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Abstract

Studying the inner structure of composite particles is a way to gain more insight
into the strong interaction, one of the forces described within the Standard Model
of particle physics. The electromagnetic structure is probed in reactions involving
electrons and their antiparticles, the positrons and can be parametrised in terms
of form factors. The Uppsala hadron physics group is working with the Beijing
Electron Positron Collider and BESIII detector in order to measure electromag-
netic form factors of Λ-hyperons, composite particles similar to the proton but
where one of the light up-quark is replaced by a strange quark. At this facility,
electrons and positrons are collided and annihilate into a virtual photon with the
subsequent production of a Λ-Λ̄ pair. The Λ-hyperons are unstable and decay
predominantly into protons and pions. In order to distinguish the reaction of
interest from background reactions, a software filtering algorithm has been devel-
oped. The algorithm has been tested on Monte Carlo generated data that mimics
the experimental data.

In this project a cross check of previous work reproducing reconstruction ef-
ficiencies and data correction was performed. Furthermore, it extends upon the
previous work in two ways. First, by investigating whether the correction can
be improved by using the angular distribution of the produced protons rather
than that of the Λ. The result showed a slightly worse performance, however
this has only been applied to a smaller set of generated data and thus gives only
a qualitative indication. Secondly, it investigates whether modifying the event
selection criteria to include more events improves the correction for extreme an-
gles. The inclusive event selection does give a higher efficiency but no significant
improvement regarding the sensitivity of the correction to the Λ scattering angle.
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1 Introduction

One of the major topics of the hadron physics group at Uppsala University is the
internal structure of a type of particle called hyperons. The objective is to better
understand the strong force that holds nucleons and other composite particles
together. In this project, we study how electrons and positrons collide to form a
hyperon-antihyperon pair, more specifically a Λ-Λ̄ pair: e+ + e− → Λ + Λ̄. This
reaction has been studied with the Beijing Spectrometer (BESIII) at the Beijing
Electron Positron Collider (BEPC-II) in Beijing, China. The Uppsala BESIII
group is currently working on analysing data collected by BESIII in 2014/2015.
In particular, algorithms for analysis of the data are being developed to filter out
the background reactions from the reaction of interest. In precision experiments
the data needs to be corrected for the limited efficiency of the detector. In this
way the ”true” underlying physics can be extracted from the data. The efficiency
typically depends on variables like the angle of the produced particles.

This project extends on previous work at the BESIII group at Uppsala where
the efficiency and a correction factor was obtained using the angular distribution
of the Λ-hyperon. The aim of this project is to investigate whether using a
different angular distribution can provide a better correction factor. It also aims
to study whether the efficiency has a weaker angular dependence and how the
statistical precision improves with an event selection that includes more events.

2 Theoretical background

2.1 The Standard Model

The properties and interactions between the fundamental constituents of matter,
i.e the elementary particles, is described by the so called Standard Model. This
model categorises the particles into three families: leptons, quarks and the force
carrying bosons. The force carriers are mediating the fundamental forces: the
electromagnetic force (mediated by photons γ), the strong force (mediated by
gluons) and the weak force (mediated by gauge bosons W± and Z). The grav-
itational force (mediated by the hypothetic graviton) is not yet included in the
Standard Model. There are six leptons, including for example the electron, and
these are not affected by the strong force. Instead they interact via the weak
force, and for the charged ones, via the electromagnetic force. There are also six
quarks, interacting via the strong and electromagnetic force [1]. The fundamental
constituents of the Standard Model are shown in Figure 1.

All particles also have corresponding antiparticles, a necessity arising from
special relativity and quantum mechanics [2]. Antiparticles have exactly the
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same mass as particles whereas many other features, such as charge, is oppo-
site. Particles and antiparticles can annihilate, turning their mass into energy.
Antiparticles are either denoted by plus/minus superscripts for charged particles
(for example e− and e+ for the electron and positron) or by a bar over the particle
symbol (for example p and p̄ for the proton and antiproton).
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Figure 1: Constituents of the Standard Model [3].

2.2 The strong force

The quarks do not appear as free, isolated objects, but are held together in
bound states by the strong force. The theory that describes interactions via the
strong force is known as Quantum Chromodynamics (QCD). QCD is a relativis-
tic quantum field theory where the strong interaction is mediated by massless
bosons called gluons. Quarks carry a so called colour charge which comes in
three different values, compared to the binary plus/minus charge of the electric
counterpart [1]. The different charges are assigned the colours red (r), green (g)
and blue (b), and antiquarks carry the anticolours antired (r̄), antigreen (ḡ) and
antiblue (b̄). Colour charges can be combined into colourless states, for example
by combining one quark each of colour/anticolour (i.e. rgb or r̄ḡb̄) or combining
colour-anticolour (e.g. b, b̄).

In QCD, the energy dynamics of the strong interaction gives rise to quark
confinement which binds the quarks together into colourless particles known as
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hadrons. An important difference between strong and electromagnetic interac-
tions is that the photon is electrically neutral whereas the gluons themselves
carry colour charge. This enables interaction between the gluons and results
in that the strong coupling increases with distance within its range, unlike the
electromagnetic force. Thus, if trying to separate two quarks the force only in-
creases and eventually it becomes energetically more favourable to create two
quark-antiquark pairs rather than two individual quarks, rendering it impossible
to observe individual quarks [4]. Instead, the quarks only appear in composite,
colourless states, i.e. the hadrons. The proton is an example of a hadron, it con-
sists of two up and one down quark bound together inside a region with a radius
of 1× 10−15 m. The mass of the quarks themselves only contribute about 2% of
the proton mass, it is the strong interaction, generating a quantum mechanical
uncertainty in the momentum of 200 MeV, and potential energy of the gluons
that provide the rest. At very short distances, perturbative methods can be used
for QCD calculations, however at the range where hadrons are formed there are
no analytical solutions.

