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Abstract

A comparative study is done on the Mini Drift Chamber (MDC)
and the Scintillating Electromagnetic Calorimeter (SEC), two main
components of the WASA detector. The purpose of the study is
to determine the most effective way to calculate the mass of the
η−meson by determining the invariant mass of the final products
in the η → e+e− decay. When calculating the invariant mass of the
lepton pair the distribution from the MDC had a standard devi-
ation of σMDC = (4.212 ± 0.080) · 10−2 GeV/c2 and from the SEC
σSEC = (3.563±0.011) ·10−2 GeV/c2. To get a precise measurement,
events with a lepton scattering at a polar angle below 30◦ have to be
rejected, and to achieve highest precision, it is favorable to use the
SEC for momenta above 0.28 GeV/c and the MDC below, respecti-
vely. In this study, a combined method is developed which results in
an invariant mass resolution of σMix = (3.341±0.012) ·10−2 GeV/c2.
Thus, the combined method gives a small improvement compared
to using the SEC alone, but a considerable improvement compared
to using only the MDC.
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1 Introduction

In Particle Physics, the fundamental matter constituents and their
ways of interactions are studied. As of today, the known matter
constituents are the quarks and leptons as well as their anti par-
ticle counterparts, and the known particles that mediate the forces
of nature are bosons. Today a modern theory, the Standard Model,
attempts to describe these matter constituents and their interac-
tions.

The main focus of this thesis is the η meson, a quark-antiquark
system, and its electromagnetic two-body decay into a positron and
an electron η → e+e−. The Standard Model predicts that this decay
has a branching ratio, the fraction of a particle decaying in a certain
way with respect to the total number of particle decays, of BR(η →
e+e−) ∼ 5 · 10−9. However, the currently measured upper bound of
the branching ratio for this decay is BR(η → e+e−) > 5.6 · 10−6

based on results from the HADES collaboration. This makes this
very rare decay sensitive for physics beyond the Standard Model.

The current upper bound of the branching ratio has not been
measured from a direct observation of the η → e+e− decay, but was
calculated from the total number of decaying η mesons that did not
produce an e+e− pair.

A better measured branching ratio has to be determined to know
if the decay actually involves physics beyond the Standard Model
i.e. having a branching ratio larger than its prediction.

The WASA facility at COSY in Jülich, Germany, is used to cre-
ate η mesons with large statistics through proton-proton scattering.
The detector setup consists of two main parts, the forward- and the
central detector. The forward detector is used to detect the scatte-
red particles, i.e. protons. The central detector, which will be the
main focus in this thesis, is used to detect meson decay products
and includes a drift chamber and an arrangement of plastic scintil-
lators inside a superconducting solenoid, which is surrounded by an
electromagnetic calorimeter.

In this thesis, investigations on how accurately the detector ac-
tually measures the η → e+e− decay are performed through Monte
Carlo simulations. These simulations attempt to emulate how par-
ticle reactions and decays propagate inside the detector and provide
estimates on how well the electromagnetic calorimeter and the drift
chamber can measure the decay products e+e− to distinguish the-
se events from background originating from other reactions such as
η → e+e−γ and/or internal conversion. The simulations also pro-
vide information about whether the electromagnetic calorimeter or

6



the drift chamber is better suited for different scattering angles and
particle momenta.

This study is the first step of a test of the Standard Model. By
having a better understanding of the detector setup, either a mo-
re stringent upper bound can be determined or the desired reac-
tion could be observed. Such result could potentially lead to physics
beyond the Standard Model.
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2 Theory

2.1 The Standard Model

There are six known quarks, ordered by mass: up, down, strange,
charm, bottom and top. These quarks can not be observed indivi-
dually, they can only be observed in bound states. These states are
called hadrons. States with two quarks consist of a quark and an an-
tiquark and are called mesons. States with three quarks are called
baryons or antibaryons and consist of either three quarks or three
antiquarks, respectively.

There are six known leptons: electrons, muons, tauons and their
respective neutrinos νe, νµ and ντ Each lepton has its own antilepton.

The four forces of nature through which particles interact are the
electromagnetic interaction, strong interaction, weak interaction and
gravity. These forces are mediated through so called gauge bosons:
photon for the electromagnetic interaction, gluon for the strong in-
teraction and W± and Z0 for the weak interaction. The Standard
Model does not attempt to describe gravity, which has a predicted
boson called the graviton.

Fig 1: The elementary particles of the Standard Model [1].

Finally, the Higgs boson explains why all the elementary particles
in the Standard Model, except photons and gluons, have masses.
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2.2 Relativistic Kinematics

2.2.1 Reference frames

A reference frame is a framework in which physics is described mat-
hematically in a specified coordinate system e.g. cartesian or polar.
When describing an event relative to an observer, it can be favorable
to first describe the event in a reference frame where the description
and calculations are simplified and then transform the result to the
reference frame fixed to the observer. With that in mind, two main
reference frames in particle physics are commonly used:

Center of Mass System: The center of mass, or center of mo-
mentum frame, is a reference frame where the sum of momentum of
all particles is zero.

Laboratory System: The laboratory system is a reference frame
fixed on the observer at rest.

