into the gas and
ionized electrons are generated corresponding to its amount. The ionized electrons drift to reach the
readout, and the amount of signal is proportional to the energy loss. Thus the energy loss dE/dx
for a track can be determined. In the ALICE experiment, equation 3.1 is parameterized as in Eq.3.2
[43].

dE

dx
=

P1

βP4

(
P2 − βP4 − ln

(
P3 +

1

(βγ)P5

))
(3.2)

P1 ~ P5 are parameters determined by fitting with experimental data, and take different values for
each particle. Fig.3.2 shows the relationship between the dE/dx resolution and charged particle’s
total momentum in p-Pb collision at

√
sNN = 5.02 TeV. The energy resolution reaches about 5%

at the maximum number of TPC clusters 159.

Fig. 3.2: Energy loss distribution measured by TPC

3.2.2 PID using TOF information

The TOF PID is performed by measuring the time between the collision time measured by the
T0 detector and the arrival of the particle at the TOF. It requires that the difference between the
measured time of flight and the value expected from the particle’s track, mass, and momentum be
less than a certain threshold, as shown in Eq.3.3 [44].

nσ,TOF ≡ (tTOF − tev)− texp(m, p, L)

σtot
(3.3)

In this equation, tTOF is the arrival time measured by the TOF, tev is the time of the collision
event, and texp is the time of flight expected to be required for a particle of mass m, momentum
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p, and track length L to reach the TOF from the collision point. In addition, σtot represents the
total resolution determined by the TOF detector’s resolution, the uncertainty of the collision event
time, and the uncertainty of the track reconstruction. Fig.3.3 shows the velocity β of the particle
obtained from the TOF and TPC information plotted as a function of momentum in p-Pb collision
at
√
sNN = 5.02 TeV. This figure shows the separation of electrons and π, K mesons, and protons

at mid-transverse momenta.

Fig. 3.3: Velocity β distribution measured by TOF

3.3 Invariant mass
PID by TPC and TOF is effective only for electrons and charged hadrons with long lifetimes,

such as protons. Neutral hadrons and short-lived particles cannot be observed directly. However,
if these particles eventually decay into stable charged particles, they can be observed indirectly by
reconstructing invariant mass distribution of these charged particles. In this study, invariant mass
distributions were used to reconstruct hyperons such as Λ and Ξ to search for dibaryons.

We consider a particleX with four-momentum (E,p) decays into particle1 and particle2. When the
four-momenta of charged particles1 and particle2 are p1 = (E1, p1) and p2 = (E2, p2), respectively,
their invariant masses are as follows.

MX ≡
√
(E1 + E2)2 − (p1 + p2)2 (3.4)

Therefore, the invariant mass is calculated for these pairs of charged particles1,2 and create mass
distribution, a peak appears at the particleX’s mass m. Since background appears in the invariant
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mass distribution due to uncorrelated charged particle combinations or misidentified charged parti-
cles, it is necessary to show that the peak signal is significant compared to the background in the
real data.

3.4 Candidate selection
In this study, the selection criteria have been adopted used in [17] [18] to select proton, Λ, and Ξ .

The selection criteria for each are summarized in this section.

3.4.1 Proton candidate selection

The selection criteria for the proton candidates are summarized in Tab.3.2. The pseudorapidity
range is taken into account from the acceptance of the central barrel. For the transverse momentum,
a low transverse momentum cutoff is applied to minimize the number of protons originating from the
interaction between the primary particle and the detector. In addition, at high transverse momentum,
the separation power of TPC and TOF PID decreases and the purity drops below 80 %, thus a cutoff
is applied to increase the purity. The selection using TPC clusters is effective in ensuring track
quality and good pT resolution at large momentum, and in removing false tracks from the sample.
The distance of closest approach (DCA) is the closest distance from the track to the primary vertex
and is selected using both the DCA perpendicular to the beam axis (DCAxy) and the DCA parallel
to the beam axis (DCAz). This selection is effective for distinguishing protons coming from primary
vertex. For proton PID, both TPC and TOF detectors are employed. At momentum below p < 0.75
GeV/c, only PID selection from the TPC is applied. On the other hand, both detectors are used at
larger momentum because the TPC does not provide sufficient separation power. The TPC and TOF
signals are combined as shown in Eq 3.5.