The hadrons can furthermore be classified into baryons and mesons. Mesons
consist of a quark-antiquark pair (qq̄) and the baryons consist of three quarks
(qqq) or three antiquarks (q̄q̄q̄). The baryons include the proton and the neutron,
as well as more massive particles. Baryons where one or more of the light up or
down quark are replaced by the heavier strange, charm or bottom quarks are
called hyperons. By studying what happens when if we replace one of the light
quarks in the proton with a heavier one we can learn more about the matter
around us, about the strong interaction and how it generates the visible mass of
the universe.
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3 Formalism

3.1 Cross sections

An important observable in scattering experiments is the cross section, denoted
σ. The cross section is a measure of the effective area quantifying the probabil-
ity of interaction either between an incoming beam and a stationary target or
between two colliding beams. In general, an experiment collides particles and at
the interaction point, new particles are produced by the collision energy. The
produced particles emerge at the polar angles (θ, φ) and enter a detector covering
a solid angle dΩ = d cos θ dφ around the interaction point [5]. It is convenient to
define the coordinate system such that the z-axis coincide with the beam direc-
tion, in which case the polar angle θ specifies the angle between the beam and the
outgoing particle, see Figure 2. We can then describe the angular distribution of
an emerging particle by the differential cross section

dσ(θ, φ)

dΩ
(1)

and the total cross section can be found by integrating over the solid angle:

σ =

∫ 2π

0

dφ

∫ 1

−1

d cos θ
dσ(θ, φ)

dΩ
dΩ. (2)

In the case of an unpolarised beam we have cylindrical symmetry and dσ depends
only on θ [2].

3.2 Form factors

The electromagnetic form factors (EMFF) parametrises the internal structure of
hadrons. They account for their non point-like structure, i.e. the distribution
and motion of the quarks. The structure can be probed by for example vir-
tual photons. These can be viewed as short-lived photons with non-zero mass
exchanged in interactions via the electromagnetic force and which transfer mo-
mentum and energy between particles. The structure that a virtual photon can
resolve depends on the energy/momentum of the photon. Reactions involving
the exchange of virtual photons can be classified as either space-like or time-like
depending on the momentum transfer q of the virtual photon. Feynman dia-
grams for space- and time-like processes can be seen Figure 3. The form factors
are functions of q and can be classified into space-like and time-like depending
on the sign of q2. For space-like reactions the form factors can be measured by
scattering electrons off hadrons (Figure 3(b)), in which case q2 < 0 and the form
factors are real. For the time-like case, q2 > 0, the form factors are measured in
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Figure 2: Beam of particles scattering off a stationary target into a detector.

annihilation processes (Figure 3(a)) and will be complex numbers [6].

The Sach’s form factors, i.e. the electric form factor GE and the magnetic
form factor GM are often used to parametrise the differential cross section. For
space-like form factors in the so called Breit reference frame GE and GM are
Fourier transforms of the charge distribution and magnetisation density, respec-
tively [7]. By measuring the angular distribution of the outgoing particles, the
moduli of both form factors can be extracted simultaneously [6], see more in the
section below. Different theoretical models for the strong interaction will give
different predictions for the form factors.

In the case of hyperons, it is only possible to experimentally measure time-
like form factors. The space-like form factors require elastic e−N/H → e−N/H,
which is not feasible since the hyperons are unstable. Thus, they are not suit-
able as targets in an e−H → e−H elastic reaction [7]. Time-like EMFF’s are
however complex and have a non-zero phase which introduces polarisation even
for initially unpolarised particles. The effects of this polarisation can be accessed
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Figure 3: Feynman diagrams of space- and time-like reactions with the exchange
of a virtual photon. (a) Electron-positron annihilation in a time-like reaction
(q2 > 0) producing a matter-antimatter pair of nucleons (N) or hyperons (H).
(b) Electron-nucleon scattering in a space-like reaction (q2 < 0).

experimentally for hyperons, using the relation

dσ

dθΛ
p

∝ 1 + αPn cos(θΛ
p ) (3)

where θΛ
p is the proton angle in the rest system of the mother Λ-hyperon, α is

an asymmetry parameter and Pn is the polarisation. Thus by measuring the
polarisation the relative phase between GE and GM can be determined [7]. Data
from the BESIII experiment is used by the Uppsala BESIII group to obtain the
first complete time-like EMFF’s for the Λ-hyperon.