2.2.2 Lorentz Transformation

The Lorentz transformation describes how measurements of space
and time in a reference frame can be converted to another according
to special relativity. It is equivalent to the Galilean transformation
of Newtonian physics, which is non-relativistic effects.

Consider two reference frames S and S ′. In these frames the spa-
tial coordinates (x, y, z) and time (t) is measured. S uses the coordi-
nates (t, x, y, z) and S ′ uses the coordinates (t′, x′, y′, z′). These four
component vectors are called four-position, which is one of many
kinds of four-vectors. Let the two reference frames be oriented such
that the x-axis and the x′-axis are collinear. The relative velocity
of S ′ along the x-axis is denoted v. The y-axis and the z-axis are
parallel to the y′-axis and the z′-axis, respectively.

The Lorentz Transformation can then be expressed in matrix
form as 

ct′

x′

y′

z′

 =


γ −βγ 0 0
−βγ γ 0 0

0 0 1 0
0 0 0 1



ct
x
y
z

 (1)

where γ is the Lorentz factor defined as

γ =
1√

1− β2
, (2)
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β is

β =
v

c
, (3)

and c is the speed of light.

2.2.3 Energy, Momentum and Mass in Special Relativity

The total energy of a particle is described by the relativistic energy-
momentum equation:

E2 = (mc2)2 + (~pc)2 (4)

where ~p is the momentum of the particle and m its mass.
The momentum of a relativistic particle is

~p = γm~v . (5)

At rest, the total energy of a particle is reduced to

E = mc2 . (6)

Here, natural units, or Planck units, are introduced. Natural units
are used to simplify equations by putting the reduced Planck con-
stant h̄ = 1 and c = 1. When introducing natural units it is impor-
tant to alter the notation of units of quantities so that equations
are consistent with dimensional analysis e.g. momentum is noted as
eV/c and mass as eV/c2.

Introducing natural units reduces the energy-momentum equa-
tion into

E2 = m2 + ~p 2 . (7)

2.2.4 Four-Momentum

Like four-position, four-momentum is a four component vector. For
a massive moving particle the first component is the total energy
and the second to fourth components are the particle momentum,

P = (E, px, py, pz) , (8)

for a particle in its center of mass frame, the four-momentum is
reduced to the particle mass

P = (m, 0, 0, 0) , (9)

Like four-position, a four-momentum can be transformed from one
frame to another with the Lorentz transformation eq.(1).
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2.2.5 Invariant Mass

The invariant mass is an important quantity in particle physics. It
is characterized by the total energy and momentum of one or many
objects and is invariant under the Lorentz transformation.

The invariant mass is the inner product of four-momentum and
is given by

M2 =
(∑

P
)2

=
(∑

E
)2

−
(∑

~p
)2

(10)

where E is the total energy of a particle, ~p is the momentum and
the sum is over all particles in the system.

Due to energy and momentum conservation the invariant mass
is conserved during a particle decay. Since the quantity is invariant
under the Lorentz transformation the mass of a decaying particle
can be determined by calculating the invariant mass of its decay
products (if properly measured) independent on the frame the decay
products were measured in.

For example, in the η → e+e− decay the invariant mass of the
lepton pair is equal to the invariant mass of the η meson,

m2
η = (Ee+ + Ee−)2 − ( ~pe+ + ~pe−)2 , (11)

where Ee+ , Ee− , ~pe+ , ~pe− are measured in the detector (laboratory)
system.
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2.3 The η Meson

The η meson has a rest mass of 547.862± 0.018 MeV/c2 and has a
mean life time of 5.02(±2)× 10−19 s [2].

In the constituent quark model the η meson is a mixture of up,
down and strange quarks and their respective antiquarks and can
be written as

η :
uu + dd− 2ss√

6
. (12)

which can be seen as a superposition of three different quark-antiquark
bound states.

In the table below the decay modes of the η meson are listed:

Table 1: η meson decay modes, their branching ratios and the decay product
momentum in the center of mass frame [2].

The branching ratio, listed as Fraction (Γi/Γ) in Table 1, is the
experimentally determined probability of an η meson decaying in
a specific decay mode. It is defined as the fraction of an η meson
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decaying in a certain way with respect to the total number of particle
decays.

In the cases of non observed decay modes such as η → e+e−

which is predicted by the Standard Model, an upper bound is listed
instead.

This upper bound to a branching ratio is usually calculated by
looking at a set of decaying η mesons in an experiment and then
calculating the most number of η → e+e− that could’ve been occu-
red while taking into account measurement uncertainties e.g. energy
resolution of a calorimeter.

In the case of η → e+e− the upper bound BR(η → e+e−) >
5.6 · 10−6 is determined at a 90% confidence level.

2.4 η → e+e− Decay

Within the Standard Model, probability amplitudes of reactions and
decays are calculated from a series of weighted terms from a pertur-
bative expansion. These terms, which include large and complica-
ted integrals over many variables, can be simplified and represented
graphically with Feynman diagrams.

In a Feynman diagram, the time flows from left to right. The
particles involved in the reaction are represented by lines of various
shapes. Antiparticles are represented with an arrow pointing in the
opposite direction to the time flow. For a more detailed explanation
of Feynman diagrams see [3].