nσ,combined ≡
√
(nσ,TPC)

2 + (nσ,TOF )
2 (3.5)

In this equation, nσ is the standard deviations of the measured value from the expected signal at a
momentum.
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Selection criterion Value
Pseudorapidity |η | < 0.8
Transverse momentum 0.5 < pT < 4.05 GeV/c

TPC cluster nTPC > 80
Crossed TPC pad rows ncrossed > 70 (out of 159)
Findable TPC clusters ncrossed/nfindable > 0.83
Tracks with shared TPC clusters rejected
Distance of closest approach xy |DCAxy| < 0.1 cm
Distance of closest approach z |DCAz| < 0.2 cm

Particle identification
|nσ,TPC| < 3 for p < 0.75 GeV/c

nσ, combined < 3 for p > 0.75 GeV/c

Tab. 3.2: proton selection criteria

3.4.2 Λ candidate selection

Λ has the weak decay process : Λ −→ pπ− (BR = 63.9%, cτ = 7.3cm). The Λ produced at the
collision point decays into two charged particles have different signs at a distance of several cm from
the collision point. These charged particles are forced in opposite directions by the magnetic field,
and their tracks are shown in Fig.3.4. The process of decaying from an uncharged particle such as
Λ to two charged particles is called V0 decay because it has a geometric feature the detected shape
of the track looks like the letter V. Since Λ has no charge, it cannot be detected directly. However,
we can reconstruct it by using the characteristic V0 decay.

The selection criteria for the Λ candidates are summarized in Tab.3.3. For proton and π, which
are V0 daughter tracks, only TPC information is used for PID in order to obtain Λ candidates effi-
ciently. In addition, to reject background from out-of-bunch multiple collisions at the outside of the
SPD readout time, hit information in ITS (SPD or SDD) or TOF is required.

After the daughter track selection, all the positively charged daughter tracks with their negatively
charged partners are combined. For the (p, π−) pairs obtained in this way, V0 selection considering
an appropriate topological cut to suppress the background is next required. The cut parameter is
shown below.
Transverse radius of the decay vertex Since Λ is a neutral particle, the Λ decay vertex is ex-
pected to be far from the collision point. Therefore, we required lower and upper limits for the
radius of the V0 decay vertex perpendicular to the beam, taking into account the lifetime of Λ.
DCA of the daughter tracks at the decay vertex The decay particles of Λ, proton are produced
at the same decay vertex. Hence, it is necessary to select the distance between the two particle track
that is close to each other.
Pointing angle α Pointing angle α is the opening angle between the Λ momentum vector and
the vector from the primary vertex to the V0 decay point. Since the V0 particle is neutral and not
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affected by magnetic fields, cosα (CPA) should be close to 1.

Fig. 3.4: Λ decay topology

In addition to these topological cuts, theK0s rejection also need to consider to increase the purity
of Λ. This cut is required when a particle that is really π is misidentified as a proton by TPC PID. In
this case, K0s with the decay process : K0s −→ π+π− is incorrectly identified as Λ. Therefore, if
the error from PDG value of the K0s mass (497.611± 0.013 MeV/c2) is within about 20 MeV/c2

when the two particles (π+, π−) are reconstructed, such a pair will be rejected.
Finally, two particles satisfying these criteria and whose reconstructed mass is within 4 MeV/c2

from PDG value of the Λ mass (1, 115.683± 0.006 MeV/c2) are considered Λ. Fig.3.5 shows the
invariant mass distribution of Λ in pp and p-Pb collisions reconstructed by these Λ selections. In
both collision systems, the Λ purity is more than 90%, which clearly confirms that Λ is produced.
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Selection criterion Value
Daughter track selection criteria
Pseudorapidity |η | < 0.8
TPC cluster nTPC > 70
Distance of closest approach DCA > 0.05 cm
Particle identification |nσ,TPC| < 5
Out-of-bunch pile-up removal Hit in ITS SPD or SSD or TOF timing