3.3 The reaction e+ + e− → Λ + Λ̄

The BESIII group at Uppsala has initiated a precision measurement of hyperon
form factors by collecting data from the reaction where colliding electrons and
positrons produce a Λ-Λ̄ hyperon pair. The Λ-hyperon is neutral and consists of
an up, a down and a strange quark, see properties in Table 1. Most detectors
are based on the electromagnetic interactions between incoming particles and the
detector material. Neutral particles like the Λ-hyperon therefore leave no tracks
in such detectors (see more on the experiment and detector in section 4). How-
ever, it decays with a large probability into the charged particles p and π−, see
the decay modes and branching ratio (probability of the decay) in Table 2. For
this project we will only consider this most common decay where the Λ-hyperon
decays to a proton and a negative pion, Λ→ p + π−, and the Λ̄-hyperon decays
into an antiproton and a positive pion Λ̄→ p̄+ π+. The properties of these can
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also be found in Table 1. A schematic picture of the reaction is shown in Figure 4.
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Figure 4: Sketch of the reaction where an electron and positron annihilate to
produce a Λ− Λ̄ pair and the subsequent decay of the Λ to a proton and a pion.

The differential cross section is dependent on the angle θΛ (see Figure 4) and
the momentum transfer q of the virtual photon and can be parametrised by the
form factors GM and GE as follows [7]:

dσ(q2, θΛ)

dΩ
=
α2β

4q2

[
|GM(q2)|2(1 + cos2 θΛ) +

4m2
Λ

q2
|GE(q2)|2

(
1− cos2 θΛ

)]
(4)

where α is the fine structure constant, mΛ is the mass of the Λ-hyperon and β is
the velocity given by

β =

√
1− 4m2

Λ

q2
.

Experimentally the cross section is calculated using

σ =
Nsignal

Lε(1 + δ)BR(Λ→ pπ−)BR(Λ̄→ p̄π+)
(5)

where L is the integrated luminosity (which quantifies the intensity of the colliding
beams integrated over time), ε is the detection efficiency, (1 + δ) is a correction
factor, BR(...) is the branching ratio of the specified decay and Nsignal is the
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number of signal events observed in the detector. The number of observed events
is Poisson distributed and thus the statistical uncertainty is

√
N . To improve the

relative statistical uncertainty,
√
N/N = 1/

√
N , we want Nsignal to be as large

as possible. In Equation (5) the branching ratio, cross section and correction
factor are given by the laws of physics and are therefore fixed. Thus it is the
luminosity L and the efficiency ε that can be optimised. The integrated luminosity
is constrained by the beam time of the experiment and this project is therefore
concerned with the efficiency ε.

Table 1: Properties of the lightest hadrons involved in the reaction of interest.
There is no known difference in the mean life time of protons and antiprotons, the
different values cited here are due to fewer measurements available for antiprotons
[8].

Particle Symbol Constituents Charge Mass (MeV/c2) Mean lifetime
Lambda Λ uds 0 1115.683 2.6× 10−10 s
Antilambda Λ̄ ūd̄s̄ 0 1115.683 2.6× 10−10 s
Proton p uud +1 938.272 > 2× 1029 years
Antiproton p̄ ūūd̄ -1 938.272 > 8× 105 years
Pion π+ ud̄ +1 139.570 2.6× 10−8 s
Pion π− dū -1 139.570 2.6× 10−8 s

Table 2: Branching ratios of the Λ-hyperon [8].

Decay products Branching ratio %
p+ π− 63.9 ±0.5
n+ π0 35.8 ±0.5
n+ γ (1.75± 0.15)× 10−3

p+ π− + γ (8.4± 1.4)× 10−4

p+ e− + ν̄e (8.32± 0.14)× 10−4

p+ µ− + ν̄µ (1.57± 0.35)× 10−4
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3.4 Relativistic kinematics

Since particles move at speeds comparable to the speed of light we must take rel-
ativistic effects into account. Relativistic kinematics provides a powerful tool for
calculations since energy and momenta are conserved in particle reactions (out-
side of the quantum mechanical scale where energy conservation can be allowed
for very short times). Here I will briefly present the formalism and illustrate it
with examples relevant for this project.

In special relativity, so called four-vectors are used to represent quantities in
four-dimensional space-time. The four-momenta of a particle with rest mass m
and moving with velocity v can be written

P = (E,p)

where E is the energy and p is the three-momentum of the particle given by

E = mc2γ and p = mvγ. (6)

The energy and momentum are related through

E =
√
p2 +m2c4. (7)

The transformation between two inertial frames of reference is done via a
Lorentz transformation, using β- and γ-factors defined as

γ =
1√

1− β2
and β = v/c. (8)

It is especially useful to do calculations in the so called center-of-momentum frame
(CM-frame), which is the reference frame where the total three-momentum of all
particles involved is zero: ∑

i

pi = 0.

Particle physics makes frequent use of the CM-frame to find desired quantities
and then convert it back to the lab frame via a Lorentz transformation (often
denoted a boost).

Scalars are Lorentz invariant and are therefore suitable for describing a parti-
cle or system of particles. One such scalar that is frequently used is the invariant
mass. We can define the invariant mass M of a particle or a system of particles,
and for a system of particles it is defined as

M2c4 ≡ E2
tot − p2

totc
2 (9)

where Etot and ptot is the sum of the individual particle’s energies and momenta
[2].
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3.4.1 Two-body reactions

In the CM-frame we would for a so called two-body reaction 1+2 → 3+4 have
that

p1 + p2 = p3 + p4 = 0. (10)

In this frame we can find the available energy for reactions since the minimum
energy required corresponds to the situation where the produced particles are
at rest (in this frame). Thus the minimum CM energy required is the sum of
the rest masses of the particles produced. For the case with colliding beams the
lab frame coincides with the CM-frame and the available energy for producing
particles is the beam energy. For a two-body reaction where particles 1 and 2
have the same mass, and particles 3 and 4 have the same mass, we have that
E1 = E2 = E3 = E4. The latter is the case for the reaction considered in this
project since it involves two pairs of particle-antiparticle. The beam energy is
2.396 GeV (sum of the electron and positron energy) and given the mass of the Λ
we can find the expected magnitude of the Λ’s momenta. Conservation of energy
gives

Einitial = Efinal ⇒ Ebeam = EΛ + EΛ̄ = 2EΛ

and rewriting Equation (7) to solve for the momentum pΛ then gives

pΛ =

√(
Ebeam

2

)2

−m2
Λc

4 =

√(
2.396

2

)2

− 1.1162 = 0.4356 GeV/c (11)

Thus we expect the momenta of the Λ to be close to this number and can exclude
any candidates we find with momenta significantly different from this.