η

e−

e+

γ

γ

Fig 2: Feynman diagram of η → e+e− decay.

In Fig.(3) the η meson and the electron are represented by a
straight line moving to the right. The positron, which is an antipar-
ticle, moves backwards in time. Finally, the photons are represented
by sine waves.

The branching ratio of the η → e+e− decay can be written as

BR(η → e+e−) = BR(η → γγ)× 2α2ξ2β[|X|2 + |Y|2], (13)
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where β = (1− 4ξ2)1/2, ξ =
me

mη

.

Y and X are the imaginary (absorptive) and real (dispersive) com-
ponents of the normalized dimensionless amplitude in the η → e+e−

decay, me is the electron mass and mη is the η meson mass. The
imaginary part can be related by unitarity to the η → γγ decay.
Neglecting the real part of the amplitude, this results in a lower
unitarity limit of BR(η → e+e−) ≥ 1.7× 10−9 [4].

In chiral perturbation theory, the branching ratio BR(η → e+e−)
can also be predicted using experimentally measured values of BR(η →
µ+µ−). The resulting branching ratio is BR(η → e+e−) = 5(±1) ×
10−9 [5].

2.5 The Monte Carlo Method

The Monte Carlo method is a tool where results are drawn from
repeated random samplings. This method is often used in physical
simulations to predict the outcome of a certain problem (such as the
feasibility to measure a certain decay).

Monte Carlo methods are especially useful in problems where
a significant amount of uncertainty inputs is involved as the error
of a Monte Carlo method displays a 1/

√
N convergence, where N

is the number of tries. Unlike a deterministic method, where the
number of calculations N required to reach a desired error increases
exponentially with the number of degrees of freedom, the error of
a Monte Carlo method will always display the same convergence
regardless of the number of degrees of freedom.

In the case of a particle reaction, the four-momentum components
are uncertain within the kinematic limits. The possibility of interac-
tions with the detector gives additional uncertainty. Therefore, it is
favorable to use Monte Carlo methods.
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3 WASA-at-COSY Facility Setup

The Wide Angle Shower Apparatus (WASA) is a 4π detector setup
located at the COSY storage ring in Jülich. The detector setup is
designed to study production and decays of light mesons created
through hadronic processes.

Fig 3: Layout of the COSY cooler synchrotron and storage ring.

3.1 COSY Storage Ring

COSY stands for COoler SYnchrotron and is a particle accelerator
and storage ring [6, 7]. The shape of the COSY synchrotron is a
racetrack with a circumference of 184 m. At the two straight parts of
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the synchrotron, tools and instruments for beam cooling and particle
detection are located. The COSY storage ring provides polarized and
unpolarized proton and deuteron beams with a momentum range
from 0.6 GeV/c to 3.7 GeV/c.

The cyclotron in the setup serves as a preaccelerator for the
COSY storage ring. The cyclotron is fed by either polarized or un-
polarized H− and D− sources. These particles are accelerated to
energies of 45 MeV and 75.6 MeV , respectively, before being injec-
ted to the storage ring. The injection is done with stripping injection
using a 20 µg/cm3 carbon foil which removes the electrons from the
H− and D−.

3.2 Pellet Target

The pellet target [8] provides the facility with target particles which
are called pellets. The pellet target system compresses either hydro-
gen or deuterium gas into small frozen droplets with a diameter of
∼ 35µm and a thickness of 1015 atoms

cm2 . The small size of the pellets is
favorable because it reduces the probability for secondary interac-
tions inside the pellet. It also enhances the angular resolution due
to the interaction point being better defined.

Fig 4: The Pellet Target System

The pellet generator is located above the central detector. The
pellets are produced from hydrogen or deuterium gas. The gas is coo-
led down through compression into liquid form. The liquid hydrogen
or deuterium is pressed through a thin glass nozzle into the droplet
formation chamber. The glass nozzle is vibrating, splitting up the
liquid stream into individual droplets which freeze in the droplet
formation chamber. The droplets are then conducted into vacuum
via a thin glass tube, the vacuum injection capillary and are then
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brought to the interaction point. After passing the interaction point,
the pellets are collected in the pellet beam dump.

3.3 WASA Detector

The WASA detector [9] is a 4π detection system. This means that
it covers (almost) all scattering directions. The detector is designed
for measurements of production and decays of strongly interacting
particles. The detector consists of two main parts: the forward and
the central detector. The forward detector is designed to detect and
reconstruct scattered projectiles and charged recoil particles, while
the central detector is designed to detect mesons or to reconstruct
their decay products.

Fig 5: The WASA Detector. The forward detector is seen to the right while the
central detector is to the left.

3.3.1 Coordinate System

The coordinate system for the WASA detector is defined either as
a cartesian coordinate system (x, y, z) or a spherical coordinate sy-
stem (r, θ, φ). In cartesian coordinates the origin is in the interaction
point, the z-axis points in the beam direction, the y-axis points ver-
tically upwards and the x-axis is pointing horizontally outwards,
forming a right-handed system. In spherical coordinates the origin
is in the interaction point, the polar angle θ is measured from the
z-axis while the azimuthal angle φ is measured on the xy-plane star-
ting from the x-axis.
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3.3.2 Forward Detector

The forward detector detects projectiles and charged recoil particles
in the polar angle range from 3 to 18 degrees. It consists of the
following parts:

1. Forward Window Counter (FWC), which is essential for trigger
decisions.

2. Forward Proportional Chamber (FPC) which is used to deter-
mine scattering angles.

3. Forward Trigger Hodoscope (FTH) which provides the hit mul-
tiplicity and azimuthal and polar angles on the trigger level.