V0 selection criteria
Transverse momentum 0.3 < pT GeV/c

Λ decay vertex |ivertexΛ| < 100 cm, i = x, y, z

Transverse radius of the decay vertex rxy 0.2 < rxy < 100 cm
DCA of the daughter tracks at the decay vertex DCA(|p, π|) < 1.5 cm
Pointing angle α cosα > 0.99
K0 rejection 0.48 < Mπ+π－ < 0.515 GeV/c2

Λ mass window |Mp,π－MΛ,PDG| < 4 MeV/c2

Tab. 3.3: Λ selection criteria

Fig. 3.5: Λ invariant mass
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3.4.3 Ξ− candidate selection

Ξ− has the weak decay process : Ξ− −→ Λπ− (BR = 99.9%, cτ = 4.9cm). The charged
particle, Ξ−, can be detected directly in principle. However, due to its short lifetime, it quickly
decays into Λ and π and cannot be identified by itself. Since Λ further decays into two particles, Ξ−

need to reconstruct three tracks (p, π, π), and this decay process is called cascade decay (Fig.3.6).
The cascade decay is reconstructed by matching a third track π (=bachelor track) to two tracks (p, π)
of V0 decay particles. The selection criteria for the Ξ− candidates are summarized in Tab.3.4.

First, we show the criteria for Ξ− three daughter tracks. For proton and two π, which are Ξ−

daughter tracks, only TPC information is used for PID in order to obtain Ξ− candidates efficiently.
Furthermore, a lower limit was set for the value of DCA because it is necessary to remove tracks
coming from the collision point.

Next, Ξ− decay Λ requires V0 selection as in Tab.3.3, and also requires the rejection of V0
particles coming directly from the collision point. Hence, we set lower limits for the distance from
the primary vertex to the each Λ decay tracks (= DCA of the Λ to the primary vertex) and transverse
radius. In addition, since the Ξ− yields is relatively few compared to other particles, we aim to
secure a large number of Ξ− decay Λ candidates by loosening the CPA and mass cut.

The final selection criteria are applied directly to the Ξ− candidate. The distance of closest
approach of the three daughters with respect to the Ξ− decay vertex (=DCA of the daughter tracks
at the Ξ− decay vertex) is used as a quality criterion. Furthermore, by combining the momentum
of the bachelor track and Λ and using the opening angle α between this and the vector pointing to
the decay vertex from the primary vertex, we can distinguish false candidates due to combinatorial
background.

Fig. 3.6: Ξ− decay topology
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In addition to these Ξ− topological cuts, the Ω rejection also need to consider to increase the
purity of Ξ−. This cut is required when a particle that is really π is misidentified as a K meson by
TPC PID. In this case, Ω− with the decay process Ω− −→ ΛK− is incorrectly identified as Ξ−.
Therefore, if the error from the PDG value of Ω− mass (1672.45± 0.29 MeV/c2) is within about
5 MeV/c2 when the three particles (p, π,K) are reconstructed, such a track combination will be
rejected.

Finally, three particles satisfying these criteria and whose reconstructed mass is within 5 MeV/c2

from PDG value of the Ξ− mass (1321.31± 0.13 MeV/c2) are considered Ξ−. Fig.3.7 shows the
invariant mass distribution of Ξ− in pp and p-Pb collisions reconstructed by these Ξ− selections.
In both collision systems, the Ξ− purity is more than 90%, which clearly confirms that Ξ− is
produced.