The conservation of energy and momentum can furthermore be utilised to
reconstruct the mass and momentum of an undetected particle. This is called
the missing mass or missing momentum of a reaction. In a two-body reaction
1+2 → 3+X where X is the undetected particle we have that

P1 + P2 = P3 + PX

and therefore information of 1 + 2 together with the detection of 3 gives the four-
momentum of X from which the energy and three-momentum can be obtained.

3.4.2 Two-body decay

Conservation of momentum allows us to find the momentum of a particle in a so
called two-body decay (4 → 5+6) since

p4 = p5 + p6. (12)
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As is the case for this project, the decaying particle is often not detected, it is
rather the momenta and energy of the decay products can be measured (see more
on the detector in section 4). The information from the detected decay products
is used to infer the momentum of the mother particle. This method is used when
reconstructing the Λ-hyperons by measuring the momenta of the decay products
and finding the vertex, i.e. the point where the tracks of the decay products
intersect (see Figure 4).

Conservation of energy and momentum implies that the invariant mass must
be the same before and after a reaction. Given the definition of the invariant
mass, Equation (9), we can thus calculate the invariant mass of the Λ-hyperon
from the decay products:

MΛc
2 =

√
(Ep + Eπ−)2 − (pp + pπ−)2c2. (13)

Detecting and measuring the momenta and energy of the decay products thus
enables us to check if they are likely to come from a decaying Λ by calculating
the invariant mass and comparing it to the known mass of the Λ-hyperon.

The mean decay length is the product of the mean life time and the speed,
and for the Λ-hyperon it can be obtained from the momentum, the mean lifetime
τ from Table 1 and the relation in Equation (8), according to

LΛ = τv = τc
√
γ2 − 1. (14)

Rewriting γ from Equation (6) we get

γ =
EΛ

mΛc2
=

√
p2

Λc
2 +m2

Λc
4

mΛc2
(15)

Substituting this into Equation (14) we find that the expected mean decay length
of the Λ is

LΛ = τc

√
p2

Λc
2 +m2

Λc
4

m2
Λc

4
− 1 (16)

and substituting in the numerical values, Ref. [8] and Equation (11), we get

LΛ ≈ 2 cm. (17)

This and the other examples in this section provide a means of accessing more
information than what can be detected as well as providing at cross check when
processing data, this has been highly relevant in this project as we shall see later.
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4 The BESIII experiment

The Beijing Electron Positron Collider (BEPC-II) and the Beijing Spectrometer
(BESIII) located in Beijing, China is used for a number of different experiments
including testing electroweak interactions, decay of charmed baryons, searching
for so called glueballs and precision measurements of QCD parameters [9]. The
Uppsala Hadron physics group successfully proposed and acquired beam time at
this facility to perform precision measurements of hyperon form factors. The
measurements were carried out in 2014 and 2015.

4.1 BEPC-II

The BEPC-II is a double ring colllider accelerating electrons and positrons in
a ring each around a circular path using dipole magnetic fields, see Figure 5.
When the electrons and positrons have been accelerated to the desired energies
they collide with a specified crossing angle that is typically very small, i.e. they
collide almost head on [2]. The rings at BEPC-II has a circumference of 237.5 m,
a crossing angle of ±11 mrad and operates at beam energies between 2-4.6 GeV
(i.e. accelerating the electrons and positrons to energies of 1-2.3 GeV) [9].

Figure 5: The BEPC-II collider rings [10]. The BESIII detector is located at the
interaction point denoted IP.
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4.2 BESIII

The main detector at the facility is the Beijing Spectrometer (BESIII) which
covers 93% of the solid angle. The detector consists of a multilayer drift chamber
(MDC), a time-of-flight (TOF) system, an electromagnetic calorimeter (EMC)
and a muon identifier (MU), see sketch in Figure 6.

The MDC measures the momenta of charged particles whose trajectories are
bent by an applied solenoid magnetic field of 1 Tesla, causing them to trace out
a helix trajectory, see Figure 7. The momentum can be found from the relation
p = rqB, where r is the radius of the curvature of the helix, q the charge and B
the strength of the magnetic field. When the particles traverse the MDC they
will ionise a gas and the electrons from the ionisation process will give rise to a
current in fine anode wires in the detector [11]. The hits from the anodes are
read electronically, stored as data points and a fitting algorithm is applied to find
the helix parameters.

By measuring the time from collision to detection in the TOF detector, the
velocity of the particle can be determined and together with the measured mo-
mentum the mass of the particle can thus be obtained. Charged particles lose
energy through ionisation when passing through matter and with a suitable choice
of medium this can be used to as a timing device. Scintillators are materials which
emits visible light when excited by ionising radiation [2]. Since there detectors
are comparatively fast they are well-suited for time measurements. The TOF
system at BESIII consists of plastic scintillator bars and has a time resolution of
around 100 ps when measuring the time-of-flight of the charged particles.