4. Forward Range Hodoscope (FRH) which is used for reconstruc-
tion of kinetic energies of charged recoil particles.

5. Forward Range Intermediate hodoscope (FRI) which allows for
additional position sensitivity.

6. Forward Range Absorber (FRA) which is a 10 cm thick absor-
ber made up from 5mm thick iron plates.

7. Forward Veto Hodoscope (FVH) layers which detect particles
passing through the Range Hodoscope and the removable Range
Absorber.

3.3.3 Central Detector

The central detector is centered around the interaction point. It
covers polar angles from 20 to 169 degrees and the whole azimuthal
angle. It consists of the Mini Drift Chamber (MDC), the Plastic
Scintillator Barrel (PSB), a superconducting solenoid (SCS) and
the Scintillating Electromagnetic Calorimeter (SEC). In the central
detector, mostly decay products of unstable mesons are detected.

The Mini Drift Chamber is the innermost part of the detector
and surrounds the scattering chamber. It is assembled from 1738
straw tubes arranged in 17 layers. In the first five layers the tubes
have a radius of 2mm. The next six layers consist of tubes with a
radius of 3mm, followed by the tubes in the last six layers which
have a radius of 4mm. Of the 17 layers of straws, nine (axial) layers
are parallel to the beam axis while the other eight (stereo) layers
are skewed by 6-9◦ with respect to the beam axis. When ionizing
particles cross a tube, free electron-ion pairs are generated. Together
with the electron drift time, the position of the particle is measured.

18



Fig 6: Front view of the mini drift chamber. The blue line represents the particle
trajectory. The red dots are positions where the particle hit the axial layers, and
the blue dots are hit positions on the stereo layers.

The Plastic Scintillator Barrel surrounds the mini drift chamber.
It consists of a series of thin plastic scintillators used to distinguish
charged from neutral particles.

The Mini Drift Chamber and the Plastic Scintillator Barrel are
surrounded by a superconducting solenoid. The magnetic field pro-
duced by the solenoid is parallel to the beam direction, thus charged
particles with a transversal momentum component are curved by
the magnetic field. The curvature of the trajectory measured in the
MDC is used to reconstruct the momentum of the particle.

The Scintillating Electromagnetic Calorimeter is the outermost
part of the central detector. It consists of 1012 sodium doped cesium
iodide crystals arranged in 24 rings around the plastic scintillator
barrel. Its purpose is to measure energies of charged and neutral
particles.
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4 Simulation and Analysis Tools

4.1 Root

In this thesis the software package ROOT is used [10]. This soft-
ware package is based on C++ and includes various packages such
as histogramming, curve fitting and four-vector calculations. Root
was developed by the European Organization for Nuclear Research
(CERN) for particle physics data analysis.

4.2 Pluto++

Pluto++ is an event-generator package and is a collection of C++
classes based on the Root enviroment for particle reaction Monte
Carlo simulations [11].

Pluto++ can generate reactions based on starting values inclu-
ding the initial particles, the decay channel and the initial momen-
tum of the particles. The outputs are the particle tracks defined by
momentum components of the final state particles.

4.3 WASA Monte Carlo

To simulate the detector output for a given reaction, the WASA
Monte Carlo (WMC) software is used. The software is based on the
Geant3 package [12].

The WASA Monte Carlo uses the description of the WASA de-
tector (dimensions, positions, material type, magnetic field etc) to-
gether with the reaction kinematics provided by the Pluto++ event
generator to generate the detector responses.

To make the simulation as realistic as possible, the WASA Monte
Carlo takes into account all known interactions, including effects like
like scattering, conversion and energy losses in the detector material.

4.4 RootSorter

RootSorter is an analysis enviroment developed for the ANKE ex-
periment based on ROOT [13]. The purpose of RootSorter is to
simplify and make the analysis procedure more convenient compa-
red to previously used analysis software. Examples of features are
modularity and support of ROOT objects.
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5 Simulation

5.1 Event Generation

One million η → e+e− were generated using the Pluto++ software
according to a phase space distribution. The kinetic energy of the
proton beam is set to 1.4 GeV. No geometric acceptance filters are
defined and no decays other than η → e+e− are produced.

5.2 Detector Simulation

The detector simulation is done by using the WASA Monte Carlo. In
this step, the events generated by Pluto++ are used. All particles,
from each event, represented by their four-momentum are propaga-
ted in the detector i.e. interactions, decays and energy losses are
simulated.

Some propagation effects in some components are not simulated
in the WASA Monte Carlo such as light propagation in scintillators,
response of photomultiplier tubes or electronic noise. Instead, to get
a good agreement between Monte Carlo and experimental data, a
smearing is applied to the simulated data.