Selection criterion Value
Daughter track selection criteria
Pseudorapidity |η | < 0.8
TPC cluster nTPC > 70
Transverse momentum 0.3 < pT GeV/c
Distance of closest approach DCABachelor > 0.05 cm
Distance of closest approach DCAV0Daughters > 0.05 cm
Particle identification |nσ,TPC| < 4

Λ selection criteria
Λ Pointing angle α cosα > 0.97
Transverse radius of the Λ decay vertex rxy 1.4 < rxy < 200 cm
DCA of the daughter tracks at the Λ decay vertex DCA(|p, π|) < 1.5 cm
DCA of the Λ to the primary vertex DCA > 0.07 cm
Λ mass window |Mp,π－MΛ,PDG| < 6 MeV/c2

Ξ− selection criteria Ξ− Pointing angle α cosα > 0.98
Transverse radius of the Ξ− decay vertex rxy 0.8 < rxy <200 cm
DCA of the daughter tracks at the Ξ− decay vertex DCA(|p, π, π|) <1.6 cm
Ω− rejection 1.667 < Mp,K, π－ < 1.677 GeV/c2

Ξ− mass window |Mp,π,π－MΞ−,PDG| < 5 MeV/c2

Tab. 3.4: Ξ− selection criteria
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Fig. 3.7: Ξ− invariant mass

3.5 Dibaryon mass resolution
There is no theoretical prediction for the diversion signal width. Therefore, it is necessary to

determine the width of the signal and search for it. In this section, the dibaryon mass resolution was
discussed based on the simulation to set the minimum signal width.

3.5.1 ΛΛ mass resolution

We used the Monte-Carlo event generator EPOS-LHC[45] anchored LHC p-Pb collisions
√
sNN =

5.02 TeV to determine the resolution. Fig.3.8 shows the results of a Gaussian fit on the difference
distribution between the true ΛΛ invariant mass with the H dibaryon signal region (2.231 < ΛΛ <

2.26 GeV/c2) and the reconstructed invariant mass. From the value of standard deviation by this
fit, we determined that ΛΛ resolution is 0.9538± 0.0727 MeV/c2.
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Fig. 3.8: ΛΛ resolution
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3.5.2 pΞ and ΛΞ mass resolution

In this time, we could not obtain sufficient statistics for pΞ and ΛΞ with the dibaryon signal
region (2.26 < pΞ < 2.36 GeV/c2 and 2.437 < ΛΞ < 2.61 GeV/c2), so we could not determine
these resolution in the same way as for ΛΛ. However, since the pair pT and the opening angle ϕ
resolution affect the mass resolution, we discuss the results of pT and ϕ resolution (pT separation)
for single Λ and single Λ to guess the approximately values of pΞ and ΛΞ resolution compared to
ΛΛ.

pT resolution

Figure 3.9 (left) shows the pT dependence of pT resolution for single Λ and Ξ . Although the pT
resolution tends to get worse with increasing pT , the trend is almost similar for Λ and Ξ . Thus,
the difference in the effect of the pT resolution of Λ and Ξ on the mass resolution is almost no
negligible.

ϕ resolution

Figure 3.9 (right) shows the pT dependence of the ϕ resolution for single Λ and Ξ . In both cases,
the ϕ resolution tends to improve with increasing pT , but the resolution of single Λ is several times
better than that of Ξ . Since the ϕ resolution of proton is expected to be better than that of Λ, the pΞ
mass resolution is expected to be comparable to that of ΛΛ. Furthermore, the ΛΞ mass resolution
is expected to be lower than ΛΛ mass resolution due to the lower ϕ resolution.

Fig. 3.9: (left) pT resolution pT dependence (right) ϕ resolution pT dependence
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4 Result and Discussion

4.1 Pair invariant mass distribution
The number of ΛΛ (Λ̄Λ̄), pΞ− (p̄Ξ+), and ΛΞ− (Λ̄Ξ+) pairs in p-Pb and pp collisions by

combining these decay particle candidate are shown in Tabs. 4.1, 4.2. In addition, the reconstructed
ΛΛ (Λ̄Λ̄), pΞ− (p̄Ξ+), and ΛΞ− (Λ̄Ξ+) invariant mass distributions near the signal region are
shown in Figs. 4.1, 4.2, 4.3. These figures show that sufficiently clear dibaryon signala cannot be
identified for background.