The EMC determines photon and electron energies by measuring the energy
loss when they interact with matter. When the electron or photon interacts
with the absorbing material it generates secondary particles, which in turn gen-
erate tertiary particles and so forth, producing a shower of particles that can
be detected. At BESIII the EMC consists of over six thousand CsI(Tl) crystals
weighing 24 tons and measuring energies in the range 20 MeV to 2 GeV [12].

The MU is the outermost detector used to track muons and distinguishes
between muons and hadrons [9].
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Figure 6: Schematic view of the BESIII detector [11].

Figure 7: A charge particle in a magnetic field tracing out a helix trajectory [13].
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4.3 Software tools

The BESIII Offline Software System (BOSS) is used to process and analyse data
from BESIII. The BOSS framework uses the C++ programming language and
runs on Scientific Linux [12]. The processing of data using BOSS consists of
several steps that can be grouped into the following: simulation, calibration,
reconstruction and analysis. Calibration will not be discussed further, the others
will be explained more below.

4.3.1 Monte Carlo simulations

In the later analysis step, see section 4.3.5, a major component is the filter-
ing algorithms. These are necessary to extract the relevant events from the
background. When developing filtering algorithms for experimental data, Monte
Carlo generators can be utilised to generate random events of the reaction of in-
terest. Studying simulated data enables the development of correct and efficient
algorithms and are important for understanding experimental data.

4.3.2 Event generation and particle transport

The simulation package contains event generators, particle propagation and de-
tector simulation based on the GEANT4 package [9]. Monte Carlo generators
produce a final state given a specified initial state by first generating events at
the interaction point. The produced particles may subsequently decay into new
particles, as in the case of a Λ-hyperon. For this project, a phase space (PHSP)
generator has been used, applying purely kinematic constraints to produce a fi-
nal state, for example the four-vectors of generated particles and decay products,
from given initial conditions. This produces an isotropic angular distribution of
the scattered Λ-hyperons [11]. The decay is also simulated using phase space,
meaning that the decay products are emitted isotropically with respect to the
mother particle. A virtual detector based on the actual BESIII detector simu-
lates the propagation of the produced particles within the detector. The output
from the simulations are points where the particles hit the detectors and the
energy losses in the material.

4.3.3 Digitisation

The information from the hits in the virtual detector is converted to signals in
the same format as would have been obtained from the experiment. Points (with
infinite resolution) are converted to hits (with resolution corresponding to that
of the detector) and energy losses are converted into pulse heights.
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4.3.4 Reconstruction

The reconstruction package includes algorithms for track finding and fitting in the
MDC, time-of-flight and energy loss calculation, tracking muons in the MU and
shower formation in the EMC. The MDC tracking algorithm basically performs
a least-square fit of the hits from the MDC to a helix trajectory. The track from
the MDC is then extrapolated to the outer subdetectors providing the position
and momentum within these [9]. The reconstruction provides track candidates
for further analysis.

4.3.5 Analysis

The analysis part includes converting reconstructed track candidates into suit-
able data storage objects, i.e. particle candidates with a list of properties, e.g.
four-momentum, for further analysis. In addition it provides particle identifica-
tion, kinematic fitting and vertex fitting algorithms [14]. The particle identifi-
cation makes use of information such as the time-of-flight and energy loss from
the reconstruction algorithms to determine the type of particle with an associ-
ated probability of identification [9]. Kinematic fitting imposes constraints in the
form of equations governing some kinematic process to improve measurements,
e.g. Equations (11) and (12). It can also be topological, e.g. vertex fitting where
we require the decay products to emerge from the same point in space, which can
be used to adjust the reconstructed four-momenta if necessary. This project has
focused on details of the analysis part and the following subsections will describe
this in more detail.

BOSS is compatible with the ROOT Data Analysis Framework developed at
CERN. This is a framework for conveniently storing and processing large amounts
of data based on the C++ programming language and can been used to conduct
analysis and store data in tree structures [15]. The data in the trees can then
be processed, for example filtering out desired events corresponding to a specific
reaction. Quantities of interest can then be visualised, primarily by drawing
histograms showing for example momenta or angular distributions.

4.4 Efficiency and correction

Experimental data will be limited by the reconstruction efficiency and the finite
resolution, efficiency and geometrical acceptance of the detector. In order to
obtain quantities representing all produced events, the experimental data needs
to be corrected. In this work, this has been done by a one-dimensional correction
factor. Multidimensional matrices can also be used [7]. In order to extract the
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reconstruction efficiency one uses Monte Carlo generated data to represent the
true events and reconstruct the observed events using different selection criteria.
The reconstructed events correspond to what would be observed in the detector.
The reconstruction efficiency is defined by the number of reconstructed events
divided by the number of generated events:

efficiency =
#reconstructed events

#generated MC events
.