5.3 Event Reconstruction

After the simulation by the WASA Monte Carlo is done, events are
reconstructed using RootSorter. In this procedure, individual hits
in different subdetectors are combined into events. The reaction of
interest is p + p → p + p + η where the η-meson decays according
to η → e+e−. Thus, every event must have two protons, an electron
and a positron in the final state.

The protons have to hit the forward detector. To satisfy this, the
polar angles of final state protons have to be in the range 3◦ < θ <
18◦. The particle identification is done using the E −∆E method.
In the E − ∆E method, a particle is identified using the energy
deposited in one or many layers of scintilator detectors. The energy
deposited in one detector ∆E is compared to the sum of energy
deposited in all detectors E. The energy loss ∆E can be related to
the particle velocity by the Bethe formula [14]

−dE
dx

=
4π

mec2
· nz

2

β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
, β =

v

c
(14)

where v, z and E is the particle speed, charge and energy, respecti-
vely, c is the speed of light, ε0 is the vacuum permittivity, e is the
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electron charge and me is the electron rest mass. For two particles
with the same velocity but different masses the kinetic energies of
the particles are different, thus the two particles can be distingu-
ished.

Leptons are required to be detected in both the MDC and make
a sufficient energy deposit in the SEC. The polar angle condition
for leptons is 20◦ < θ < 169◦. Particle identification in the central
detector is done by both the MDC and the SEC. The curved track in
the MDC gives the charge and momentum of the particle in question.
Together with the energy deposit in the SEC, the four-momentum
can be reconstructed.
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6 Analysis of η → e+e− decay

6.1 e+e− Invariant Mass from MDC and SEC

After the Monte Carlo simulation of the reactions propagating in
the detector, the data files are analysed in the ROOT framework.
The Figures 7 and 8 show the invariant mass of the e+e− pair recon-
structed from the MDC and SEC. The invariant mass is calculated
according to eq.(10)

Me+e− =
(
(Ee+ + Ee−)2 − ( ~pe+ + ~pe−)2

) 1
2 (15)

Fig 7: The invariant mass of the
e+e− pair in the MDC. A gaussian
function with a fourth order poly-
nomial is fitted to the data.

Fig 8: The invariant mass of the
e+e− pair in the SEC. A gaussian
function with a fourth order poly-
nomial is fitted to the data.

Of the one million events originally created using the Pluto++
software, 489584 events fulfilled all reconstruction conditions. Both
mass spectra have a peak close to the η mass of 547.85(±24)MeV/c2

[2]. The SEC mass spectrum has a more clear peak and has a smaller
tail to lower energies. The MDC mass spectrum also has a tail going
to higher energies.

The mass resolution can be compared by looking at the standard
deviation for both distributions. The MDC invariant mass distri-
bution has a standard deviation of σMDC = (4.212 ± 0.080) · 10−2

GeV/c2. The SEC invariant mass distribution has a standard devia-
tion of σSEC = (3.563±0.011) ·10−2 GeV/c2, which is a better value
than the one obtained by the MDC.
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6.2 Analysis of Angle Measurement in MDC and SEC

As seen in section 6.1 the mass of the η meson is slightly better
reconstructed by the SEC compared to the MDC when considering
the full event sample. However, both spectra show tails correspon-
ding to incorrectly reconstructed mass values. The MDC spectrum
displays a large number of events deviating from the η meson mass,
both with lower and higher masses. The SEC spectrum has a more
visible peak but still has a tail going to lower masses. The cause of
these problems can be analyzed by studying various quantities (i.e.
polar angle, momentum) of events.

The polar angle of the electron and positron can be measured by
either calculating it from the trajectory curvature in the MDC or
approximate it from the iodide crystals that had an energy deposit
from the decay products. Whether the angle is better measured in
the MDC or SEC can be determined by plotting the error of the re-
spective detector against the difference between the measured angles
of both detectors.

The error of the angle is defined for each detector as the devia-
tion between measured and the true polar angle for the respective
detector,

θError = θRec − θTrue, (16)

where θRec denotes the measured angle of the respective detector and
θTrue denotes the true angle. The angle difference is defined as the
polar angle measured in the MDC minus the polar angle measured
in the SEC,

θDiff = θRec,MDC − θRec,SEC. (17)

Fig 9: The angle difference plotted
against the error in the MDC de-
tector.

Fig 10: The angle difference plotted
against the error in the SEC de-
tector.

In figures 9 and 10, the y−axis is the angle difference θDiff and
the x−axis is the error in the angle for MDC and SEC, respectively.

24



Here, the polar angles θ of both the electron and positon from each
event are included as they both have the same mass and equal and
opposite charge.

In both figures, most events are centered in the origin, i.e. both
the MDC and the SEC measure the polar angle correctly. One can
observe that the distribution is spread horizontally. These are in-
terpreted as events where both the SEC and the MDC measure the
same angle, but with a significant deviation from the true value.
Since there are obviously no events where one detector measures
the angle correctly and the other one incorrectly the conclusion can
be drawn that it does not matter what detector is used to measure
the angle and from here now on the angle will be extracted from the
MDC.
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The correlation between the measured polar angle and the true
polar angle can be studied by plotting the error eq.16 against the
true value. The results for both detectors are shown in the figures
11 and 12.