Pair number
ΛΛ (Λ̄Λ̄) 2.5× 106

pΞ− (p̄Ξ+) 8.7× 105

ΛΞ− (Λ̄Ξ+) 2.1× 105

Tab. 4.1: Number of pairs in p-Pb collisions

Pair number
ΛΛ (Λ̄Λ̄) 2.6× 107

pΞ− (p̄Ξ+) 6.8× 106

ΛΞ− (Λ̄Ξ+) 2.0× 106

Tab. 4.2: Number of pairs in pp collisions

Fig. 4.1: ΛΛ (Λ̄Λ̄) invariant mass distributions for p-Pb (left) and pp (right)
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Fig. 4.2: pΞ− (p̄Ξ+) invariant mass distributions for p-Pb (left) and pp (right)

Fig. 4.3: ΛΞ− (Λ̄Ξ+) invariant mass distributions for p-Pb (left) and pp (right)
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4.2 Background estimation
For dibaryon searches with unknown signal widths, it is important to understand the background

in the reconstructed invariant mass distribution. In this section, we will discuss our considerations
for the background in the mass distribution using the p-Pb collision data.

4.2.1 Combinatorial background

The background distribution was initially suggested to be only uncorrected combinatorial pairs by
mis-combination. The combinatorial distribution can be evaluated by the event mixing technique.
Event mixing is an effective method to reproduce uncorrelated distribution including the detector
effects by reconstructing the invariant mass using the particles from different events. In this tech-
nique, mixing is done by the events with a similar primary vertex z-position and multiplicity, which
have similar detector effects. In the initial analysis, the z-vertex position was classified into four
classes of 5 cm intervals in the range of -10 to 10 cm, and the multiplicity into 12 classes of 10 each
in the range of 0 to 120. The events in the same class were regarded as similar events.

The ΛΛ (Λ̄Λ̄), pΞ− (p̄Ξ+), and ΛΞ− (Λ̄Ξ+) mass distributions in the same events and the mixed
events are shown in the left panel of Figs. 4.4, 4.5, and 4.6. In these figures, the red distribution
is the mixed event distribution normalized by the number of pairs in the same event distribution
and the blue distribution is the same event distribution. The right panel in Fig. 4.4, 4.5, and 4.6
shows that the ratio of the mixed and same event distributions. A clear discrepancy between them is
seen even in the high mass region, where pairs were expected to be completely uncorrelated. Thus,
the background distribution with hyperons such as Λ and Ξ cannot be described by a simple event
mixing.

Fig. 4.4: (left) The comparison of ΛΛ (Λ̄Λ̄) invariant mass distributions in the same events and
mixed events (right) The ratio of mixed and same event distributions
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Fig. 4.5: (left) The comparison of pΞ− (p̄Ξ+) invariant mass distributions in the same event and
mixed event (right) The ratio of mixed and same event distributions

Fig. 4.6: (left) The comparison of ΛΞ− (Λ̄Ξ+) invariant mass distributions in the same event and
mixed event (right) The ratio of mixed and same event distributions
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Therefore, the criteria of similar events for event mixing were re-defined as follows :

1. Finer segmentation for low multiplicity events

2. Only events where at least one hyperon pair is found

Segmentation of low multiplicity events

Figure 4.7 shows the comparison of the ΛΛ (Λ̄Λ̄) invariant mass distributions at the same events
(blue) and mixed events (red) for different multiplicity classes used in the simple event mixing. The
difference between them is more significant in the lower multiplicity classes. Thus, the multiplicity
is classified more finely particularly in the low multiplicity region as follows :

• 10 classes for 1 to 40 (4 multiplicity each)

• 8 classes for 41 to 120 (10 multiplicity each)

Fig. 4.7: ΛΛ (Λ̄Λ̄) invariant mass distribution in each multiplicity classes
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Consideration for events generated the hyperons