The efficiency is calculated for each bin in a one-dimensional histogram where the
relevant quantity is presented. A fourth order polynomial is fitted to the data.
The correction factor is the reciprocal of the efficiency and the parameters of the
fourth order polynomial fit is used to correct the reconstructed data. We have

MCcorr = MCrec ×
1

efficiency
=

MCrec
MCrec/MCgen

= MCgen

where MCcorr is the corrected data, MCrec is the reconstructed data and MCgen
is the generated data. Thus, using the calculated correction factor one should be
able to correct the reconstructed Monte Carlo data and obtain something very
close to the generated Monte Carlo data. Deviations may occur, for example
due to model dependencies in the reconstruction efficiencies that would require
a multidimensional approach. The underlying physics for this reaction affect not
only the angle between the Λ-hyperon and the beam, but also the angle of the
proton in relation to the Λ-hyperon due to the polarisation, see section 3.2. Thus
it would be desirable to take both of these angles into account when correcting
the data.

4.5 Previous results from the Uppsala BESIII group

Data analysis of the measurements taken in 2014/2015 at BESIII is currently
underway by the group with the first results expected to be published in 2017. Dr.
Cui Li has developed a number of event selection criteria to filter out background
reactions and these were cross checked in Niklas Forssman’s Bachelor thesis [11].
The results showed that the efficiency had a large dependence on the Λ-hyperon
scattering angle θΛ (defined in Figure 4) and the correction of reconstructed data
did not result in a good agreement between the corrected and true Monte Carlo
data for extreme angles (i.e. close to | cos(θ)| ≈ 1) [7, 11].

This project has made extensive use of existing code developed by the group,
consisting of an algorithm for finding Λ candidates, applying pre-selection criteria
and storing the particle candidates in tree structures. The idea is to run this code
once and then apply a number of final selection criteria. These were independently
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implemented both in Ref.[11] and as part of this project. For this project a virtual
machine has been set up that runs Scientific Linux and Eclipse IDE for C/C++
Developers has been used for programming.
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5 Exclusive event selection

An exclusive event selection refers to the inclusion of events where the full Λ-
Λ̄ pair is reconstructed, as opposed to an inclusive event selection where it is
required that at least one Λ or Λ̄ candidate is found, but the other may go unde-
tected. The advantage of an exclusive pre-selection is very low background from
other reactions (by requiring the candidates to satisfy a number of criteria) and
good momentum resolution, since a fully reconstructed event is over-constrained
which enables kinematical fitting. The precision is improved since kinematic fit-
ting can be applied to Λ, Λ̄ and the decay products from both decays - thus being
able to determine the momentum and energy more accurately. However, since
fewer events have all their final state particles detected and reconstructed, fewer
events survive the selection criteria and as a consequence, the size of the data
sample is reduced. This means that the statistical uncertainty is larger in the
case of an exclusive event selection.

5.1 Pre-selection criteria

All detected particle tracks are checked against a number of selection criteria to
ascertain if they can be matched to a Λ→ p+ π− or Λ̄→ p̄+ π+ decay.

• Particle type: Each charged track is identified as either a proton or a pion
using the BOSS particle identification algorithms. The helix parameters are
obtained according to the type of particle.

• Charge: Protons and pions of opposite charge are combined and the track
parameters used to perform a vertex fit, i.e. finding the decay point of the
Λ-candidate.

• Best candidate: If several Λ-candidates are found, the one with the small-
est energy difference to the expected (see section 3.4) is kept. The Λ can-
didates are then stored in a list for further analysis.

Once all events have been evaluated and the Λ-candidates are obtained, the
candidates are identified as either a Λ or Λ̄ based on whether a proton or an
antiproton was identified. Events where one Λ and one Λ̄ are found are stored in
a tree structure. This concludes the pre-selection.

5.2 Final event selection criteria

In this project, a cross check study of the previously developed filtering algorithm
was performed where the following final event selection criteria were applied (de-
scribed in detail in Ref.[11]):
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• The momentum of the proton is expected to be larger than the momentum
of the pion since the proton has a larger mass.

• The invariant mass of decay products (see section 3.4) should be within 3
standard deviations of the nominal mass of Λ (see Table 1). The standard
deviation is obtained from fitting a Gaussian curve to the mass distribution
[11].

• The Λ-hyperons are expected to decay outside of the collision region. Thus
we require the decay length to be at least 0.2 cm.

• Conservation of momentum requires the Λ and Λ̄ to be ejected back to back,
motivating a requirement that the angle between them should be 180◦±3◦.

• The momentum of the Λ particles is to be within 20 MeV/c of the expected
value given the beam energy (see section 3.4).

See Table 3 for quantitative values for each criterion.

In the process of implementing the final event selection criteria, a deviation
in the Λ momentum compared to the value obtained in Equation (11) was found.
The distribution peaked around a smaller value, 0.42 MeV/c rather than the
expected 0.436 MeV/c, as can be seen in Figure 8(a). A boost to the center-
of-momentum frame (the beams collide such that it almost coincides with the
CM-frame, but in order for the particles produced at threshold should not be at
rest a small asymmetry is introduced) was found to be missing and applying this
rendered a sharper peak but still at the wrong magnitude, see Figure 8(b).

The type of helix track parameters that should be used depends on whether
the Λ-hyperon decays inside or outside of the beam pipe, taking into account
the interaction of the charged daughter particles with the beam pipe material.
This was not present in the provided script but implemented as part of the
troubleshooting, it did however not have a large effect on the distribution in this
case. Eventually a slight error was found in the provided code. When using the
helix track parameters from BOSS’s reconstruction, the correct function must be
called depending on the type of particle. The default function is that for the
pion and this had not been changed for the proton, resulting in using the wrong
parameters for the vertex fit. Once this was corrected the expected distribution
of the Λ momentum was obtained, see Figure 8(c). The momentum distribution
for the protons and pions before and after the fix is shown in Figure 9.