Fig 11: The error in the angle me-
asured in the MDC plotted against
the true angle value.

Fig 12: The error in the angle me-
asured in the SEC plotted against
the true angle value.

Here one can see that most of the time both the MDC and the
SEC measure the polar angle accurately. This is represented by the
colored horizontal lines in the figures. There are also events that the
detectors do not measure so well, these events are spread out and are
represented by the dark blue area. The shape of dark blue area is not
to be confused as some correlation between the error of the measured
polar angle and the true polar angle. The dark blue area covers
all measurable polar angles. This is because the detector can only
measure polar angles between 20 and 169 degrees. No correlation
betweeen the error and the true polar angle is observed in the figures.
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6.3 Analysis of Momentum Measurement in MDC and
SEC

In the analysis of the polar angle in the previous section it was shown
that both the MDC and the SEC measure the angle very similarly.
Thus, the polar angle can always be read off the MDC. Similar to
the analysis done for the polar angle one can plot the error of the
momentum against the difference between the measured momentum
of the MDC and the SEC.

The momentum difference is defined as

|~pDiff | = |~pMDC| − |~pSEC|, (18)

and the error in the respective detector is defined as

|~pError| = |~pRec| − |~pTrue|. (19)

The results are shown in the figures 13 and 14.

Fig 13: The difference between the
MDC and SEC momentum against
the error in the MDC.

Fig 14: The difference between the
MDC and SEC momentum against
the error in the SEC.

The distribution of events is obviously not the same in both cases.
Looking at the dark blue area in figure 13 one can see a diagonal
spread in the distribution. In these events, the difference between
the error of the MDC and the difference with respect to the SEC
measurement are roughly equal. This translates to a vertical spread
in the error versus difference spectrum for the SEC which can be seen
in figure 14. For these events, the SEC measures the momenta rather
precicely, while the MDC gives incorrectly reconstructed values.
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The error in the momentum measurement can be better under-
stood by plotting the error with respect to other observables e.g.
the polar angle. If the momentum measurement error depends on
another observable, correlations could be observed in the plots.

The relative error of the measured momentum is defined as

σ =
|~pRec| − |~pTrue|
|~pTrue|

. (20)

In figures 15 and 16 the relative error σ in the respective detector
is plotted against the true momentum. The purpose of this study is
to determine whether the error arises in certain momentum regions.

Fig 15: Relative error of the measu-
red momentum in the MDC plotted
against the true momentum.

Fig 16: Relative error of the measu-
red momentum in the SEC plotted
against the true momentum.

Comparing figures 15 and 16 above one can see that the area
with highest density of events (red area) is sligthly shifted relative
to each other. The distribution seems to spread out vertically as the
momentum increases for the MDC while in the SEC distribution
the spread seems to decrease. In other words, as the momentum
of the measured lepton increases the resolution in the MDC gets
worse while it improves in the SEC. This is because as the lepton
momentum increases the curvature caused by the magnetic fields in
the MDC gets smaller which translates to a larger error. Given the
statistical nature of the ionization process in the calorimeter, the
error in the energy measurement should decrease as

√
E and the

relative error should decrease as 1/
√
E.

For true momentum values around 0.5 GeV/c there is also a
region with lots of events with a large negative relative error σ.
This behavior could explain the tails going towards lower invariant
masses in figure 7 and 8.
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The vertical spread of events in figures 15 and 16 can be quan-
tified by projecting the error axis (vertical axis) for each bin in the
true momentum axis (horizontal axis). From these distribution the
standard deviation of the relative error can be obtained.

Fig 17: Standard deviation of the re-
lative momentum error in the MDC.

Fig 18: Standard deviation of the re-
lative momentum error in the SEC.

The standard deviation increases in the MDC as the momentum
increases, while it decreases in the SEC. At absolute momenta lo-
wer than 0.28 GeV/c the MDC has a smaller error than the SEC,
while for higher momentum values the SEC is favored. Thus whe-
never an event has leptons with momentum larger than 0.28 GeV/c
the momentum obtained from the SEC is more accurate and if the
momentum is lower than 0.28 GeV/c the MDC is more accurate.
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The relative momentum error eq.18 versus the measured polar
angle in the respective detectors is shown in figures 19 and 20. By
plotting the polar angle measured by the detector rather than the
true angle, one can get an idea of how reliable each detector is.

Fig 19: Relative error of the measu-
red momentum in the MDC plotted
against the polar angle measured in
the MDC.

Fig 20: Relative error of the measu-
red momentum in the SEC plotted
against the polar angle measured in
the SEC.

At small angles the relative error of the MDC momentum measu-
rement is larger compared to the SEC. Towards larger angles, both
distributions show a tail at negative relative error values, i.e. for a
sizeable number of events the reconstructed momenta are systema-
tically too small.