The events containing more than two hyperons are not typical due to smaller cross sections of
hyperons than charged particles such as π, K, p. Thus, the events with at least one pair of hyperons
one only used for event mixing to ensure the event similarity. After improving the mixed event
similarity, ΛΛ (Λ̄Λ̄), pΞ− (p̄Ξ+), and ΛΞ− (Λ̄Ξ+) invariant mass distributions at the same events
and mixed events are shown in Figs. 4.8, 4.9, and 4.10. By considering the hyperon multiplicity,
their agreement gets more better. The mixed event distribution gets more consistent particularly in
the low multiplicity in Fig. 4.11.

These results show that the two changes for mixed events are effective, but there are still differ-
ences in low mass region from the ratio plot.

Fig. 4.8: The comparison of ΛΛ (Λ̄Λ̄) invariant mass distribution at the same event and mixed event
after improvement mixed event similarity
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Fig. 4.9: The comparison of pΞ− (p̄Ξ+) invariant mass distribution at the same event and mixed
event after improvement mixed event similarity

Fig. 4.10: The comparison of ΛΞ− (Λ̄Ξ+) invariant mass distribution at the same event and mixed
event after improvement mixed event similarity
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Fig. 4.11: ΛΛ (Λ̄Λ̄) invariant mass distribution in each multiplicity classes after improvement mixed
event similarity

4.2.2 Jet and flow contributions

The remaining difference with the mixed event mass distribution implies other background con-
tributions. Possible contributions are semi-correlated pairs in jet and modulation of combinatorial
distribution by elliptic flow. Jets are hadronic populations emitted by high-energy parton scattering
of incoming nucleons. The elliptic flow is the azimuthal anisotropy of the particles due to the geo-
metrical feature of a collision. The particles in jet or along with the flow are concentrated in a narrow
angular region. Therefore, We have used MC simulations in which jet events generated by the event
generator PYTHIA8 are embedded in p-Pb collisions at 5.02 TeV produced by EPOS-LHC, where
the effect of flow is taken into account, to evaluate jet and flow contributions.

For ΛΛ (Λ̄Λ̄) invariant mass distribution in the MC simulation, the MC distribution consists
of combinatorial distribution and Jet and flow correlations. The jet and flow correlations can be
extracted by the following procedure.

1. Normalize the mass distribution at mixed events in wide angular range where the
no effects of jet and flow are expected

2. Subtract the mass distribution at mixed events from the mass distribution at same
events in the MC simulation

The step 1 is done to confirm the effect of jet and flow on the mass distribution. Since the particles
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produced by jet and flow emit at almost the same angle or back-to-back, the angle between the pairs
is narrower. Therefore, particles in the mid-angle region are not affected by jet or flow. In other
words, normalizing the mass distribution at mixed events by the number of same event pairs in such
a region can be seen the difference in the mass distribution caused by jet and flow effects. In the
left panel of Fig. 4.12, the red line show the distribution at same events and the blue line show the
normalized distribution at mixed events. This panel shows the difference betweem two distributions.
In step2, we can see the shape that jet and flow affect to the mass distribution by considering the
residual distribution of these distributions. in the right panel of Fig. 4.12,the residual distributions
after subtraction of the normalized mixed event are also shown. This shape, which is a major feature
in low mass region, is considered to be the effect of jet and flow on the ΛΛ mass distribution.