21



(a)

(b)

(c)

Figure 8: Momentum distribution for Λ/Λ̄. (a) Using existing code. (b) After
applying the center of momentum boost. (c) After fixing the helix track param-
eters.
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Figure 9: Momentum distribution for p/p̄ and π−/π+. Before implementing fixes
to the left and after to the right.

5.3 Results of this work

5.3.1 Efficiency

The efficiencies obtained after each selection criterion before and after the above
mentioned fixes are shown in Table 3. After implementing the fixes the efficiency
obtained agreed with the previous work [11]. The result from applying the final
selection criteria for the angular distribution of the Λ-hyperon is shown on top
in Figure 10. The Monte Carlo generated data displays an isotropic distribution
while the reconstructed data exhibit a strong angular dependence. This is be-
cause events with very forward- and backward travelling particles are not well
detected since they may escape in the beam pipe where no detectors are placed.
The reconstruction efficiency is found by dividing the number of reconstructed
events by the number of Monte Carlo generated events. The result is shown in
the bottom of Figure 10 and is very similar to that obtained in Ref.[11]. A fourth
order polynomial has been fitted to the data.

Since the polarisation of the mother Λ influence the angle of the proton in
relation to the Λ, the distribution of the proton angle in the rest frame of the
Λ-hyperon is shown in Figure 11. The efficiency can be seen in Figure 12.
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Table 3: Final event selection criteria and efficiency (number of events remaining
divided by the total number of MC events).

Criteria Efficiency
pre-fixes (%)

Efficiency
post-fixes (%)

Pre-selection 24.5 25.7
pp, pp̄ > 200 MeV/c and pπ+ , pπ− < 200 MeV/c 24.2 22.2
|M(products)−mΛ| < 6 MeV/c2 20.4 19.0
LΛ > 0.2 and LΛ̄ > 0.2 15.8 17.0
177◦ < |θΛ − θΛ̄| < 183◦ 14.9 14.7
|pΛ,Λ̄ − 0.4356| < 0.02 GeV/c 4.3 14.1

5.3.2 Correction using proton angle

The fitted one-dimensional polynomial function from the efficiency was used in
previous work to correct data, see section 4.4, this was however not effective
for extreme angles [11]. Therefore it is of interest to see if utilising the angle
between the proton, θp (see Figure 4) in the lab system and the beam direction,
can provide a better correction. The angular distribution of the proton angle and
the associated efficiency with a fitted fourth order polynomial is shown in Figure
13. The efficiency as a function of the proton angle cos(θp) has a similar shape
as the cos(θΛ) distribution but is slightly flatter, c.f. Figure 10. Using the fitted
function we can correct the reconstructed data and we should get something that
is close to the Monte Carlo generated data.

The result using both the fitted function from the proton angle and the Λ angle
distribution is shown in Figure 14. In this case we have excluded events where
|cos(θΛ)| > 0.9 since values of the fitted function becomes close to zero for those
cases. We can see that the correction based on the Λ angle distribution works very
well for all but the outermost bins. The corrections based on the proton angle
have the same general behaviour, the corrected data does not correspond well with
the generated data for the outermost bins. The Monte Carlo generator utilised
for this project has a fixed value |GE/GM | = 1 and thus any multidimensional
effects have not been investigated here.

5.3.3 Decay length distribution

In order to investigate the suitability of a correction factor based on the proton
angle it is interesting to study how the functional form of the efficiency of the
proton depends on the decay length of the Λ. The Λ decay length distribution
is shown in Figure 15, with a mean decay length of 2.3 cm. This agrees with the
approximately 2 cm mean decay length estimated in section 3.4. This distribution
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Figure 10: Angular distribution of the Λ-hyperons (top) and efficiency as a func-
tion of cos(θΛ) (bottom).

was then divided into three bins: 0.2-1.5 cm, 1.5-3 cm and 3-10 cm, also seen in
Figure 15. The three bins were chosen in such a way that the number of events
in each were roughly the same.

Figure 16 shows the efficiency for the proton for all bins and the three separate
bins. We can see that the distributions have a large spread and the polynomial
functions look quite different for the two bins with the longer decay lengths, bins
2 and 3, i.e. for longer decay lengths the angular distribution is more uneven.
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Figure 11: Distribution of the proton angle in the rest frame of the Λ-hyperon,
Monte Carlo (red with circular markers) and reconstructed data (black).

Figure 12: Efficiency for the proton angle in the rest frame of the Λ hyperon.
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Figure 13: Angular distribution of the protons (top) and efficiency with fitted
fourth order polynomial (bottom).
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Figure 14: Monte Carlo data and reconstructed data corrected using the pro-
ton and Λ angular distribution. N.B. the outermost bins exclude events where
| cos(θΛ)| > 0.9.