Something to note in the SEC distribution is the 35◦ < θ < 40◦

bin: The values in this bin seem to be shifted. This phenomenon
could be due to the position of the CsI crystals in the SEC being
misplaced in the geometry description, but this is outside the scope
of this thesis.
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6.4 Analysis of Invariant Mass Measurement in SEC and
MDC

In the previous section, two categories of events were identified: In
the first category both detectors measured the same momentum
with the same deviation from the true value. These events are the
horizontal bands in figures 13 and 14. In the second category there
was a vertical band in figure 14 while there was a diagonal tail
in figure 13. For these events, the SEC measures the momentum
correctly while the MDC measures the momentum incorrectly.

The error of the measured invariant mass of the e+e− pair is
defined as

MError = MRec −MTrue. (21)

The difference between the measured invariant mass of the MDC
and the SEC is defined as

MDiff = MMDC −MSEC (22)

Fig 21: The difference between the
measured invariant mass of MDC
and SEC against the error of the
measured invariant in the MDC.

Fig 22: The difference between the
measured invariant mass of MDC
and SEC against the error of the
measured invariant in the SEC.

Figures 21 and 22 show the same behavior in the invariant mass
measurement as the momentum measurement in figures 13 and 14.
The horizontal bands in both graphs indicates that the decay is
measured with a certain error but both detectors measure the same
invariant mass. The vertical tail in figure 22 corresponds to events
where the invariant mass is measured correctly in the SEC, but there
exists an error in the MDC which can be seen in the diagonal tail
in figure 21.

In order to better understand why the events in the horizontal
band have a much smaller measured invariant mass than the true
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mass, the events can be further studied by introducing cuts on ob-
servables and analyzing the events satisfying the cut condition.

Two selection cuts are defined: one region for the horizontal band
where the measured invariant mass is much smaller than the true
mass, and one region in the center i.e. where the measured invariant
mass agrees with the true mass. The selection cuts for the horizontal
band are the following:

− 0.6 < MMDC,SEC,Error < −0.1 [GeV/c2] (23)

− 0.08 < MDiff < 0.08 [GeV/c2] (24)

The selection cuts for the central region are the following:

− 0.05 < MMDC,SEC,Error < 0.05 [GeV/c2] (25)

− 0.05 < MDiff < 0.05 [GeV/c2] (26)

In the figures below, the events satisfying the selection cuts from
figures 21 and 22 are shown for the left and center regions.

Fig 23: Events from figure 20 satis-
fying conditions (23) and (24).

Fig 24: Events from figure 21 satis-
fying conditions (23) and (24).

Fig 25: Events from figure 20 satis-
fying conditions (25) and (26).

Fig 26: Events from figure 21 satis-
fying conditions (25) and (26).
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To further understand the events passing the selection cuts the
correlation between the electron and the positron momentum and
polar angles is studied. This is done by plotting the true electron
momentum against the true positron momentum in the laboratory
frame for all events (figure 27).

Fig 27: The true electron momentum plotted against the true positron momen-
tum for all events.

In the same way the polar angle can be represented for all events
(figure 28).

The distribution of events in figures 27 and 28 corresponds to the
generated phase space distribution folded with the detector accep-
tance. Since electrons and positrons have equal and opposite mo-
menta in the η rest frame and there is no preferred direction of the
decay, one expects the distribution of electrons and positrons to be
symmetric in the laboratory frame. Since, in addition, the detector
is symmetric with respect to the detection of electrons and posi-
trons, the symmetry of the distributions in figures 27 and 28 is also
expected.
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Fig 28: The true polar angle for the electron plotted against the true polar angle
for the positron.

Now, the same histograms are generated for the two types of
events satisfying the selection cuts (23), (24) and (25), (26), re-
spectively.

Fig 29: The true electron momen-
tum plotted against the true posi-
tron momentum for events satisfy-
ing the selection cuts (23) and (24).

Fig 30: The true electron momen-
tum plotted against the true posi-
tron momentum for events satisfy-
ing the selection cuts (25) and (26).

From figure 30 it is deduced that for correctly measured events
the positron and the electron has in most cases similar momen-
tum. However, in figure 29 events for which the invariant mass is
incorrectly reconstructed typically have one lepton with large mo-
mentum value and one with a low momentum.

The polar angle distribution of the leptons displays the same be-
havior as the momentum. Both the electron and the positron in
events where the invariant mass is correctly measured tend to ha-
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Fig 31: The true polar angle for the
electron plotted against the true po-
lar angle for the positron for events
satisfying the selection cuts (23) and
(24).

Fig 32: The true polar angle for the
electron plotted against the true po-
lar angle for the positron for events
satisfying the selection cuts (25) and
(26).

ve similar values while in the events with incorrectly reconstructed
invariant mass one of the leptons has a large polar angle while the
second lepton has a small value.

Because of the distribution of the polar angles of the leptons
shown in figure 31, the invariant mass measurement can be improved
by introducing a selection cut on the polar angle. By requiring both
leptons on each event to have a polar angle of θ ≥ 30◦ a large
amount of events with incorrectly reconstructed invariant mass can
be excluded.

Although the detector has acceptance for polar angles at values
θ ≤ 30◦, charged tracks may only hit a limited number of straws
in the MDC for small θ values. Most probably, this leads to an
inaccurate determination of the track curvature, which results in a
wrongly reconstructed momentum of one of the lepton tracks, and,
consequently, to an incorrectly reconstructed invariant mass of the
electron positron pair.
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6.5 Modified Invariant mass

In chapter 6.3 it was concluded that the MDC is favored when me-
asuring leptons with momentum below 0.28 GeV/c and the SEC is
favored when measuring leptons with momentum larger than 0.28
GeV/c.