Fig. 4.12: (left) The comparison of ΛΛ (Λ̄Λ̄) invariant mass distributions at same events and mixed
events (right) The invariant mass distributions after subtraction of the mixed event distribution

Finally, in Fig. 4.13, the green distribution indicates that the mass distribution by jet and flow
correlation (Fig. 4.12(right)) assumed in real data. The blue distribution shows the combinatorial
distribution in real data, and the red distribution shows the addition of the distributions of jet and
flow correlation to that distribution. The black distribution shows the mass distribution at same
events in real data, and the comparison between this and the red distribution indicate that two dis-
tribution is consistent. The results show that the jet and flow correlation in real data has little effect
on the distribution.
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Fig. 4.13: The effect of jet and flow correlation assumed in real data (black) the distribution in real
data (green) the distribution by jet and flow correlation in real data (blue) the combinatorial distri-
bution in real data (red) the distribution by jet and flow correlation + the combinatorial distribution
in real data

As a consequence of this background estimation, although the reproducibility of the background
by event mixing was improved by considering hyperon multiplicity, there is still a discrepancy in
the low mass region. Furthermore, MC simulation shows that the discrepancy is not due to jet and
flow correlation.
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4.3 Evaluation of multi-strange dibaryon signal significance based on
statistical hypothesis testing

In this section, the way of the statistical hypothesis tests, which have been performed to set the
signal upper limits of the ΛΛ, pΞ , and ΛΞ , is described.

4.3.1 CLs method

First, the following hypotheses are considered to search for a possible signals in the obtained data
samples:

• Null hypothesis : Observed data consists of background data only

• Alternative hypothesis : Observed data consists of signal and background

Introducing a test statistic

In order to quantify which of the two hypotheses should be rejected by the observed data, the
likelihood ratio can be used as a test statistic. Assuming that the two hypotheses follow a Poisson
distribution, the likelihood ratio Q can be written as :

Q =
e−(s+b)(s+ b)d

d!
/
e−bbd

d!
, (4.1)

where, s is the number of signals, b is the number of background, and d is the total number of data
points in the observed data. Then, the log likelihood ratio, log Q, was introduced as:

log Q = −s+ d log

(
1 +

s

b

)
. (4.2)

In the analysis, the test statistic, log Q, was calculated for each mass bin and can be expressed as
follows.

log Q =
nbins∑
i=1

{
−si + ni log

(
1 +

si
bi

)}
. (4.3)

In Eq. 4.3, nbins are the number of bins in the data and ni is the number of entries in bin i.
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Definition of confidence level

The confidence level for the alternative hypothesis, CLs+b, is defined as the probability that a
value of the test statistic, log Qs+b, is less than the one with the observed data, log Qdata. In
Eq. 4.4, p(log Q|s+ b) is the probability density function for the alternative hypothesis.

CLs+b =

∫ log Qdata

−∞
p(log Q|s+ b)dlog Q. (4.4)

The confidence level for the null hypothesis, log Qb, is also defined in the same way for the alterna-
tive hypothesis.

CLb =

∫ log Qdata

−∞
p(log Q|b)dlog Q (4.5)

Figure 4.14 shows an example of the distributions of p(log Q|s + b) and p(log Q|b) with d = 370,
b = 400, and s = 20. The distributions of p(log Q|s + b) (blue line) and p(log Q|b) (red line) were
calculated by randomly generated d samples by Poisson distributions with mean values of s+ b and
b, then log Q|s + b, b are calculated by Eq. 4.3. In this figure, log Qdata with d = 370 is indicated
by the grey line around log Q = −2, and CLs+b and CLb correspond to the blue and red filled
regions, respectively.

Fig. 4.14: The distributions of p(log Q|s+ b) and p(log Q|b) with d=370, b=400, s=20

Confidence level for signal CLs

In the case of very small signal strength, CLs+b and CLb can be consistent because the s + b

distribution does not differ from the only b distribution. To ensure the s + b distribution can be
separated from the only b distribution, an alternative confidence level for a signal is introduced and
its definition is
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CLs =
CLs+b

CLb
. (4.6)

Therefore, the s+ b hypothesis can be rejected at the confidence level CL = 1 - CLs.