Bin 1 Bin 2 Bin 3

Figure 15: Λ decay length distribution in the interval 0.2 < LΛ < 10 cm. The
distribution was divided into Bins 1-3 according to the vertical lines.
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(a) (b)

(c) (d)

Figure 16: Efficiency for the different decay lengths LΛ bins. (a) 0.2-10 cm. (b)
0.2-1.5 cm. (c) 1.5-3 cm. (d) 3-10 cm.
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6 Inclusive event selection

The second part of this project consisted of investigating whether including a
larger amount of events in the pre-selection improves the poor correction at the
extreme angles. When the Λ/Λ̄ decay there is a roughly 64% chance that it decays
to a proton/pion pair [8], i.e. the branching ratio for this decay. This means that
the number of reconstructed events will be proportional to the efficiency of the
detector and the branching ratio. In requiring that both a Λ and a Λ̄ candidate
are found, the number of events reconstructed depends on the branching ratio
squared, since both the Λ and Λ̄ must decay to the proton/pion pair. Thus, an
inclusive event selection should include at least a factor of 1/0.64 times as many
events. Furthermore, if every track has a certain probability p to be reconstructed,
then an event with four tracks have p4 probability to be detected. An event
where only two tracks are required have a probability of p2 to be detected. One
thus expects to obtain a much larger data sample in the case of an inclusive
event selection. It might on the other hand lead to more background reactions
being included. The events are Poisson distributed and a larger amount of events
included will increase the statistical precision by a factor

√
C, where C is the

quotient of the number of inclusive events by the number of exclusive events:
C = Nincl/Nexcl [7].

6.1 Event selection criteria

The pre-selection criteria for this case utilises the same algorithm to find the Λ
and Λ̄ candidates. When all candidates are found, the algorithm goes through all
the events with only one Λ/Λ̄ and calculates the missing mass and momentum for
the reaction. The candidates are only kept if the missing mass and momentum
correspond to another Λ-hyperon. These are the same as the final event selection
criteria, the missing mass is required to be within 3 standard deviations of the
tabulated Λ mass and the magnitude of the missing momentum to be 0.436±20
MeV/c, see Figures 17 and 18. The final event selection criteria given in section
5.2 are then applied to all the Λ-candidates, with the exception of the angle dif-
ference.
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Figure 17: Missing mass for the Λ candidates with a fitted Gaussian curve. The
vertical lines show the event selection cut.

Figure 18: Missing momentum for the Λ candidates. The vertical lines show the
event selection cut.

31



6.2 Results

6.2.1 Corrections

The angular distributions and efficiencies for the Λ-hyperons and protons for the
inclusive event selection are shown in Figure 19 and 20 respectively. The corrected
data using both the Λ and proton angular distributions is shown in Figure 21.
We note that the inclusive event selection does not improve the correction in the
outermost bins significantly, c.f. Figure 14.

Figure 19: Angular distribution of the Λ-hyperons for generated Monte Carlo
data, inclusive and exclusive event selection (top) and efficiency with fitted fourth
order polynomial (bottom).

6.2.2 Decay length distribution

For comparison the distribution of decay lengths with the inclusive and exclusive
event selection criteria is shown in Figure 22. The efficiencies for the proton in the
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Figure 20: Angular distribution of the protons for generated Monte Carlo data,
inclusive and exclusive event selection (top) and efficiency with fitted fourth order
polynomial (bottom).

same decay length bins as for the exclusive event selection are shown in Figure
23 together with the efficiencies from the exclusive selection. The efficiency is
notably higher for the inclusive selection, values for these can be found in Table
4. More importantly, Figure 23 shows that the inclusive selection displays the
same strong angular dependence and low efficiency for the outermost bins. We
note that the third bin, the longest decay lengths, exhibits the largest variation
for the inclusive event selection whereas the second bin is more similar to the first
bin compared to the exclusive event selection.
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Figure 21: Monte Carlo data and reconstructed data corrected using the proton
and Λ angular distribution for the inclusive event selection. N.B. the outermost
bins exclude events where | cos(θΛ)| > 0.9.

Table 4: Efficiency for each decay length bin for the exclusive and inclusive event
selection.

Decay lengths Exclusive Inclusive
0.2-1.5 cm 4.80% 11.88%
1.5-3 cm 4.30% 10.41%
3-10 cm 4.28% 10.24%

Bin 1 Bin 2 Bin 3

Figure 22: Λ decay length distribution for the inclusive event selection. The
vertical lines show the intervals used for the binning.
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(a) (b)

(c) (d)

Figure 23: Efficiency for the different decay lengths LΛ bins for the inclusive
event selection. (a) 0.2-10 cm. (b) 0.2-1.5 cm. (c) 1.5-3 cm. (d) 3-10 cm.
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7 Conclusions and outlook

The results indicate that the proton angle distribution does depend on the decay
length of the Λ-hyperon, however this has only been applied to a smaller set of
data and to draw any more statistically significant conclusions this would have
to be done on a larger set of data. The efficiency obtained from the proton angle
distribution seems to not do a better job correcting the reconstructed data than
the one based on the Λ angle distribution in this case.

The inclusive event selection show similar behaviour to the exclusive counter-
part. The efficiency decreases sharply for the outermost bins and in consequence
the corrected reconstructed data does not agree well with the Monte Carlo gener-
ated data in these bins. The efficiency and corrected data using the proton angle
is not improved by the inclusive event selection, the correction is still slightly
worse than using the Λ angle. The efficiency of the proton reconstruction still de-
pends on the decay length, with increased variability for the longer decay lengths,
but seems to exhibit less variability in the second bin compared to the inclusive
event selection.

Possible extensions from this project includes using a larger set of Monte
Carlo data and applying the analysis to real experimental data. It is possible
that different values for the factor |GE/GM | and the relative phase difference
would give more significant differences between the inclusive and exclusive cases,
and other Monte Carlo generators could be used to investigate this.
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