In chapter 6.4 it was concluded that cutting out all events with
a polar angle of 0◦ < θ < 30◦ will significantly suppress events with
incorrectly reconstructed invariant mass.

The momentum selection criteria and the polar angle selection
cut are implemented to produce an improved invariant mass distri-
bution of the η-meson.The invariant mass calculated from the SEC
with the selection cut on the polar angle θ > 30◦ is shown in figure
32. The number of events reduces from ≈ 490 k to ≈ 255 k by the
polar angle cut.

Comparing the invariant mass measured by the SEC in figure 33
with figure 8 it is clear that the tail stretching to lower invariant
masses has been significantly reduced and the peak is more clearly
visible. The standard deviation after the selection cut on the polar
angle is roughly the same as before. The invariant mass resolution
with the polar angle selection cut (figure 33) is σSEC = (3.685 ±
0.013) · 10−2 GeV/c2 compared to σSEC = (3.563 ± 0.011) · 10−2

GeV/c2 from the invariant mass distribution without the selection
cut (figure 8).

An optimized invariant mass value one expects to obtain by se-
lecting the SEC and MDC information dependent on the true lepton
momentum: If the true momentum of a lepton is larger than 0.28
GeV/c, then the momentum measured in the SEC is used. If the
true momentum is lower than 0.28 GeV/c, then the MDC is used.
For example, if there is an event where the electron has a true mo-
mentum of 0.32 GeV/c and the positron has a true momentum of
0.25 GeV/c then the invariant mass is calculated using eq.10

M2 =
(
EMDC
e+ + ESEC

e−

)2 −
(
~pMDC
e+ + ~p SEC

e−

)2
. (27)

Figure 34 shows that, using the MDC instead of the SEC in-
formation only for leptons with momenta lower than 0.28 GeV/c,
slightly improves the invariant mass resolution compared to figure
33 to a value of σMDC/SEC,θcut = (3.341± 0.012) · 10−2 GeV/c2.
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Fig 33: SEC invariant mass af-
ter cutting out events which had
electrons or positrons scattering at
polar angles lower than 30 degrees.
A gaussian function with a fourth
order polynomial is fitted to the da-
ta.

Fig 34: SEC-MDC mix invariant
mass after cutting out events which
had electrons or positrons scattering
at polar angles lower than 30 de-
grees. A gaussian function with a
fourth order polynomial is fitted to
the data.

7 Summary

One million η → e+e− events were created using the Pluto++ gene-
rator. After simulating data using WASA Monte Carlo and analy-
zing it using RootSorter ≈ 49% events were accepted geometrically
by the detector. For the whole event sample, the invariant mass dis-
tributions obtained by the MDC and the SEC (figures 7 and 8) have
the standard deviations σMDC = (4.212± 0.080) · 10−2 GeV/c2 and
σSEC = (3.563±0.011) ·10−2 GeV/c2, respectively. In the calculation
of the SEC invariant mass, the polar angle measured in the MDC
was used.

In section 6.2 the polar angle measurement was analyzed by plot-
ting the error (??) against the difference between the values measu-
red by both detectors (17). The polar angle measurement was found
to be almost identical in the MDC and the SEC. Therefore in all
calculations, only the MDC was used to extract the polar angle.

In section 6.3 the momentum measurements of the MDC and
SEC were analyzed. It was found that for individual leptons with
a true momentum smaller than 0.28 GeV/c the MDC has a better
momentum resolution and for leptons with momentum larger than
0.28 GeV/c the SEC is better.

In section 6.4 the invariant mass measurements of the MDC and
SEC were analyzed by plotting the error (21) against the difference
between the detectors (22). By introducing the selection cuts (23)
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and (24) for the left horizontal tail, and (25) and (26) for the center
region in figures 21 and 22 it was found that in events with incorrect-
ly reconstructed invariant mass one lepton has a large polar angle
while the second one has a small polar angle.

An improved invariant mass calculation has been obtained by
removing events with at least one of the leptons scattered at po-
lar angles θ < 30◦. The angular cut significantly reduces the tail
towards incorrectly reconstructed lower invariant masses. Including
this cut, the acceptance drops to ≈ 25.5%. Using the information
from either MDC or SEC depends on which detector has the better
resolution for the true simulated lepton momentum, gives an addi-
tional improvement in resolution: Compared to the case where only
the SEC is used, the resolution slightly improves from σSEC,θcut =
(3.685±0.013) ·10−2 to σMDC/SEC,θcut = (3.341±0.012) ·10−2. Thus,
the resolution improves by about 10%

Based on Monte Carlo simulations as they have been studied for
this thesis by removing events with a lepton with the polar angle
0◦ < θ < 30◦ and calculating the invariant mass using both the MDC
and the SEC depending on the lepton momentum, tails at incorrect-
ly reconstructed invariant masses could be significantly reduced, and
the resolution improves slightly. In a next step this should be tested
on real data using measured instead of simulated scattering angles
and momenta.
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