4.3.2 Results of CLs calculation

The dibaryon peak searches have been performed with the CLs calculations. In Tab. 4.3, the signal
search regions, the assumed signal widths and the bin widths of the invariant mass distribution are
summarized for ΛΛ, pΞ , and ΛΞ , respectively. The search signal regions were determined based
on the signal region of each dibaryon. A Gaussian distribution with the signal width is assumed as
a signal shape. The dibaryon signal widths are unknown, then they are set to be sufficiently larger
than bin widths of mass distributions not to be too sensitive to statistical fluctuations of the data
points.

pairs signal search region (GeV/c2) signal width (MeV/c2) bin width (MeV/c2)

ΛΛ [2.23,2.26] 5 1
pΞ [2.26,2.36] 10 2
ΛΞ [2.44,2.61] 20 4

Tab. 4.3: Target dibaryon’s signal search regions, signal widths and mass bin widths for CLs calcu-
lation

In this analysis, since the background evaluation (Section 4.2) was not sufficient, a smooth 4th
order fit function was used to describe the background in the invariant mass distribution. The fit
results of the mass distributions for pp (top) and p-Pb (bottom) data are shown in the left panels of
Figs. 4.15, 4.16, 4.17. The blue symbols show the real data and the resulted 4th order polynomial
function is indicated by the red dotted line. The residual distributions after subtraction of the fit
function from the data are also shown in the right panels. The fit results look consistent with the
data. Thus, the background description with the fits was well determined for CLs calculations. It is
noted that a possible signal region is included in the background fit, however it does not make any
big impact on the background description because the number of signals is considered sufficiently
small compared to the background.
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Fig. 4.15: (Left) The fit result of ΛΛ invariant mass distribution with a 4th order fit function. The
real data is indicated by the blue symbols and the fit function is indicated by the red doted line.
(Right) The residual distribution after subtraction of the fit function from the data.
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Fig. 4.16: (Left) The fit result of pΞ invariant mass distribution with a 4th order fit function. The
real data is indicated by the blue symbols and the fit function is indicated by the red doted line.
(Right) The residual distribution after subtraction of the fit function from the data.
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Fig. 4.17: (Left) The fit result of ΛΞ invariant mass distribution with a 4th order fit function. The
real data is indicated by the blue symbols and the fit function is indicated by the red doted line.
(Right) The residual distribution after subtraction of the fit function from the data.
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The number of signals at 90% confidence level for each target dibaryon was calculated with the
described signal shape and background for CLs calculations. The results are shown as a function
of the bibaryon mass in Figs. 4.18, 4.19, 4.20. The black solid line represents the observed data,
the black dotted line represents the experimental sensitivity with the statistics of the hyperon pair
samples, and the green and yellow bands represent ±1σ and ±2σ uncertainties of the statistical
fluctuation of the experimental sensitivity, respectively. The possible signals at 90% confidence
level with the data are consistent within ±2σ uncertainties of the statistical fluctuation for all target
bibaryons. Therefore no signal can be found with the assumed signal widths in the analyzed pp and
p-Pb data samples.
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Fig. 4.18: sCL90% as a function of the ΛΛ invariant mass
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Fig. 4.19: sCL90% as a function of the pΞ invariant mass
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Fig. 4.20: sCL90% as a function of the ΛΞ invariant mass
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5 Summary

In this study, we have searched for H dibaryon and NΩ dibaryon using the LHC Run 2 pp and
p-Pb collision data obtained by the ALICE experiment. H dibaryon and NΩ dibaryon have been
reconstructed with possible decay particles via H → ΛΛ, pΞ and NΩ → ΛΞ . The possible
number of signals at 90% confidence level has been evaluated based on the CLs calculations with
the reconstructed mass distribution of ΛΛ, pΞ and ΛΞ . As a result, no significance above 2σ
uncertainty of the experimental sensitivity due to a statistical fluctuation is observed assuming their
signal widths are 5, 10 and 20 MeV/c2, respectively.

In addition, we were not able to search for ΩΩ which is known to be another leading multi-
strange dibaryon candidate due to a lack of the statistics. The expected statistics taken in the LHC
Run 3 starting from April, 2022, is more than 50 times larger than the current statistics. Therefore
the search for all leading multi-strange dibaryon candidates including ΩΩ can be realized soon.
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